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UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 

WASHINGTON, D.C. 20460 

FEB 1 1 2008 
OFFICE Of 

AIR AND RADIATION 

Dr David C. Moody, Manager 
U.S. Department of Energy 
Carlsbad Field Office 
P.O. Box 3090 
Carlsbad, NM 88221 

(.e:¥11\ \.U>l +o 1.20 l?xccss 
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 planned change, but with two conditions. First, DOE must continue 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 ofMgO 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 MgO 
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: 

I) Attachment A: Overview and Summary of Planned Change Request Decision; 
2) Attachment B: Review ofMgO-Related Uncertainties in the Waste Isolation Pilot 

Plant; 
3) Attachment C: Independent reviewer report: "Letter report review of the SC&A Draft 

Report "Review ofMgO-Related Uncertainties in the Waste Isolation Pilot 

Plant"; UNIQUE II DOE UFC DATE REC'VO AOOOESSEES 
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4) Attachment D: Response to the independent reviewer comments on MgO segregation; 
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. 

Enclosures 

Cc (electronic distribution): 
Frank Marcinowski, DOEIHQ 
Alton Harris, DOEIHQ 
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Attachment A 

Ove.rview Summary of Planned Change Request Decision 

I. Introduction 

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 emplaced 
carbon in the disposed waste. EPA's position on. the engineered barrier is that, as the 
quantity of magnesium oxide is decreased and approaches a one-to-one relationship with 
emplaced carbon, a better understanding of system uncertainties are needed. In April 
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 Isolation 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. 

II. EPA's Review 

Because of potential uncertainties in predicting future characteristics at the WIPP 
and performance uncertainties ofWIPP's only engineered barrier, MgO, EPA is 
concerned about any decrease in the amount ofMgO emplaced with waste. MgO is 
emplaced to control disposal room chemical conditions, absorb carbon dioxide (C02) gas 
generated, and limit radioactive materials transport. Even though EPA has not made it a 
specific requirement, EPA has iaken 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 needed to be 
clearly understood: I) How much carbon is in each disposal room, 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 ofMgO 
needed. 

IIA. How mucb carbon Is in eacb room? EPA examined DOE's approach 
to estimating how much celluloses, plastics, and rubber materials (CPR) (the sources of 
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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) 

Im. How mucbcarbon dioxide gas is generated in a disposal room? EPA 
concludes that DOE uses conservative estimates of the amount of C02 gas generated in a 
disposal room because it is assumed that all carbon is converted to C02 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 C02 gas. Conditions have to be favorable for C02 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 turns into C02. PECOS believes that this approach is " ... overly 
conservative ... " (See Attachment E page 8). The conservative requirement that all solid 
carbon is converted to gas compensates for errors that may be associated with estimates 
of CPR mass. 

IIC. Reactivity of tbe 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. 

liD. 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 C02 generated. It is likely that not all available 
carbon will react to generate C02 gas, and. that C02 may react with other materials, 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 IV and V for details). 
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Attachment B 

Review ofMgO-Related Uncertainties in the 
Waste Isolation Pilot Plant. 

[EPA contractor report] 
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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 Attachment D, page 4 for details). He had concerns about segregation ofMgO and 
molecular diffusion. Dr. Langmuir's comments were diligently considered and SC&A 
responded in Attachment D. The final report was modified as warranted (see Attachment 
B) to address and clarifY these issues. SC&A and EPA believe that these issues have 
been abundantly dealt 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 C02"). 

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 C02 in a 
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 ofMgO to be available for reaction with C02. 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 C02 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. 

IV. Stakeholder Comments: 

From August 29,2007 to October ll, 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 ofMgO is maintained at 96% as assumed in D-::::O~E~'::s~an=al:.~y~se~s~·-------
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Attachment C 

Letter Report of the SC&A Draft Report "Review ofMgO-Related 
Uncertainties in the Waste Isolation Pilot Plant 

[Independent Review of Attachment B] 
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HSC hydrochem systems corporation 

P.O. Box 23257 
Silverthorne, CO 80498 

(U.S. Mail) 

MEMO 

1545 Legend Lake Circle 
Silverthorne, CO 80498 

(Shipping} 

Tel & Fax (970) 262-0655 (Silverthorne) 
Tel & Fax (720) 570-3474 (Denver) 

cell (720) 318-7688 
<d.langmuir@comcaUlet> 

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

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

Date: November 4, 2007 

Subj: Letter report review of the SC&A Draft Report "Review ofMgO-Related Uncertainties. in 
the Waste Isolation PilotPianf'. Contract No. EP-D-05-002, WOikAssignmentNo. 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 results? 

b. Have uncertainties been appropriately considered in the review? 

c. Does the review/analysis support the final recommendations/conclusions? 

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

The principal focus of the subject SC&A draft report is to determine if, as the DOE has 
requested, the excess (safety) factor (EF) for MgO (total moles emplaced MgO/total moles 
C02 conswned) can be decreased from 1.67 to 1.2, where the C~ consumed equals the 
maximwn amount of C~ 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 compwmise the safe perfonnance 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 
cellulose, paper and rubber) 
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• Uncertainty associated with the quantities of C02 produced by microbial 
degradation of CPR 

• Uncertainty related to the amount ofMgO available to react with COz 

• Uncertainty in the moles of COz conswned per mole of available MgO, and in the 
moles of COz that could be consumed by reaction with other materials 

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

EEF= (mxMMgO) r 
(gxMco2) 

(l) 

where MMgO is the total moles of emplaced MgO and Me& the maximum number of moles of 
C02 that could be genemted by microbial breakdown of all carbon in the CPR. Among the 
other terms, g is the uncertainty in the moles of C02 produced per mole of consumed CPR. m 
the uncertainty in the moles of MgO available fur C02 consumption, and r the uncertainty in 
the moles of C02 consumed per mole of emplaced MgO. 

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

2.0 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. Tilis 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 l.32xlo9 moles and 1.18xl09 

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 C~ 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 C02. Tilis is in spite of expert opinion that the rubber 
(7% of the C in CPR) and plastics (61% of the C in CPR)(Draft MgO Review, 2007) may 
experience little or no breakdown during the 10,000 year WIPP regulatory period (Draft 
Report, 2007, p. 6-J; and SCA, 2006a, Expert Panel Report p. 3-1 ). 

The microbial degradation reactions ofCPRruay include denitrification, sulfate reduction, and 
methanogenesis. If for simplicity CPR is assumed to be in its most reactive form, which is 
cellulose (assumed formula CJ{100 5) these reactions are (Draft Report, p. 2-5 & 2-6): 
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C,HwO; + 4.8 W +4.8N<lJ"-+ 7.4 H20 + 6 C<h +2.4 N2 (denitrification) (2) 

C.JiwOs +6 W + 3 sol-. 5H~ + 6 C<h + 3 H2S (sulfate reduction) (3) 

C.JiwOs +H20-+ 3CH! + 3 C<h (methanogenesis) (4) 

4H2 + C02-+ Cll4 + 2 H~ (methanogenesis) (5) 

Denitrification and sulfate reduction reactions yield I mole of C02 for every mole of carbon in 
CPR The first methanogenesis reaction produces 0.5 moles of C<h per mole of carbon in 
CPR, whereas the second methanogenesis reaction actually consumes C(h. 

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 sulfute present and availl!hle 
from these sources to degrade all of the carbon in CPR via sulfate reduction. This would 
suggest a CPR-C to C02-produced ratio of I: I. The occurrence of any methanogenesis, which 
may be unlikely, would reduce the amount of C<h produced. Thus, assuming as does the 
.DOE and the Draft Report, that I mole of C<h is produced by the microbial breakdown of I 
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 I mole of C<h on 
average per mole ofC in the CPR. 

2.2 Uncertainty in the Amount ofMgO Available to React with C02 

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® I 0 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"lo or less. 
DOE has established a performance specification that 96±2 (Ia) mole% reactive Mg0 plus 
CaO be present in 10 WTS-60 MgO. The Draft Report reasonably concludes that I 0 WTS-60 
MgO will probably continue to meet this specification. Conservatively, the DOE ignores the 

· expected consumption ofCOz 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 C<h from the breakdown of CPR 
These include: (I) MgO physical segregation from the brine and C{h; (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 C(h; (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 C02. Among these (I) through (6) could reduce, and (7) could increase the 
percent ofMgO available to react with the C02 from CPR. 

The Draft Report (see also Vugrin et al., 2007) concludes: 

(I) Physical segregation of the MgO is unlikely to be significant; 
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(2) MgO loss to brine outflow will be less than I%; 

(3) Mixing in the disposal rooms by molecular diffusion alone will assure that all of the MgO 
and the C02 have a chance to react during the I 0,000 yr regulatory period; 

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

(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, WfS, 2005) is 
probably random and insignificant. 

(7) Calculation of the amount of C02 that could be precipitated as hydromagnesite because of 
high Mg concentrations in the GWB (Salado) brine, suggests that possibly 2.2% of the C~ 
from CPR breakdown could be so precipitated. This, of course, is conservative, and leaves 
more unreacted MgO available to consume the remaining C~ 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 MgO (Item (I)) may occur (see below), and the calculation of 
mixing in disposal rooms assuming molecular diffusion (Item (3)) (cf. Kanney and Vugrin, 
2006) presumes that such diffusion of H20 and C~ 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. 

2.3 Uncertainty in Moles of C02 Consumed per Mole of Available MgO, and in 
Moles of COa Consumed by Readion with Other Materials 

It is generally assumed that most of the C~ from microbial breakdown of CPR will be 
captured by reaction with MgO (actually with Mg (OHh) forming either hydromagnesite or 
magnesite. If this is the case and the reaction product is hydromagnesite, the ratio of COz 
produced to MgO consumed is 4 to 5, or 0.8. If the product is magnesite the C~ to MgO 
ratio is l. As discussed below, there are reasons to doubt that all of the MgO in supersacks 
will be available to react with all of the C02 from CPR asswning all of the CPR is 
biodegraded. 

The Draft Report notes that other reactions and processes in the repository may consume some 
of the C~ (cf. Brush and Roselle, 2006; Vugrin et a!., 2006). Reducing conditions and 
dissolved ferrous iron can be expected because of the presence of iron metal in waste 
containers and in lRU wastes and their corrosion products. This should lead to precipitation 
of a substantial amount of the C~ in siderite (FeC03) (Brush and Roselle, 2006). Lead 
materials may also result in minor amounts of lead carbonate precipitate. Also, dissolution of 
calcium minerals, anhydrite, gypsum and polyhalite in the salt formations will contribute 
dissolved ci+ to repository brines which can be expected to react with dissolving c~, 
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~recipitating calcite, and possibly pirssonite [NazCa(C03)z.2H20](Draft Report, p. 4-7). 
pther possible sinks for the C02 from CPR are unreacted lime in Portland cements that have 

1
been used to solidifY waste sludges, and incmporation of the carbon of C~ in. biomass (Draft 
Report, p. 4-12). Because the significance of all of these potentially COz-consuming 
1secondary 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. 

13.0 Assumed Reaetions of MgO with Water and C~ in the Repository 

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

(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 COz from CPR 
breakdown (other thari unstable nesquehonite, MgC03.3H20, which subsequently alters to 

: hydromagnesite) will be hydromagnesite, which forms according to the reaction: 

(7) 

and that later during the 1 0,000 yr regulatory period, an unknown fraction of the 
hydromagnesite will react with additional C~ and convert to thermodynamically more stable 
magnesite (DOE, 2004; Brush and Roselle, 2006) by the reaction: 

(8) 

3.1 Experimental and Geologie Analog Evidence Related to the Hydration and 
Carbonation ofMgO 

MgO Hydration 

Sandia National Laboratories has performed a number of small-scale laboratory experiments 
to study the hydration and carbonation ofMgO (Zhang eta!., 2001; Bryan and Snider, 2001; 
Xiong and Snider, 2003; EPA, 2006). In some of these, termed humid-condition experiments, 
pellets ofMgO.or commercial powdered MgO were suspended over salt solutions that defined 
different relative hurnidities 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 MgO 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 
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hydrate salt [M~Cl(OH)3"4H20] 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 immdation 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 internal pores in the MgO grains". Nevertheless, 
Snider (2002) did observe that in experiments with GWB brine, hydration rates were similar 
in agitated and unagitated experiments, even when some cementation of the unagitated solids 
occurred. Regardless, it is important to remember that agitation will not occur in the 
repositozy. 

Camonation 

Laboratozy experiments involving carbonation have been performed for inundated conditions 
only, using DI water, 4 m NaCI, GWB brine and ERDA-6 brine. Carbon dioxide pressures 
used have ranged from near atmospheric (I o·lS 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% C~, 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 repositozy which will involve MgO supersacks, and considerably- higher 
MgO solid to brine ratios than have been used in any of the laboratozy 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 I 0,000 y regulatozy 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 
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generally been found to increase with temperature, ionic strength and C02 pressure, and 
decrease with increasing Mg2+ concentration. Because of the slow rate of conversion at the 
low temperatures and C02 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 r parameter in Eq. I ranges 
ITom 0.8 (hydromagnesite only) to 1.0 (magnesite only), with a unifonn distribution across 
this range. 

3.2 Applicability of DOE's Experimental Results for MgO Hydration and 
Carbonation to the WIPP Repositol)' 

Vugrin eta!. (2007, Table 3) have listed twelve issues that affect "the fraction ofMgO 
available for Sequestration". All but two of these issues have no impact or have a 
conservative impact on the calculated EEF in Eq. 1. The remaining two issues, if incorrectly 
judged by the DOE, could have a rruijor negative impact on the ability of the MgO backfill to 
sequester C02 from CPR breakdown. The first of these is the ability of periclase to react to 
completion (with C02). DOE assumes that all of the periclase will react with and consume all 
of the C~. The secorid issue is the segregationofMgO from C~. DOE assumes no 
physical segregation of the MgO, and thus that all of the MgO remains available for reaction 
with COz. 

It seems highly dubious that the results of DOE's small-scale laboratory experiments can be 
extrapolated 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 ofMgO, 
versus in the repository were brines may only occupy (if they can access them) pore spaces in 
the MgO or its hydration product Mg(OH)2. 

The DOE has not perfonned 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 " ... all results to date imply that the periclase 
and lime present in MgO will be available to react- and will continue to react -until all COz 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 4th finding, that the environment within a disposal room is likely to be 
heterogeneous and pockets of unreacted MgO are likely to persist In its 9th finding the same 
expert panel recommends the formation of an expert elicitation panel to " ... .address the 
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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 either ... literature review or experimental studies would be to adequately quantifY 
or capture system uncertainties, including .... chemical reaction uncertainties related 
to .... 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 salts 
that will result from the hydration and . carbonation of MgO. This volume increase will 
undoubtedly affect the performance and reactivity of the MgO backfill. 

The density of the commercial MgO is 87±5 lb/frl (WfS, 2005). This is equivalent to a 
density of 1.39 glcm3

• ~The density of pure, solid MgO is 3.58 glcm3 (Weast, 1976), which 
indicates that the porosity of the commercial MgO is 61%. This porosity may be completely 
filled and clogged by the hydration and carbonation products ofMgO alteration. 

Shown below are changes in the molar volume of periclase (MgO) when it is hydrated to form 
brucite [Mg(OH)2], and when the brucite is later carbonated to form hydromagnesite 
[Ml!5(COJ)4(0~· 4Hz0] or magnesite (MgC03). 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 ofMg in each solid. Molar volumes of periclase, brucite and magnesite 
are from Weast (1976). The molar volume of hydromagnesite (207.84 cm3

) is from Mincryst 
info. card No. 2070 (http://database.iem.ac.ru/mincrystls_carta2.php?2070+MAIN). 

Periclase (11.25 em~ + H20 -> Brucite (24.63 cm3) (9) 

(219% solids volume increase) 

Brucite (24.63 em~+ 0.8 C02 -> 0.2 Hydromagnesite (41.57 cm3
) (10) 

(169"/o solids volume increase from brucite, 

370% solids volume increase from periclase) 

0.2 Hydromagnesite (41.57 cm1 + 02C02 -> Magnesite (28.02 cm3
) + HzO (11) 

( 67% solids volume decrease from hydromagnesite, 

249"/o volume increase from periclase) 

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

5.0 Clllcitelllydromagnesite Versus Bruce/Hydromagnesite Controls on pH and COz 
Pressure 
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The DOE and the Draft Report express confidence that the pH and C(h_ pressure in the 
repository will be buffered by the reaction between brucite and hydromagnesite or brucite and 
magnesite. However, if the Mg(OHh produced by hydration of periclase reacts with C~ and 
becomes coated or annored 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(C03)4(0H)2'4H20 +4Ca2
+ + 2W = 4CaC03 + 5 Mg2+ + 6H20 (12) 

[Ca 2+] 4 [H+] 2 
K = ~'---''-!o:..:.__c~ 

"' [Mg>+]' 
for which (13) 

Equation (13) shows that at calcite/hydromagnesite equilibrium, the pH is a complex function 
of the Ca2+ to M!f+ ratio in the brine. The likelihood that this reaction will control pH aiXI 
C02 pressures in the repository, is suggested by the results of Snider and Xiong (2003) who 
ran MgO carbonation experiments in DI water, 4 M NaC~ GWB brine and ERDA-6 brine, 
bubbling humidified air through the solutions to maintain atmospheric CO:z pressures. After 
3 27 days in all four sets of experiments they detected hydromagnesite and calcite by XRD 
analysis. 

5.1 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 pmpose 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 
asswned that Brine A was equilibrated with an excess of halite, gypswn, calcite, polyhalite 
and hydromagnesite, with or without brucite. The DOE did not include 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:z equilibrium values. 

Assuming equilibrium of the brine with brucite and hydromagnesite PHREEQC computed 
that pH and Pc02 values were buffered at about pH 8.2 and 10·5·

44 bars. This roughly agrees 
with results of the same calculation perfonned with the FMT model (DOE, 2004) that 
indicates buffered pH and Pco2 values of 8.69 and 10'550 bars, respectively for the 
brucite/hydromagnesite reaction. In contrast, if we assume that brucite is armored and not in 
con~t with the brine, the PHREEQC calculations indicate that the calcitelhydro~esite 
reacuon buffers the pH and Pco2 at more troublesome values of pH 7.2 and I 0 ·· bars. 
Similar results are obtained from PHREEQC modeling ofERDA-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. I), to incorporate the uncertainty associated with a revised chemical composition of the 
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CPR. The result is an EEF value of 1.0±0.0775 (Ia), in which the tmcertainty 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 grotmdwater 
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 C02; 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 inadequately supported assumption that all of the emplaced 
MgO will be carbonated. 

7.0 Concluding Concerns and a Suggestion 

In this review l 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". 
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Attachment D 

Response to Comments By Langmuir 

[Contractor Response to Attachment C Issues] 
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Comments 

RESPONSE TO COMMENTS BY LANGMUIR (2007) 

December 1, 2007 

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

Comment #I -It is not certain that all MgO will react to completion with C02; DOE 
assumes that all periclase present in the MgO will react, which may not be adequately 
supported. 

Comment #2- Physical segregation ofMgO from C02 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; 

• 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. 

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

• There will be a massive increase in the volume of magnesium solids that will result 
from the hydration and carbonation ofMgO, 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)2, and that Mg(Oli)2 clogs its porosity because of the large 
volume increase, then some MgO and some Mg(OHh 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 backfill under humid conditions is to control gas 
pressures by reaction with most of the C02. 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 C02 to the MgO would occur 
to substantially remove C02 as a pressure source (Wilson et al. 1996b, Section 3.21.3.3). 
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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 C02 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 ofun-reacted MgO 
are likely to be present for long periods of time" (RSI 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 ofMgO 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 smaller 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 eta!. 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 eta!. 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 MgO 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 eta!. 1996b, Section 3.22.3.3).ln 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 
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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 
eta!. 1997b, Section 3.2.3.3); the Panel found the most compelling evidence to be "I) 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 MgO backfill materials with brine and 
C02 (Bryan and Snider 200 I a; Bryan and Snider 200 I b; Snider 200 I; Zhang et a!. 200 I; 
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 eta!. 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 co'lditions 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 ofMgO. The ConCeptual 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 eta!. 1996a, page 3-155). This concern was attributed to the 
formation oflower density and lower permeability material upon initial contact with 
brine on the outside of the packages (Wilson eta!. 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 ofMgO. However, these issues were raised in the Panel's 
previous reports (Wilson et al. 1996a, Wilson eta!. 1996b, Wilson eta!. 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 (I) 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 
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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 to maintain the predicted chemical conditions." EPA also noted DOE's 
intention to emplace sufficient MgO backfill in the repository to ensure C02 consumption 
would exceed the rate of C02 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.E.5, 5.E.9, S.E.!O, 5.E.15, 5.E.16, 5.E.l8, 5.E.23, and 5.E.24 raised questions 
regarding the effects ofMgO 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 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 (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 a!. 1996, 
SNL 1997). This evidence was considered and accepted by both the Conceptual Models 
Peer Review Panel (Wilson 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 Parrler. Although DOE 
originally planned to include a large excess ofMgO 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. 
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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). 

Aoolicabilitv ofMgO 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 t{) ensure the experiments could be completed within a reasonable amount of 
time. Some hydration and carbonation experiments have been conducted at higher 
temperatures and C02 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 WlPP repository could affect the 
applicability of the results to repository conditions. 

MgO experiments conducted at higher temperature and C02 partial pressures (e.g., SNL 
1997) have been supplemented by experiments conducted at temperature and C02 partial 
pressure conditions more consistent with expected repository conditions (e.g., Snider 
2003, Xiong and Snider 2003). Higher C02 partial pressures (5% C02) have resulted in 
the initial formationofnesquehonite [MgC03 •3H20(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 C02 
partial pressures and actinide solubilities would be higher than if hydromagnesite or 
magnesite formed. However, experiments conducted at lower C02 partial pressures (l o-J.s 
atrn) 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 C02 was bubbled. At the end of 
the experiments, the porous bag was removed from the brine, placed in a dye solution, 
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removed from the dye, cemented in epoxy, then sectioned and examined to determine the 
ability of the dye to permeate the reaction products. 1be 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 (200 1 b) 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 slow reaction rates and long time frame 
involved. These difficulties 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 ofMgO 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 issue (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-I, 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 ofSCA 
(2007) include issues that were considered by the Conceptual Models Peer Review Panel 
(Wilson eta!., 1996a, 1996b, 1997a, 1997b) and by EPA (1997, 1998) during the review 
of the CCA and CCA PA VT. 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 C02 to the interior of the MgO pellets or to the 
interior of the masses ofMgO emplaced in the repository. No new data have been 
developed since the time of the Conceptual Models Peer Review or the CCA P A VT 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 
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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 MgO 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 C02. 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 
availabie for reaction with C02 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 
C02, 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 l 0,000 years, it would be 
extremely difficult to design useful, large-scale experiments that would determine 
whether a significant fraction ofMgO 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. l997b). 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 transumnic (TRU) waste disposal 
facility opemted 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 degmded during the 10,000-year WIPP 
regulatory period, producing carbon dioxide (COz) and other gases. Elevated C02 
concentrations in the repository could increase actinide solubilities by reducing brine pH and by 
forming aqueous actinide carbonate complexes. Excess C02 genemtion 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 
hackfill 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)J. The MgO backfill is expected to react with C02, reducing gas pressures, as 
well as buffering pH and decreasing C02 concentmtions so. actinide solubilities are constmined. 

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 MgO 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 ofMgO, 
and provided an assessment ofthe effects of these uncertainties on the calculation of the required 
quantities of MgO (Vugrin eta!. 2006). Vugrin et a!. (2006) divided these uncertainties into four 
categories: 

• Uncertainties in the quantity of CPR that will be consumed 

• Uncertainties associated with the quantities of C02 produced by microbial degradation of 
CPR 

• Uncertainties related to the amount of MgO available to react with C02 

• Uncertainties in the moles of C02 consumed per mole of available MgO, and in the moles 
of C02 that could be consumed by reaction with other materials 

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

EEF = (mx MM,o)x r 
(gxMJ 
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where: 
= fraction of C02 produced per mole of consumed organic carbon 
= fraction of MgO available for C~ consumption 
=total moles of organic carbon in the emplaced CPR reported by DOE 
= total moles of MgO emplaced in the repository 
= moles of C02 consumed per mole of emplaced MgO 

Vugrin et al. (2006) provided a summary of the uncertainties associated with calculating the 
excess amounts ofMgO relative to the amount required to react with C~ and control chemical 
conditions in the WIPP repository. This summary and the characterization of the uncertainties 
and their effects on the excess MgO 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 C~ 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 
I 0,000-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 C02 that equid be produced by CPR degradation. These calculations 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 calculations 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 C02 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 

MgO-Related Uncertainties vii Final- January 24, ·2008 



 

 Information Only 

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 MgO 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 MgO 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 C02, reducing the 
required amount of MgO; this effect was conservatively omitted from the calculations. 
Formation of impermeable rims of reaction products on individual periclase [MgO(s)] grains and 
impermeable reaction rinds on the masses of MgO in the repository would have the potential to 
limit the availability ofMgO 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 a!. 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 C~. 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 C02. Kanney 
and Vugrin (2006) evaluated aqueous diffusion of C~ 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 C02. 

Upon reaction with brine, periclase in the backfill is expected to hydrate to brucite [Mg(OH)2(s)]. 
In the presence ofC~, brucite can react to form magnesite [MgC03(s)], the most stable 
magnesium-carbonate phase, or a metastable magnesium-carbonate phase, such as 
hydromagnesite [Mgs(C03)4(0H)2•4H20(s)]. The formation of brucite and a magnesium­
carbonate phase in the repository is expected to control both pH and C02 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 C02 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 C02 consumed per mole of reacted MgO. This variable 
ranged from 0.8 (hydromagnesite only) to·I.O (magnesite only). 

Significant amounts of CPR degradation by sulfate reduction would require dissolution of sulfate 
minerals in the Salado Formation, including anhydrite [CaS04(s)], gypsum [CaS04 • 2H20(s)], 
and polyhalite [K2MgCa2(S04)4 •2H20]. Dissolution of these solid phases would release 
relatively large quantities of calcium ion into the brine. Elevated calcium concentrations would, 
in tum, be expected to cause calcium-carbonate precipitation and increased consumption of C~ 
per mole of MgO in the backfill. DOE carried out EQ3/6 geochemical calculations to estimate 
the proportions of C~ 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 would 
equal the quantity required to react with C~. 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 C02, 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 draft version of the present 
report. The comments provided by Langmuir (2007) were considered and additional information 
was incorporated in the final version ofthe 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 (PA VT) (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). 

Cellulosic, 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 I 0,000-year WIPP regulatory period could affect repository performance by 
producing carbon dioxide (C02) and other gases. Elevated C~ 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 C02 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 C02, 
buffering pH and decreasing C02 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 C02. 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-lb "supersacks" 
positioned on top of each waste stack, with 25-lb "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 MgO 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 I .67 (EPA 
200 I). 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 ofMgO 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: 

where: 

M 
EF = ~x 1 mole ofC01 consumed/] mole of MgO 

Mcm 

MM8o =total moles of emplaced MgO 

(I) 

Mcoz =the maximum possible number of moles ofCOz 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 WlPP'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 ofMgO, and provided an assessment of the effects ofthese uncertainties on the 
calculation of required MgO quantities (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 C02 produced by microbial degradation of 
CPR 

• Uncertainties related to the amount of MgO available to react with COz 

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

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

(2) 
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where: 
g =uncertainty in the moles of C02 produced per mole of consumed organic carbon 
m =uncertainty in the moles of MgO available for C02 consumption 
Me = total moles of organic carbon in the emplaced CPR reported by DOE 
r = uncertainty in the moles of C02 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 information 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. In Section 2.0 of 
this report, the uncertainties associated with C02 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 C02. The EEF calculations are reviewed 
and modified in Section 5.0. The chemistry-related conceptual 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 1.20 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 C02 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 C02 production in the repository using the following equation: 

moles ojC02 = Yyteld x YcPR x Me (3) 

In this equation, Yyield is an uncertain parameter related to the moles of C02 produced per mole of 
consumed carbon in the repository; this term also includes the effects of C02 consumption by 
phases other than magnesite [MgC03(s)] 1 or hydromagnesite [M~(COJ)4(0H)2•4H20(s)]. The 
parameter YcPR represents uncertainty associated with the moles of CPR carbon emplaced in the 
repository. The parameters Yy;eld and YcPR were used to represent the parameter g in Equation (2). 
The sources of uncertainties related to C02 production are discussed below. 

2.1 CELLULOSIC, PLASTIC, AND RUBBER INVENTORY 

Vugrin et al. (2007) related the reported amount of CPR in WIPP waste (Me) to the amount 

actually present in the repository (Me): 

(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 (I) cellulosic materials, including paper, cloth, and wood; (2) plastic 
materials, including polyethylene and polyvinylchloride (PVC); and (3) rubber materials, such as 
neoprene 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 ofthe 
differences between the two sets of measurements. Kirchner and Vugrin {2006) found that the 
uncertainty associated 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). 

1 As part of a chemical fonnula. (s) indicates a solid phase. 
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Vugrin et al. (2006) set the mean value of YcPR equal to I, 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, ucPR, 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 C02 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): 

(I) The chemical composition of all cellulosics could be approximated by cellulose monomer 
(C6HIOOs) 

(2) Plastics in the inventory were 80% polyethylene and 20"/o PVC 

(3) Rubber in the waste was SO% neoprene and SO% Hypalon® 

Using these assumptions, Vugrin et al. (2006) calculated that the total reported WIPP CPR 
carbon inventory (Me) was 1.1 x 109 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 

I 09 moles (Leigh et al. 200Sb ), an increase of about I 0% over the values used by Vugrin et al. 
(2006). 

Vugrin et at. (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 (C~100s). Using this formula, approximately 44% of cellulosic materials are carbon 
by weight (Table I). 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 
SO"/o carbon, 6% hydrogen, 44% oxygen, and trace amounts of several metal ions (Pettersen 
1984 ). Using this elemental composition, wood contains 41.6 moles of carbon/kg, whereas 
cellulose contains 37.0 moles carbon/kg. As a consequence, use of the cellulose 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 (Lucile®) 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) assumed that rubber in the WIPP waste is composed of 50% Hypalon® 
and 50% neoprene. In addition to these materials, the presence of latex gloves 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 I). 

Table l. Compositions of Cellulosic, Plastic, and Rubber Materials 

---------
Material Monomer formula Moles earbo11- per kilogram 

Cellulose CJ-1,o05 37.0 

Wood not available 41.6 

Polyethylene c,a, 71.3 

Polyvinylchloride C,H,Cl 32.0 

Polypropylene C,H. 71.3 

Polystyrene c,H, 76.8 

P!exiglass C50 2H, 49.9 

Teflon® C2F, 20.0 

Hypalon® (C7H,CI)12-(CHS02Cl)17 28.8 

Neoprene C,H,CI 45.2 

Latex (isoprene) C,H, 73.4 

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 C(h. 

Because of the nature ofWlPP 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 example, to calculate 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 he 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 a reasonable upper-range 
estimate: 
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(I) 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 I, a reasonable upper-range 
estimate for the total moles of CPR carbon in the inventory is 1.32 x I 09 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: 

(I) 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 I 0% isoprene. 

These assumptions and the compositions listed in Table I yielded a lower-range estimate of 1.18 
x I 09 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 Me is the moles of carbon reported to be in the CPR inventory, calculated using the 

assumptions of Wang and Brush (1996), the uncertainty in Mr can be represented by the 

following: 

(5) 

In 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 of0.97 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 YCPR-C· 

The mean value of YCPR-C is 1.03, and because there is little information about the precise 
chemical composition of the CPR, the uncertainty of YCPR-C should be represented by a uniform 
distribution. 
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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 ofEPA'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 radio lysis 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, V ugrin 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 C~ that could be generated by microbial degradation of 
CPR. 

2.3 CARBON DIOXIDE YIELD 

Vugrin et al. (2006) included both C02 production by CPR degradation and C02 consumption by 
precipitation of carbonate phases other than magnesite and hydromagnesite in the calculation of 
the term Yrreld· The value of Yyield depends on the microbial degradation and carbonate 
precipitation reactions in the repository, and the upper limit onyy;eld is I. If a fraction of the CPR 
carbon is degraded to form compounds other than COz, or if carbonate phases other than 
magnesite or hydromagnesite precipitate, then the C02 yield would be less than 1. The potential 
precipitation of calcite [CaC03(s)] and its inclusion in Yyield is discussed in Section 4.0, along 
with other reactions that may remove C~ 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: 

C6H1oOs + 4.8 H+ + 4.8 N03.-+ 7.4 HzO + 6 C02 + 2.4 Nz 
C6Hw0; + 6 H+ + 3 Soi·-+ 5 HzO + 6 C02 + 3 HzS 
C6Hw0s + HzO -+ 3 CJ--4 + 3 C02 

(6) 
(7) 
(8) 

In these reactions, C6H100; is 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 C02 produced per mole of CPR carbon will equal I. On the other 
hand, the methanogenesis reaction (8) produces only 0.5 moles of COz per mole of CPR carbon 
consumed. Significant amounts of CPR degradation via reaction (8) would result in a COz yield 
between 0.5 and I. Another methanogenesis reaction occurs in the natural environment in 
addition to reaction (8); this methanogenesis reaction is as follows: 

(9) 

This is commonly referred to as the C02 reduction pathway (Chapelle 1993). Reaction (9) 
consumes C02 and could significantly reduce Yy;eld 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 (NOJ) and sulfate 
(SO/"), are absent and reactions (6) and (7) cannot occur (Chapelle \993). 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 
(CaS04), gypsum [CaS04 •2Hz0] and poly halite [KzMgCaz(S04)4 •2Hz0]. 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 COz 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 perfonnance 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 COz. 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 ofMgO 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® I 0 WTS-60 MgO. 2 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 I 00% passed through a 9.5 mm (3/8th 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 Oxide3 

Typical WTS-60 
Average Chemical Analysis 

(Martin Marietta) Chemical Analysis 
Constitqent Composition Specifications 

wt% (Deng et al. 2006a) 
(Martin Mariettn) wt •fo 

wt% 12/1/2.004 to 6/1/2006 to wt "o 
12/1/2005 5/31/2007 

MgO 98.2 97.0 minimum 98.5 ± 0.166 98.5 ± 0.169 98.5 ± 2.5 

CaO 0.9 I.Omaximum 0.904 ± 0.112 0.904 ± 0.107 0.874 ± 0.025 

SiO, 0.4 0.5 maximum 0.349 ± 0.075 0.348 ± 0.088 0.311 ± 0.008 

Fe203 0.2 0.3 maximum 0.162 ± 0.022 0.154±0.029 0.115 ± 0.009 

Al20 3 0.1 0.2 maximum 0.125 ± 0.024 0.134 ± 0.014 0.130 ± 0.018 

Total 99.8 100.0 100.0 99.9 

2 MagChem® I 0 is the Martin Marietta designation for hard·bumed, high-purity, technical gr.~des of MgO 
processed from magnesium-rich brines. WTS~60 is a grade specially formulated to meet DOE specifications. 

3 Stated uncertainties are ± I a. 
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The WTS-60 MgO characterized by Wall (2005) had a bulk density of87lblft3
, equal to the 

specified minimum of 87 ± 5 lb/ft3 (WTS 2005). Wall (2005) performed hydration tests at 90"C 
to determine the rate of brucite [Mg(OH)z(s)] formation from WTS-60 MgO and other MgO 
samples. These samples may also have formed small quantities of portlandite [Ca(OH)z(s)] from 
lime [CaO] present as an impurity in the MgO. The amount of brucite plus portlandite formed 
during 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 SOO"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 ofLOI results at SOO"C and 750°C using hydrated samples 
of Premier MgO or another Martin Marietta MgO sample (WTS-30) indicated that the SOO"C 
LOI results underestimated the amount of brucite plus portlandite by approximately 4 to 
9mole%. 

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 al. (2006a) performed 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 {Ia) 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 YRc to represent the reactive 
fraction of the MgO placed in the repository, with a mean of0.96 and a standard deviation (aRc) 
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 MgO (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 MgO hydrates more rapidly than 
Premier MgO, and the chemical analysis results ofDeng 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 C02 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 MgO 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 to manufacture the MgO are calcium-magnesium-chloride brine 
and dolomitic limestone. Martin Marietta calcines the dolomitic limestone to produce a 
CaO-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 calcium chloride and other brine solution components. The brucite is then 
calcined at I ,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 MgCh 
concentration in the brine is approximately I 0% 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 MgCh 
concentrations ranging from I 07 to II 0 glliter, 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 (Ia) wt% and 58.2 ± 0.335 (1 cr) 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 
(1 cr) 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 ofthe 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 (MgO) plus calcium oxide (CaO) shall be a 
minimum of95%, 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 included in the MgO specifications (WTS 2005, 
Attachment B) was based on information provided by Krumhansl et al. (1997). It 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 (I o) 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 C02, MgO 
hydration and carbonation reactions could be limited and the MgO engineered barrier might not 
function as designed. Reaction of the MgO backfill with C02 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 C02. 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 C~ to the MgO would occur to 
substantially remove C02 as a pressure source (Wilson et al. l996b, 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 C02 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 C02: 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 potential for physical segregation of MgO 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 collapse of smaller blocks occurs, these blocks would tend to be fractured and 
permeable to brine 

• Small-scale spalling from the roof would be unlikely to segregate MgO 
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• Tile 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 C02. 

Tile 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 tile 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, optical 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 tile experimental evidence and the Conceptual Models Peer Review Panel's 
conclusions during their evaluation of the effectiveness of the MgO engineered 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 C02 
(Bryan and Snider 200 I a; Bryan and Snider 200 I b; Snider 200 I ; Zhang et al. 200 I; 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 ofMgO backfill available for reaction with brine and C02. 

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 tile masses of 
emplaced MgO during initial contact with brine and C02 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 tile 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 (Wilson et al. 1996a, l996b, 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 C02 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 C02 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 C02 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'sjudgment that impermeable reaction rinds would not form on 
the masses of MgO (Wilson et al. L997b). 

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 
do(es) 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 C02 consumption would exceed the rate of C02 
production. 

The possible formation of solid masses of MgO reaction products during hydration under 
inundated conditions was investigated by DOE in a later series of experiments with 5 to 15 rom­
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 impermeable layers of reaction products will form and prevent the reaction of brine and C~ 
with periclase in the interior of the masses ofMgO 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 at. l997b, 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 MgO available to react with C02. 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 I 0'3 intrusions per 
km2 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 I 0,000-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 events over 
the I 0,000-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 of0.202 in row I of Table 3). The 
intrusions identified as hitting a waste panel were assigned randomly to one of the I 0 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 El 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). 

TableJ. Intrusion Characteristics and Probabilities 

Characteristic Probability 

Hit Waste Panel 0.202 

Hit Brine Pocket O.QI-0.60 

HitPanell-10 0.10 

Plug Type I 0.015 

Plug Type 2 0.696 

Plug Type 3 0.289 

Table 4. Intrusion ClassifiCation Matrix 

Classifieatioo Hit Waste! 
Hit Brine Ping Type 
Pockec7 

No Change 
No Yes or No 1,2or3 

Yes Yes or No I 

El Yes Yes 2 

E2 
Yes Yes 3 
Yes No 2 or3 

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 E l and E2 intrusions was calculated 
using these volumes, with the mass ofMgO assumed equivalent to the total MgO solubility in 
Castile brine (157 moles/m3

) or Salado brine (578 moleslm\ depending on the release scenario. 
In this analysis, it was conservatively assumed that no MgO reacts with C02 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 perfonned for all300 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 ofMgO backfill lost to brine flow out of the panel was calculated 
to be 0.8 ± 1.9 (lcr)% 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 ± I. 7 (I cr) %, using the corrected CPR carbon 
inventory and the assumed EF of 1.20. Vugrin et at. (2007) used this mean and standard 
deviation for the parameters pus and uua 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. Aqueous 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 C~ with MgO in the 
repository. Wang (2000) calculated the time necessary for aqueous C02 diffusion to occur over 
the expected final repository room heights, using infonnation from the CCA; these calculations 
were reviewed and summarized by Vugrin et at. (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 detennined that mixing would be adequate to allow reaction of 
COz 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 backfill in the repository. Because of differences in waste 
characteristics, Kanney and Vugrin (2006) also evaluated the potential effects of AMWTP 
compressed waste and pipe overpack waste on calculated diffusion lengths and time scales. The 
calculations were carried 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 includes the assumptions of 
chemical homogeneity and solubility equilibrium, and that brine and waste are well mixed. As a 
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 ofMgO available to react with C(h 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 
ofMgO in the supersacks. In addition, Salado brine has a magnesium ion concentration of 
1.0 M, and this magnesium ion could react with C02• 

For the CCA, DOE evaluated the ability of MgO supersack materials to prevent carbonation of 
MgO prior to emplacement, and predicted that less than 0.1% of the MgO would be carbonated 
by C02 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 MgO 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 eta I. 2006). Microbial degradation of the polyethylene supersacks may also contribute 
to supersack rupture. Accordingly, it is reasonable to assume that the supersacks will rupture 
and allow the exposure of all MgO backfill materials to brine and CQz. 

The weight of each MgO supersack is specified for procurement as 4,200 ± 50 lbs (WTS 2005). 
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 y,.. was 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 (JI.,..) of I, because there is no expectation 
of bias in the weights. The standard deviation (u.,) of the relative amount ofMgO in each room 
was determined to be 0.00037. 

The concentration of magnesium ion in unreacted GWB (Salado) brine is \.() M; Vugrin et at. 
(2007) indicated that assuming that magnesium in the brine would not carbonate has a 
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conservative effect on the calculation of the EEF. Examination ofthe 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 m3
, which is equivalent to 7.763 x I07 1iters 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 C02 through 
hydromagnesite precipitation. This quantity of C02 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 C02 using the following equation: 

m = Yss x YRc x 0.999-YtlB (10) 

In this equation, Y.s:s is an uncertain parameter representing the.MgO present in a room relative 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 Yt2B is an uncertain parameter representing· 
the amount ofMgO lost to brine outflow (Section 3.3). This fonnulation includes the reasonable 
assumptions that mixing processes will be sufficient to allow contact of MgO with C02 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 backfill 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 infonnation regarding the reactivity of this material; in 
particular, by providing carbonation data obtained with the WTS-60 MgO. 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 fonnation 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 ofpericlase in the MgO for reaction (Wilson et al. !997b, EPA 1997). The MgO 
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supersacks appear likely to rupture and expose MgO to brine and COz. The analysis presented 
by Clayton and Nemer (2006) of the likely loss ofMgO 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 C02. Kanney and Vugrin (2006) 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 CQz. 
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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)z(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): 

(II) 

In the presence of brine and COz, brucite can react to form rrtagnesite, 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 C02 fugacities within ranges consistent with relatively low and 
predictable actinide solubilities in repository brines. 

4.1 MAGNESIUM OXIDE CARBONATION 

The temperature in the WlPP repository is expected to remain close to the ambient value of 28"C 
{DOE 2004, Appendix P A, Attachment SOTERM). The available thermodynamic data indicate 
that magnesite is the most stable magnesium carbonate phase at this temperature (Lippmann 
1973, Kiinigsberger et al. 1999). However, because of slow nucleation and growth rates of 
magnesite at low temperatures, metastable hydrous magnesium carbonate phases such as 
hydromagnesite and nesquehonite [MgC03 • 3H20(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 
carrie<tout with WIPP backfill materials and reagent-grade MgO have indicated that 
hydromagnesite forms readily under the low C02 partial pressure conditions expected in the 
WIPP repository (Bryan and Snider 200la, Snider and Xiong 2002, Xiong and Snider 2003)~ In 
some experiments carried out at higher C02 partial pressures, nesquehonite formed initially, but 
its conversion i:o 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 COz fugacities and 
actinide solubilities would be predicted than if magnesite formation occurs. In addition, 
hydromagnesite formation would result in the consumption of less COz per mole of reacted MgO 
than the formation of magnesite. 

The number of moles ofCOz 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( C03)4(0H)z • 4Hz0( s) and M84( COJ)J( 0 H)z • 3 HzO( s ). The moles of COz 
consumed per mole ofMgO 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 C02 and water in the mineral structure. 
The hydromagnesite chemical formula currently accepted by the International Mineralogical 
Association is Mgs(C01)4(0H)2 •4H20(s) (IMA 2007), and this f0rmula was identified by DOE 
as the composition of the hydromagnesite formed in the MgO carbonation experiments (DOE 
2004). This formula, referred to by DOE (2004) as hydromagnesites424, is the composition 
assumed for hydromagnesite in the remainder of this report. 

The rate at which hydromagnesite will transform to magnesite during the I 0,000-year regulatory 
period will affect the EEF calculation. The formation of magnesite consumes one mole ofCOz 
for each mole of magnesium: 

Mg(OH)z(s) + C02-> MgC03(s) + HzO (12) 

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

5 Mg(OH)z(s) + 4 COz-> Mgs(COJ)4(0H)2•4HzO(s) (13) 

The conversion of hydromagnesite to magnesite presented below consumes additional COz, so 
that the overall ratio of MgO and C02 consumed equals one if MgO reacts completely to 
magnesite: 

(14) 

Because the rate of conversion of hydromagnesite to magnesite is uncertain, it was assumed that 
the brucite-hydromagnesite reaction would control C02 fugacities for the calculation of actinide 
solubilities for the CCA PAVT and the CRA PABC (Leigh et al. 2005a). 

Brush and Roselle (2006) assumed that the replacement of hydromagnesite by magnesite would 
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 COz 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 WIJ'P 
conditions, the presence of magnesite in the Salado Formation, extrapolation of reaction rate data 
from experiments carried oui for WlPP (Zhang et al. 2000), and an evaluation of natural 
analogue data. The factors :considered 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 previously considered the presence of 
magnesite in the Salado Formation (EPA 1998c). Brush and Roselle (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 I 0,000-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 tiO•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, C02 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 C02 partial pressure or an increased hydromagnesite solid-to-solution. ratio shortened 
the induction period, whereas increased MgCh concentrations in solution increased the induction 
period. Increased ionic strength and C02 partial pressure increased reaction rates. 

Zhang et al. (2000) conducted a series of experiments to detennine the conversion rates of 
reagent-grade hydromagnesite to magnesite plus brucite at II o•c, !50 "C, and 2oo•c. 
Experiments were carried out in saturated NaCI 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 NaCI 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 halftimes were 4. 7 years and 
73 years in saturated NaCI and GWB, respectively. Zhang et al. (2000) determined conversion 
rates during the induction periods and used the Arrhenius equation to extrapolate these rates to 
2s•c; the resulting 25"C induction periods were found to be 18 years and 200 years in the NaCJ 
and GWB brines, respectively. 

Zhang et al. (2000) performed additional experiments to qualitatively assess the effects of ionic 
strength, MgCh concentrations, and MgS04 concentrations on the hydromagnesite conversion 
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rate. These experiments were performed in solutions with various NaCl concentrations, GWB 
with various MgC)z concentrations, saturated NaCI solutions with various amounts ofMgCh, 
and saturated NaCI with various amounts of MgS04. Increasing ionic strength increased the rate 
of formation of magnesite in the NaCI solutions, whereas increased magnesium or sulfate 
concentrations decreased the magnesite formation rate in both the NaCI solution and GWB. 

When extrapolated to low temperatures, the results of Zhang et at. (:?000) 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 at. (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 WIPP-relevant conditions, it is uncertain 
whether the induction period measured in the Zhang et a!. (2000) experiments would be 
representative of actual repository conditions. Vugrin et at. (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.e., the fourth-order 
kinetic equation consistent with the equation used by Sayles and Fyfe (1973), resulted in 25"C 
reaction halftimes of 40,000 years in NaCI 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 ofVugrin eta\. (2006). The low reaction rates 
calculated using the fourth-order kinetic equation were rejected by Zhang et at. (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, resulting in a higher activation 
energy barrier at lower temperatures. This effect could significantly decrease predicted lower­
temperature reaction rates. However, Zhang et at. (2000) assumed that the activation energy 
remained constant when they extrapolated their rate constants to lower temperatures. 
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The experiments performed by Sayles and Fyfe (1973) and Zhang eta!. (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 C02 
pressure. The low C02 fugacities in the repository, therefore, may result in a relatively low rate 
of magnesite formation. Both Sayles and Fyfe ( 1973) and Zhang et a!. (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 a!. (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 environments. Sayles and Fyfe (1973) noted that 
most modem 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 MUller 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 GOIU 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-64 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 WJPP program have indicated that metastable 
hydromagnesite formation will precede magnesite formation under expected repository 
conditions (Bryan and Snider 200la, Snider and Xiong 2002, Xiong and Snider 2003). 

4 The magnesium concentration in ERDA-6 brine was erroneously listed as l 57 Min Table 3 of Brush 
et al. (2006). The correct concentration is 0.157 M. This typographical error did not affect any later 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 I 0,000-year WIPP regulatory period. The magnesite described in 
sediments from an ephemeral lake in southeastern Australia had an expanded unit cell similar to 
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 M&-~(COJ)J(OH)z• 3H20(s), 
which differs from the composition ofMg5(C03)4(0H)2•4H20(s) observed in WIPP experiments 
and used in WlPP 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 I 0,000 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 below 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 all 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 I 0,000-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 r parameter in equation (I) is equal to a range of0.8 
(hydromagnesite. only) to 1.0 (magnesite only), with a uniform distribution across this range. 

4.2 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. Sulfate 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 
ions, and increased calcium concentrations could result in calcite [CaC03(s)] and pirssonite 
[Na2Ca(C03)2•2HzOJ precipitation and C02 consumption: 

Ca2+ + C02 + HzO--+ CaC01(s) + 2 H+ (15) 

(16) 

If significant precipitation of carbonate phases such as calcite or pirssonite occurs, it will 
increase CQz 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 C02 consumption, and' used these results to calculate Yyteld 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 onyy;eld· 

The EQ3/6 software package is well documented and widely used (Daveler and Wolery 1992, 
Wolery 1 992a, 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 poly halite 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 [Fe2

•], sulfide [S2l, bisulfide [HS'], and hydrogen sulfide 
[H2S(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 Yy;eld was equal to I for the revised EEF calculations. This is a conservative and bounding 
assumption, because it is likely that calcite precipitation will occur in the repository if significant 
C02 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 Yy;eld value, because only half of 
the CPR carbon would be transformed into C02 via reaction (8), instead of the I mole ofC~ per 
mole of CPR carbon produced in reactions (6) and (7). Methanogenesis by reaction (9) would 
result in an even lower yy;,fd value. 

Whether nitrate and sulfate in the WIPP waste and intruding brines would be sufficient for 
microbial degradation of CPR only through denitrification and sulfate reduction can be 
determined by evaluating the amounts Qfnitrate 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 C~ produced during denitrification, this amount of nitrate 
would result in the transformation of 4.5% of the carbon in the CPR into C02 via reaction (6). 
The estimated sulfate in the inventory was 4.61 x 106 moles (Leigh 2005). Because sulfate 
reduction produces 2 moles of C~ per mole of sulfate consumed, this amount of sulfate could 
react with 9.22 x 106 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 m3 of ERDA-6 brine (Clayton 2006). Because there are 10 panels in the repository, this 
volume would be 132,670 m3 in the entire repository. The sulfate concentration in ERDA-6 
brine is 0.170 mole/L, so the amount of sulfate in 132,670 m3 of ERDA-6 brine is 2.26 x I 07 

moles. Reduction of this quantity of sulfate would consume an additional3.7% of the CPR 
carbon in the inventory. In total, microbial 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 
et al. (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: 

(17) 
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where: 
L~'; =characteristic diffusion length for sulfate (m) 

D;:(.' = effective sulfate diffusion coefficient ( 1.413 x I 0-4 m2/yr) 

Tbio =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 waUs 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 105 m2

, which yields a total DRZ volume of 1.58 x 106 m3
• 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 (NaCI) 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 I 08 moles. This represents 
49% of the total estimated amount of sulfate in the DRZ minerals. 5 

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 
above 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 take 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 layer 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 ofthe 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 
sulfate. 

' 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 I 0,000 years (Kanney et al. 2004). 
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 P A VT. 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 a!. (2004). Consequently, it is still appropriate to conservatively 
assume that all carbon in CPR could be completely converted to C02, and that no 
methanogenesis will occur for the purposes of calculating required amounts ofMgO in the 
backfill. 

However, it should be recognized that assuming that all CPR carbon will be completely 
converted to C02 is a bounding assumption. Although there may be sufficient sulfate in the 
Salado Formation minerals 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 Yyield 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 yY;.Id, precipitation of a calcium-carbonate solid is likely to 
occur in the repository if significant C02 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 dissolution; dissolution of these phases would result in increased 
dissolved calcium concentrations that would promote calcium carbonate precipitation. 
Precipitation of a calcium-carbonate phase would consume COz and cause yYield to be less than I. 

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, EDT A, 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 results 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 CaC03(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 I 0,000-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 solid 
phase. Brush et al. (2006) identified aragonite and magnesium calcite (Ca(mMgo22C01) 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 
[Mg6Fe2(COJ)(OH)t6•4H20] and coalingite [Mg10Fe2(COJ)(OH)24•2H20] were observed as 
weathering products. These phases incorporate C02 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 significantly reduce the value of the r parameter in 
equation (I). These phases incorporate iron in the +III 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 +II oxidation state. 
Consequently, pyroaurite and coalingite are unlikely to form in the repository. 

Iron and lead in the repository may consume microbially produced C02 and H2S through the 
precipitation of iron-carbonate, lead-carbonate, iron-sulfide, and lead-sulfide phases. Formation 
of significant quantities of iron- or lead-carbonate phases could decrease the amounts of C02 
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 ofyY;erdvalues. 

W!PP waste can contain no more than I% free liquid on a volume basis, so WJPP waste 
generators use Portland cement to solidify waste sludges and liquids before shipment. Reaction 
of Portland cement results in the partial hydration of lime [CaO] in the cement to portlandite 
[Ca(OH)2]. These phases can carbonate and consume C~. Brush and Roselle (2006) estimated 
I. 9 x I 06 moles of lime would be available to react with C02, based on (I) an estimated amount 
of free lime (unreacted to form silicates) in Portland cements, (2) the mass of cement in the 
W!PP waste inventory, and (3) the molecular weight oflime. Brush and Roselle determined that 
reaction of this amount oflime to form calcite could consume 0.177% of the C02 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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4.4 CONSUMPTION OF CARBON DIOXIDE BY OTHER PROCESSES 

Other processes that could limit the amount of C02 available for reaction with MgO include 
dissolution of C02 in brine and incorporation of carbon in biomass. Vugrin et al. (2006) did not 
include the potential effects of C02 dissolution in WIPP brines in their calculations of the EEF, 
based on the results of an amilysis by Brush and Roselle (2006). Brush and Roselle (2006) 
determined.that the amount of C02 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 ofthe 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. 

4.5 CALCULATION OF CARBON DIOXIDE YIELD 

Vugrin et a!. (2006, 2007) defined yyi</d as the moles of C02 produced per mole of consumed 
CPR carbon. Vugrin et al. (2006) included the effects of calcite precipitation in their 
determination of Yyi•ld· 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 yy1,1d and assumed a value of I 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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5.0 EFFECTIVE EXCESS FACfOR CALCULATIONS 

The EEF calculation is affected by uncertainties associated with COz production, the availability 
of MgO for reaction with C02, and the moles of C02 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: 

(y~, x YJ<c x 0.999- YL28 )x MMgO 
EEF= · · xr 

(Y.weld X YcPR X YcPR-<' )x Me 
(18) 

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 
formulation of V ugrin et al. (2007) is the addition of the YcPR-c uncertainty parameter; this 
parameter accounts for uncertainty in the CPR chemical composition. 

Substituting the mean values in Table 5 into (!8) results in the following: 

EEF = (lx 0.96x 0.999- 0.007)x r.;4x 10' x 0_9 = l.OO 
(lx lx 1.03)x 1.2x 10 

(19) 

The result of this calculation indicates that the average EEF equals the value needed to ensure 
that an adequate amount ofMgO is emplaced in the repository. Vugrin et al. (2007) calculated 
U££F equal to 0.0719. Because of the effect of uncertainty related to the CPR chemical 
composition, U£E;F 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: 

• No calcite will precipitate as a result ofDRZ sulfate mineral dissolution 

• No methanogenesis will occur, and every mole of CPR carbon that is microbially 
degraded will form C02 

• 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 5. Variables and Parameters used in Effective Excess Factor Calculation 

Variable Description V ugrin et aL (2007) Comments 

y ... ~ Uncertainty in amount of l'ss ~ 1.00 
CPR in a room relative to U;•:s~3.7 X 10-4 
the amount tracked by DOE 

Y•c Concentration of reactive IJRC ~ 0.96 This value is based on analysis of a single 
constituents in MgO UR(" ~ 0.02 shipment. It appears that current acceptance 

criteria may not identify 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. 

Yu1:1 Loss of MgO to brine !lun ~ 0.007 
UL2B ~0.017 

0.999 Fraction of MgO that will 0.999 
remain uncarbonated after 
emplacement 

MMyj) Total moles of emplaced 1.20 x Me 
MgO 

Yyi .. kl Effective C02 yield (moles 1.0 The C02 yield bas been assumed equal to 1.0, 
C02 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 1.0. 

Yct·t~ Uncertainty in CPR mass #CPR= 1.00 
estimates UcpR = 3 X 10·> 

YcPR-C Uncertainty in CPR carbon !'CPR-<:= [.OJ Unifonn distribution from 0.97 (reasonable 
estimates- multiplier for UcPR-C = 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. 

Mr· Reported inventory of CPR 1.21 x 109 moles Calculated using CPR chemical composition 
carbon assumptions of Wang and Brush (1996) ___ 

r Moles CO, consumed per IJ, = 0.9 Uniform distribution from 0.8 
mole of MgO reacted a,=0.0577 (hydromagnesite) to 1.0 (magnesite). This 

parameter incorporates the uncertainty in the 
rate of hydromagnesite to magnesite 
conversion. 
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There is considerable uncertainty associated 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 !0,000-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 radio lysis 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 C02• The mean EEF calculated using this assumption was equal to 3.0. Thus, if 
plastics and rubber do not degrade to form COz, an EF of 1.20 in the repository would result 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 C02 instead of a mixture of C02 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 calcium­
carbonate phase such as calcite, is very likely. The effects of calcium-carbonate mineral 
formation on Yyteld 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 could 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 
a!. 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 smaller amounts of calcium, carbonate, and borate. 

• The underlying Castile Formation is composed of bedded anhydrite and contains 
locaiized brine reservoirs under sufficient pressure to force brine upward to the land 
surface if penetrated by a borehole. Castile brines are concentrated solutions containing 
predominantly 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 minerals 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 ofMgO 
will be emplaced with the waste, with 1.95 moles ofMgO per mole of CPR carbon. 
Consequently, the identity of the dominant CPR degradation reaction and the resulting 
proportions of COz 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 MgO backfill, low pmH (-log10 ofthe hydrogen ion molality) and high 
COz fugacity could be achieved in the repository brine, increasing the solubilities of 
actinides relative to neutral or slightly basic pmH and low C02 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 COz fugacities of the brine to values where the actinide solubilities are minimized. 

• Hydrated MgO will react with COz to form magnesite. Cementitious material will 
contain Ca(OH)z that could also react with COz to form calcite. This latter reaction could 
buffer pmH at relatively high values. However, the effect ofCa(OH)z is expected to be 
minimal because of calcite precipitation and reaction of the Ca(OH)z with MgC(z in the 
brine to form CaC(z. 

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

• Microbial degradation of CPR and/or steel corrosion will result in a reducing 
environment within I 00 years of repository closure. 

• 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. 

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

• At low 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 +IV oxidation state, plutonium in the +III or +IV oxidation 
state, neptunium in the +IV or +V oxidation state, and uranium in the +IV or+Vl 
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. 

• 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. 

• 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 (HzOz). Any oxidized 
species such as peroxide are expected to react quickly with iron metal and dissolved 
iron(ll) 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 C02 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 reac.tion would buffer C02 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 ofintergranular 
brines. The effects of this change in brine composition on actinide solubilities were 
reviewed and found to be negligibly small (EPA 2006b). 

• 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 +III and +IV 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 P ABC: 

• 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 I 00%, and lower long-term degradation rates 
were used to model gas generation. 

• The results of geochemical modeling indicated that the solubilities of the +III and +V 
actinides were increased by EDT A and oxalate complexation, respectively. 

• Because of information developed during the review ofthe 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 MgO in the repository 
backfill. 

Since the time of the CCA, the WIPP Chemical Conditions conceptual 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 

Yugrin et al. (2006) summarized the uncertainty analysis associated with the amount ofMgO 
required to react with C02 and control chemical conditions in the WlPP 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 ofVugrin 
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 C02 that would be produced by CPR 
degradation, the amount of MgO that would be available to react with the C02, and the moles of 
C02 that would react per mole ofMgO. 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 Yugrin (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 C02 that could be produced by CPR degradation will depend on the microbial 
respiration reactions. Because of the abundant sulfate minerals in the Salado Formation, it was 
assumed that all CPR degradation would occur by denitrification or sulfate reduction, and one 
mole of C~ 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 C02 produced per mole of CPR carbon consumed will be smaller. 

Uncertainties related to the amount of MgO available to react with C02 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 C02 from solution; this process was evaluated and conservatively 
omitted from the uncertainty calculations. The potential for MgO segregation from brine and 
C02 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 room 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 ofMgO 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 
COz. 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 ofMgO, brine, and C02. 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. Information 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 COz 
partial pressures in the repository. 

The moles of C02 consumed per mole of reacted MgO will 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 ofCOz 
consumed per mole of MgO was parameterized as a uniform distribution from 0.8 to l. 

If a significant amount of CPR degradation takes place via sulfute 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 C02 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 sulfate 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 C02 
fugacities in the repository. The effects of C02 dissolution in brine are likely to be small, and 
were neglected in the calculation of the amount of C02 consumed per mole ofMgO; the 
incorporation of carbon in biomass conservatively was not considered in the EEF calculation 
because of uncertainty regarding this process. 
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Because of revisions to the parameters describing the moles of C02 consumed per mole of 
reacted MgO and to the C02 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 eta!. (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 ultimately reduced the average EEF to 1.00; 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 1.00, and an excess ofMgO will be present if the EF is 1.20. 
Consequently, reducing the EF from 1.67 to 1.20 is unlikely to significantly affect WIPP 
repository chemistry, based on the available information. 

During their respective reviews of the Chemical Conditions conceptual model and the 
effectiveness of the MgO engineered barrier at the time of the CCA and the CCA PAVT, both 
the Conceptual Models Peer Review Panel (Wilson eta!. l997b) 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 MgO 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 ofMgO over the amount required 
would be present if the EF was 1.20 and no plastics and rubber degraded to form C02. 

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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' 

Martin Marietta Specifications Sheet for WTS-60 MgO 

DESCRIPTION 

USES 

COMPOSITION 

PACKAGING 

STORAGE 

Hard Burned 
Technical Grade 
Magnesium Oxide 

MagChem"" 10 grades are high purity technical grades of magnesium oMkle processed from 
magnesium-rich brine. They have re~ively high density and lOW reactivity_ The granular Qfades are 
essentially dust free. 

MiUed Ma.gChem lOgrades ha\IC a combination of law reactivity, high purity andlineparticte siZe, 
which makes them surtable for ftle production of magnesium salts. particularly in reaction with 
strong acids. Milled MagChem 10 grades also find applications in fiberglass. aluminum metal 
pr00El6Sing and fuel additives. Sct:eeneo MagChem 10 produds are widely used w; a raw material 
in manufacturirlQ refractories and ceramic Pfoducts. 

Typical S~ifu;;§tiO[!'S 

Magnesium Oxide lMg0}, % 982 97.0 mm. 
carcium OxidP, {CaO}, "''" 0.9 1.0 max, 
Silicon Oxide iSiOj, % 0.4 0.5 ma><. 
Iron Oxide (FezO:J,% 02 0.3 max. 
Aluminum Oxide (At10~}. % 0.1 0.2 rna><. 
Chloride (CI), •• 0.01 0.02 max. 
Sulfate {SO;!,% 0.01 0.02 max. 
Loss on Ignition, % 0.25 0.5 max. 

MagCJwm 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 lblft'. 

S5:l£lirur;l !i,l[g~es Milled Grades 
Top Size Bollom Size Top Size Median Parli.;:le , .... ,,., ~ fiiiiWil WID % fllllirlsl mn Gr:a!ltl ~ Pa!!!!M. min. ~ Ml~!:§ 

5 X 16 .. -6 mesh 10 -16mflh -20 • " .......... 50 

12 X40 95 -12met.h 10 -4Cl me.sh .... •• . ,.. ...... 10 

PR-30 •• -10met.t1 ,. -100 meth ·325 .. .... _.. 10 ..... .. -325 mesh 9 

Available in hulk: carload, truckload, and 2000-4b bUik sacks. 
• Bulk carloads and truckloads only. 

Store in dl)l place. Exposure to moisture may causa caking. 

NonCE 
li1!:1P<!!'Cfft~UoiK*o::tloi1At.I:OiotSIIEINIS."tQTHI<!£$f()fQI.RIIJOIII..EDGENWI!i!llCF • ...:X:IJlllllf,N«~ENO.".nOI'SOA~110ttiiiW.II: 
-'If* '1111'HQU'l' -l'f ~ DUIIMrfl'tt OFKI\'iM-19 tt'a OOI«JIIOISr:lt i'W'C)t.\t4AN0 01- L'Sf.NI!f:. ~CftD W~CON'f'i'Ol: \'11:'. ''~Klfll;. 
JILSS!Mit.'Ci.Wh.lfYFOAWs:i!Jit~/IIC~8V~l'NESESUOBEST~S.S&UER~MIWTSO!'I'Y ll'f!IT"'JSPRXU~:;Tw\.lo.m£1 

YH1! Sf'!lCifi:CA~B Al!'f' fl>I'ITit. !.g( Clr!ffl\ ftUI'Ifti!:MTAllOH 01'1 ~.l!lnEft E)(f'AMS OR IMPLED IS SPt!Cf'tCALl 'W DISC\..AIIIIiW INCI!.CIIII(O 
WANU.Iff1f:S OY fmlfml "'ft A. P.um::u£."11: ~ NfDM .._TAIWT'f. SEu..Efi:S AAO Ml!fiUI'J\&J\IPW;R$ 0"'- Y OiiL~TICN 6tWJ. &t: T{) 
I&'LACl'9!.CI'<OU'WfiTICS:TIC~Tf'AOtiEOTOQEOEFKI'~.8EF"~~USEit~~JW;9lJITAI!IIUTVOl'n!:i.~.iCTF~ 
IJ!E:IU INTI:Kll1l Ai'l'tJCIIfiO!i ltl!/0 UinM .II9SI,./MI!!I lllo.L lliSio; .11MJ UAfljt.riY "nf-!41'SOI!IIel fN OOIIN!!C110N ,_ lfi1lii!R sel.i.I'A N()f!. 

hWU'.I,Cft.ll£ll SHAI.I.eE l!ASt.f;:IIIT-Oift' .001f11'1o1CtOI'I!..JNfl!RAM'I'liEOfi"(I'OAA.No'"UlSSQAQI.WtOII!, IMCIOENl"~CflCONSWul:t."l"v.L.ARSINO OUT 
Cf'IH! IJUOI'QI lHt No<BUr"~"JCIU\li:THE PAO:.'VOT: 

Martin Marietta Magnesia Specialties, LLC 
195 Chesapeake Park Plaza, Suite 200 
Ballimore, MD USA 21220-0470 
Phone: 800 648-7400 
Or: 410·760·5500 
FAX: 410-780-5777 

Martin Marietta 
Magnesia SpeciaRies ~ 

======~ MagChem is il tnldemar« of 
M•rdl'l MaMttl Mecme•le S.p.cialtles., LLC 

4101 wWN.magspecialties.com CopyrtGMC%0G11JY ~MilfiCQ ·~ SpeefalliK,. U..C 
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WTS-60 Brine Feed Chemistry Data (from Patterson 2007) 

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

Specific 
i Avg. Avg. Avg. Avg. Avg. 

2004: CaCI2 M~CI2 NaCI pH Gravl!::( I CaCI2 MgC\2 NaCI pH Specific Gravity 
I 

Average: 208 108 44 5.13 1.272 i 2004 208 108 44 5.13 1.272 
Std. Dev.: 5 5 1 0.12 0.004 t 2005 211 110 45 5.07 1.271 I 
Valiance: 21 27 2 0.02 0.00002 I 2008 2"10 107 45 5.07 1 .. 265 
Max: 216 135 50 5.52 '1.280 ! 2007 208 108 44 5.00 1.270 ' 
Min: 197 99.2 41.3 4.97 1 .. 281 i 

I 
I 

2005: I 
Average: 211 110 45 5.07 1.271 I 

I 
Std. Dev .. 4 3 1 0.16 0.002 l Varianca: 16 7 1 0.02 0.000004 ' ' Max: 219 119 47 5.70 '1.280 ' I 

' Min: 196 105 41 484 1.267 ' ! 
j 

2006: i 
i 

Average: 210 '107 45 5.07 1.265 ! 
std. Dev.: 5 4 1 0.08 0004 i 

j 
Variance: 20 15 2 O.D1 0.00001 l Max: 222 '115 48 5.26 '1.275 I 
Min: 198 99 42 4.88 '1.258 I 

i 
2007: (Through 6i14107) 

I 
j 

Average: 208 ·taB 44 5.00 1.270 I 
I 

Std. Dav.: 5 3 2 0.05 0.002 I 
Valiance: 26 7 3 0.003 0.000004 I 
Max: 220 113 47 5.11 1.272 I 
Min: 198 103 42 4.86 1.263 I 

i 
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WTS-60 Doli me Feed Chemistry Summary 2004 to 2007 
(from Patterson 2007) 

MgO-Related Uncertainties 

LOAD DATB CAO 1100 .S'I02 Pll203 Afo203 
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WTS-60 Dolime Feed Chemistry Summary 2004 to 2007 (contd) 
(from Patterson 2007) 

MgO-Related Uncertainties 
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WTS-60 Dolime Feed Chemistry Summary 2004 to 2007 (contd) 
(from Patterson 2007) 
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WTS-60 Dolime Feed Chemistry Summary 2004 to 2007 (contd) 
(from Patterson 2007) 

MgO-Related Uncertainties 
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WTS-60 Dolime Feed Chemistry Summary 2004 to 2007 (contd) 
(from Patterson 2007) 
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WTS-60 Dolime Feed Chemistry Summary 2004 to 2007 (contd) 
(from Patterson 2007) 

MgO-Related Uncertainties 
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WTS-60 Dolime Feed Chemistry Summary 2004 to 2007 (contd) 
(from Patterson 2007) 
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WTS-60 Chemical Composition Data (from Patterson 2007) 

statistical Summary Of Ma;Cttem 10 WTS 60 From Martin Marietta tor 0810112006 through 0~112007 

Chlorldt, as lt'OD ~a'S Fe10,, Loss On lgnirioo, Mapesium, as Alu·miaam , a.~ SWcOD,.,u Sulfur I as soi. 
Cl.% % % 

M&Q,(on 
AI,o,.% SIO,% % 

C'akium, as CaO, % 

icuJted basis) ·~ 

Count 146 146 145 146 146 146 146 146 
Average 0.0016589 0.154306 0.142414 98.4786 0.133954 0.347812 0.000341781 0.903901 
~ Std.D<v O.OIS3789 0.0292273 0.128398 0.16945!> 0.0139122 0.0883279 0.00282362 0.106868 
Minimum 0 0.0842 0.01 98.0W9 0.10@ 0.1537 0 0.6221 
Maximum 0.1052 0.1981 0.5 98.9057 0.1782 0.4271 0.011 1.1349 
Average+ Std. Dev 0.0200378 0.183533 0.2708ll 98.6483 0.147866 0.43614 0.0031654 1.01077 
Average - Std. Dev -0.01672 0.125079 0.0140163 9&.3094 0.120042 0.259484 -0.00248184 0.797033. 

Stllllstical summary Of MagChem 10 WTS 60 From Martin Marietta tor 1%1011200411trough 12101noo5 

Chlorid•,a• Iron , as Fe20;5.9 Lou On lgD:itio.a, llapesium, as . .\luminum • a.'& Sili<'On~ as Sulfur,. as SOlt 

Cl.% % % 
MgO,{ou 

Al,O.,% SJO,,% % 
Calcium ... Cao.% 

~dbasls)% 

CoUll! 166 166 166 166 166 166 166 166 
A''<tliP 0.000495 783 0.161958 0.166084 9&.4808 0.125189 0348902 0 0.%3758 
2 Std. Dev 0.009B727 0.0223242 0.118695 0.166225 0.0235845 0,0754838 0 0.112036 
Minimum 0 0.13}1 0.06 98.2362 0.0996 0.24 () 0.7236 
Maximum 0.0583 0.1961 0.34 98.7065 0.1988 0.5175 0 1.0581 
Average+Std.D<v 0.0096>305 0.184283 0.28478 !!8.647 0.148773 0.424386 I) 1.01579 
Ave>age- Std. D<v -0.00864148 0.139634 0.0473889 98.3146 0.101604 0.273419 0 0.791723 
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ACRONYMS 

CCA Compliance Certification Application 

CO, catbon dioxide 

CPR cellulosics, plastics, and rubbers 

CRA Compliance Recertification Application 

DOE Department of Energy 

EPA EnvirolllllCnlal Protection Agency 

LANL Los Alamos National Laboralllry 
! 

MgO magnjlsium oxide 

PECOS PECOS Management Services, Inc. 

PA Perfotmance Assessment 

RTR real-time radiography 

SANDIA Sandia National Laboralllries 

TRU Transuranic 

VE visual examioation 

IMPP Waste Isolation Pilot Plant 

WTS Washingllln TRU Solutions, LLC 

WNIS WIPP waste information system 
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Review of ~e 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 he reduced from l.67 times the 

maximum theoretical requirement to 1.2 times the theoretical requirement assuming all organic carbon i! 

converted to carbon dioxide (CO,). The purp?se of this review and report is to summari'!:e the technical 

and operational ruguments presented, evalujue their basis and validity, and present an indopcrulenl 

opinion as to the merits of the DOE reques( The scope of the review includes the DOE request, the 

Environmental Protection Agency (EPA) req~est for additional information, DOE's response to the EPA 

request, additional documents referenced by the two parties, and additional infonnation taken from the 

public domain. 

II. BACKGROUND 

WIPP, located near Carlsbad, New Mexico, is a repository for the disposal of legacy tmnsuranic (TRU 

radioactive waste produced by the Department of Defense weapons production activities and associate 

research. The disposal facilities for WIPP are located 2,150 feet below the swface in the Salad 

formation, a 250- million-year-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 concern regarding the WIPP project is the assurance that radiation releases are limited to o 

more than the release limits or standards established by EPA, Ol information verified through th 

Perfonnance Assessment (PA) for the WIPP. EPA has required that in addition to natural geologic an 

construction barrie:rs, there be at least one engineered barrier designed to prevent inadvertent burna 

accessibility to radiological waste for the I 0,000-year period. An engineering barrier is defmed by EPA ~ 

"any material or structure that prevents or substantially delays movement of water or radionuclid< 

toward the accessible environment. For example, a barrier may be a geologic structure, a canister. 

waste form with physical and chemical characteristics that significantly decrease the mobility , 
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radionuclides, or a material placed ove.r and around waste. provided that the material or structure 

substantially delays movement of water or radionuclides. •,(2) DOE proposed MgO as an enginee~ 

barrier, because laboratory evidence demonstrates that it can control pH and thus reduce solubility of 

actinides. EPA agreed that M,gO 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 have determined two c~ible scenarios for significant 

human exposure within the next 10,000 years: one entails drilling intrusions that bring to the surface 

waste cuttings, cavings, and spallings; the other involves actinide components of the waste that dissolve 

in the brine that may occupy the repo~tory following its closure. For long-term, worst-case 

considerations, under the distwbed scenario, :it is assumed that the repository will likely fill with brine, 

either from the Salado salt formation or frortt the underlying Castile formation in a human intrusion 

scenario, or from both fonnations. The extent to which the repository fills depends on several repository 

attributes such as penneability and Castile ~nne-reservoir pressure. The solubility of actinides under 

repository conditions depends on their chemical fonns, oxidation stares, the presence or absence of 

complexing agents, and the pH of the solution. 

As described and referenced in the Compliance Certification Application (CCA)<'l and Compliance 

Recertification Application (CRAi'l research has shown that microbial degradation of cellulosics, 

plastics, and rubbers (CPR) in the waste. will convert some of the organic carbon components into C02• 

The C02 will dissolve in 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..:losure and will raise the pH of any brine 

inflow to the repository, thereby 'reducing actinide solubility, 

The quantity of MgO 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 CO,; and the effectiveness of MgO utilization. The quantity of CPR and 

associated carbon content is essentially determined during the characterization stage. Because it has not 

been shown conclusively that methanogenesis wiU occur, EPA requires the assumption that all available 

organic carbon be converted to C02• A remaining uncertainty involves the effectiveness of the M,gO 
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based upon its distribution around the waste and the lllllOUOt of C02 that 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 barrier. Initially, DOE emplaced MgO in a supei'Sack 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 t1 

be equal 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 thi 

elimination of the mini-sacks which reduced the factor (alternately referred to as a load fuctor, 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 ~ty of operations in the repository without compromisin1 

the engineered barrier. 

In April2006, DOE submitted a letter to EPAj requesting approval to lower the MgO loading fuctor to 1.: 

from the currently approved 1.67 .<•> This reqhest was submitted in accordance with Title 40 CFR !94.· 

along with the opinion that it is a 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 

proposed reduction in the loading factor would reduce the expected deaths from any health risk linked t 

truck 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 Mg• 

but excluding emplacement cost. 

DOE also aigUed that the impact oflowering ofd1e MgO loading factor would be non-consequential wi1 

regard to long-term ( lO,OOO years) WIPP performanw after closure. This conclusion was reached afto 

evaluating several contributing factors that indicated the 1.2 loading factor would ensure sufficie1 

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 analys1s and the benefits of the cost "9"uction while expressing concern that the request did 
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not address uncertainties regarding the effectiveness of the Mgo_<•l In particular, EPA requested an 

analyses of the impact of super compacted waste and the uncertainties concerning the amounts of CPR 

disposed in the WIPP on the MgO loading 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.(7) 

III. SUMMARY OF FINDINGS 

PECOS concentrated its review on the chemical and microbiological issues associated with the 

determination of the necessary amount of '1&0 to be included in the WlPP and associated long-term 

affects. A summary of this review follows. 

lilA. Perlonnance 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 MgO being 

emplaced in the WlPP 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 

would be no impact on the PA as a result of changing the loading factor. 

IIIB. MgO Quantity Control 

DOE acknowledges that an excess over theoretical quantity of MgO is appropriate to accommodate 

uncertainties in determining the quantity of CPR and the effi:ctivcness of MgO as an engineered barrier. 

DOE further asserts that the excess MgO required can be reduced, since these uncertainties have been 

minimized because: 

• Recent changes to the WlPP waste information system (WWIS) have significantly enbanced 

the reliability of DOE's estimates of the emplaced masses of CPR and MgO. 

• The timeliness of the WWIS infonnation is such that the balance between CPR 

emplacement and Mg0 emplacement remains current. The WWJS now tracks the quantity 

of emplaced MgO and CPR on a near real time basis. This coupled with estimates of the 

additional CPR to 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 EP ~. 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. 

UIC. Uncertainties in Microbial Activity 

In its November 2006 response to EPA, DOE presented further analysis and discussion of its justificatior 

for reducing the loading fuctor. 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 microbiology of the TRU waste/brine mixture 

were included. This is the single biggest weakness in DOE's efforts with respect to the MgO issue, a 

recognized in the 2004 CRA, which states, 'i'fo microbial experiments have been carried out with Mg( 

since the use of this material was proposed 1n 1996 to consume CO, and control the fugacity of CO 

(ft01J and pH in the W!PP." c•> 

Jn addition, rhe 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 materials that are emplaced i 

the repository. 

• Other materials in the waste, .such as lime and the corrosion products of iron-base 

materials, do not react with CO,. 

The first assumption is arguably realistic given the presence of microbial life in comparably hm 

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 Sandi 

did acknowledge caveats concerning differences with actual WIPP conditions. There is no scientifi 

justification provided for these assumptions, which have a major impact on the entire MgO issue. Rathe 

the justification provided by DOE is: first, they are necessary to support the EPA required assumption e 

one mole of C02 for each mole of organic carbon; and second, reactions of CO, with other substance 

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. 

IUD. Uncertainties in MgO Effectiveness 

As noted above, the uncertainty in the requi~ amount of MgO is directly related to the amount of CP 

in the TRU waste emplaced in each room and panel of the WIPP. It is also broadly attributable to rhe 
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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 

MgO). DOE identified 15 contributing uncertainties in its response to EPA's concerns. The unoertainty 

analysis prepared by Sandia <•l categorized these unoertainties into three groups: I) unoertainties related to 

the quantity of C02 produced; 2) unoertainties in the amount of MgO available to react with C02, and 3) 

uncertainties in the moles of C02 sequestered per mole ofMgO available to consume CO,. 

In conducting this analysis, DOE began by <lefining an effective exoess factor (EEF) that starts with an 

emplaced MgO quantity based on the loadinglfactor of 1.2 and modifying it in accordance with the value 

· of the other identified unoertainties. Dependiljg on the nature of the uncertainty of identified contributing 

factors, the EEF may be less than or greai;er than 1.2. However, after accounting for all identified 

uncertainties, an EEF of at least I. 0 is require4 to ensure an effective engineered barrier. 

Sandia assigned a mean and standard deviation to uncertainties modeled as random va.riables and included 

the remaining uncertainties by assigning assumed values. Using this technique, they detennined an EEF 

mean value of 1.03 with a standard deviation of O.oi'l 

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

1. Uncertainties related to the quantity of C(h produced 

The quantity of CPR in the emplaced waste: There are several factors that affect this uncertain!)•. They 

include the accuracy of the formula used to determine the amount of MgO required for each room and the 

accuracy of the estimates of the mass of each wmponent of the CPR emplaced in each room. Our review 

of the formula is presented under "Other Observations" below. 

The foundation fur establishing the amount of MgO needed in the WIPP is the weight of the CPR being 

emplaced. Therefore, the initial question is, 'What is 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 container and the accuracy of that determination. Unfortunately, the uncertainty of the 

estimates of the mass of CPR is unknown, at least from the standpoint of the documents reviewed for this 

report. The 1996 edi.tion of the Transuranic Waste Characterization Sampling and Analysis Manual (•l 

indicated that the weight of CPR was to be estimated from reference tables prepared by each genemtor if 

radiography was used for waste characte#zation. If visual examination (VE) was used, it was 

recommended (preferred) that the individual iitems of waste be weigbed---.:stimates were only used for 

bags of wastes that did not need to be opel)ed. The manual also presented 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, l 7 percent bigher for rubber, and 64 percent higher fo 

cellulosics). There was no discussion in the manual regarding the overall accuracy of the process. ~ 

discussed below, a second investigation of VE and RTR determinations of CPR quantities using a mucl 

larger sample from a variety of waste streams showed close agreement between VE and RTR. 
! 

The latest revision of the WIPP Waste Acceptance Criteria (Rev 6)uoJ simply requires that the generatin1 

sites "estimate" the CPR weights without guidance as to how to perform the estimate or the acceptablo 

accuracy of those estimates with the exception of one waste stream, debris, (S5000). For that wast• 

stream, the WAC states that the entire waste stream will be reported as plastic with the weight calculate• 

as the volume of the waste container multiplied by 620 kglrn' up to the weight of the container. Th· 

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 VE 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 c 

debris waste, the unifonn conversion factor. 

There are two concerns about the use of l'<-aste-weight tables. First each operator may have a consiste1 

bias in estimating the volume of the CPR materials which would carry over into the weight estimato 

Second, the waste-weight tables may be biased. For example, the weight of wood depends on the type < 

wood (pine, fir, oak, etc.) and the construction of the wood which may have include a substantial amow 

of glue (plywood, particle board) so a simple table that sets one weight value for wood regardless of tb 

wood type is inherently biased. Similarly, the use of a uniform conversion fuctor such as is applied to tiJ 

S5000 waste stream very probably overestimates the overall organic cadlon weight since most debr 

wastes will include some metals, woods, and rubbers, all of which would result in a lower estimate < 

01ganic carbon weight than an assumption based upon all plastics. Thus, if any of these biases exi1 

which it appears they do, then all estimates of CPR weight prepared by using the tables will t 

biased-high or low. 

The DOE argument presented in the uncertainty analysis regarding the ability to measure (estimate) t1 

amount of CPR in each TRU waste containqr seems to center on the question as to whether real-tin 

radiography (RTR) is as accurate as VE for ihe estimate of CPlt when summed over a large number , 

containeiS, such as a room-full(lll. 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 accwate value and they were 

treated as the "true value'~11 >, which is logical if the current VE practice still includes actually weighing 

the waste items. The RTR results were found to agree with differences distributed randomly above and 

below the VE value. This exercise yieldedj an estimate of plus or minus 0.3 percent error boundary 

defined as dividing the staudard deviation byl the mean. Sandia did not detect a plus or minus bias, thus 

confirming the randomness of the differen~ between VE and RTR and supporting the equivalency of 

VE and RTR when summed over large sampl~ sizes. 
I 

! 
The yield of C02 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 01ganic 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 C02 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 C02 by almost 50 percent. 

(11l However, EPA raised questions regarding the assumptions of sulfate availability made by DOE, As a 

result, it is assumed in the Sandia uncertainty studies that methanogenesis is not a significant factor and 

there would be l 00 percent conversion of organic carbon to C02. Nevertheless, the uncertainty analysis 

does include a discussion of circumstauces in which this may not be 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 C02 

by microbial action requires several concurrent assumptions, including the assumption that the 

brine/waste/MgO solution is always mixed, so the nutrients 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 I 00% utilization of the MgO for CO, sequestration, as discussed further below_ 

In summary, the combination of the conserviUive assumptions discussed above supports the hypothesis 

that if DOE can demonstrate that its mel:hods for determining the weight of CPR consistently 

overestimate that mass, then it is reasonable io assume that no more than one mole of MgO per mole of 

organic earhon in the CPR will be sufficient fqr C02 sequestration. 

f 

2. Uncertainties in the amount of MgO available to react with C01 
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The fraction of reaciive constituents in commercial grade MgO: Commercial grade products alwaY! 

contain impurities or non-functioning components that reduce the product's effectiveness. The 

Washington TRU Solutions {WTS) specificati,ons for MgO require a minimum of 95 weight percent MgC 

plus Calcium Oxide with MgO being at least '0 weight percent. The original supplier, National Magnesi< 

Chemicals, was replaced by Premier Chemi~s. Premier Chemicals notified WTS that they were runnin~ 

out of ore suitable for meeting this specification at the completion of Panel 2, Room 2. (Panels are fille< 

back to front beginning at Room 7). Since tpen, MgO has been supplied by Martin Marietta Magnesi< 

Specialties, LLC. The uncertain!)' analysis assumes that MgO with current Martin Marietta specificatioru 

will be available throughout the operating life of the repository. Sandia bas studied MgO from the variou: 

suppliers to verifY its effectiveness meets their assumptions.<''l Further, the wrs quality assuranc< 

program constantly audits the supplier's detennination of the chemical composition of the MgO, so then 

is very low risk that there will be less reactive constituents available than necessary. Therefore, thi: 

uncertain!)' has no impact on the 1.67 versus 1.2 loading factor issue. 

The carbonadon of MgO prim to emplacement: MgO is bagged in material used for preserving Portlan• 

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 appeatS to consume MgO regular!; 

without a large inventory. the Sandia treaqnent of this factor-namely that there will be minima 

carbonation-is deemed appropriate and does loot impact the 1.67 versus 1.2loading factor issue. 

The extent of readion of MgO and/or CaO: Numerous experiments 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 t­

lithiry, Sandia prepared "cemented-cake" samples by ,heating a layer of Prentier MgO in a beak< 

containing synthetic brine at temperatures up to 90"C for up to 6 months.ct>J Some indication c 

lithification was observed, but the results of ongoing tests continue to support the conclusion that all MgC 

and CaO would remain active. Therefore, this unccrtaincy has no significant impact on the 1.67 versus I. 

loading 

factor issue. 

The loss of MgO to brine outflow from th~ repository: Sandia(lll evaluated the loss of MgO throug 

outflow from the repository by relating it to t?tal brine loss, MgO solubility, and the timing of brine lm 

corresponding to five human intrusio!l scenaribs. Using a Monte Carlo approach to determine probabilit 

distributions for calculatio!ls, possible MgO losses from each panel were determined. Losses we• 

converted to the fnlctions of MgO emplaced in each panel. 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. 

. 
The likelihood of Mgf) supersack rupture: the mechanism of supersack rupture has three possibilities: 

bursting by roof pressure, rupture by falling rjoof pieces, or microbial activity. Given that I 00 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 a 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 rupture 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 12 loading factor issue. 

The amoufll of MgO ;, each room: As discussed above, it can he reasonably assumed that DOE's 

procedures for determining the mass of CPR jn each TRU waste container and emplaced 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 efjicieflcy ofmixitlg processes: Sandia <I•J 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 scenarios included panels filled with different mixes of standard waste, super compacted 

waste, and pipe over packs. In .all cases, tJ!e mixing by diffusion was predominant and the required 

mixing times were much less than residence !times. 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 di~persion 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 factur issue. 
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The physical segregation of MgO from C02: Any CO, in the vapor space will have access to any 

unsubmerged MgO. Segregation of solid Mg,io from brine may result from it resting on top of drums or 

other containers. This phenomenon would tie tempollll)' pending drum degradation from anoxic and 
I 

anoxic corrosion. Thus, any impact of segregation would be expected to be temporary and not of long-

tenn consequence given the 10,000-year peri'f- Therefore, this uncertainty has no significant impact on 

the 1.67 versus 1.2 loading factor issue. I 

In summary, the analysis of the above uncertainties indicates that because of the assumption of complete 

mixing, a loading factor is not necessary as long as the enor in the estimates of mass of CPR can be 

shown to have a positive bias. 

3. Uncertainties in the moles of C()z sequestered per mole of MgO available to consume 
co1 

The conversion of hytlromagnDlile to magnesite: It is anticipated that the thermodynamically stabl< 

form is magnesite, which will sequester one mokof C02 per mole ofMgO. Hydromagnesite sequesten 

only 0. 8 mole of CO, per mole of MgO and will form at a faster rate. Over time, the hydromagnesite wit: 

convert to magnesite and in so doing react with additional CO,. Sandia (OJ handled this uncertainty in th< 

sequestering of moles of CO, per mole of MgO as a random variable distributed uniformly between llu 

extremes of 0.8 and 1.0. PECOS has found no other basis on which to evaluate the kinetics o 

hydromagnesite conversion to magnesite. 

The consumption of CO, by materials other than MgO: Any consumption of C02 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 C02 includin! 

iron-based materials and their corrosion products, lead-based materials and their corrosion products, an< 

lime and portlandite products contained in waste sludge. Natural sources of CO, sequestering sources iJ 

the WIPP include dissolved calcium species: that could be produced from the reduction of Ca ++ bearinJ 

minerals as well as the Mg ++ ions present i~ either the Salado fonnation or the brine from the Casti!ll 

formation. The uncertainty analysis prepanld by Sandia does not take credit for any consumption be 
materials other than. MgO. <•> There will be a very large quantity of iron from the steel drums as well a 

. i 

other metals, especially aluminum, and mcital oxides in the waste that likely will form earbonale! 

Therefore, taking no credit for CO, sequestering by this mechanism seems very conservative. In fac1 

Sandia has estimated that the materials in the wastes alone (iron, lead, aluminum, etc.) could sequeste 

close to 30 percent of the C0,_(8J 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 CO,. in WIPP brines: S!lndia<''1 has calculated, based upon the solubility of C02 and 

the volume of the repository, that less than ~.04 percent of the total CO, could be lost by flow through 

the repository of releases equal to the total folume of the repository. This small loss has no significant 

impact on the 1.67 versus 1.2 loading factor ~sue. 

The incorporation of C02 in biomass: The uncertainty analysis does not assume any organic eatbon 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 referring to non-WIPP scenarios in a waste 

treatment situation, live microbes invariably 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 1.67 versus 

1.2 loading factor issue 

In summary, the conservative assumptions presented in the above set of uncertainty analyses indicate 

that the amount ofMgO required in the WIPP is overestimated. 

HIE. Other Observations 

PECOS has identified the following infOrmation that may also impact the quantity ofMgO required in the 
WIPP: 

I. A study at Brookhaven National Laboratory (l5l 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 ofthe plastics and rubber. These results raise doubts as to whether the 

hypothesis of complete conversion of all carbon in the CPR to C02 is valid (2004 CRA, 

Appendix Barriers).C41 This argues fo~ a 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 W!PP (1000+1 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 .<'•l An insufficiency of nutrients would stop 

or at least slow down the microbial activity since they would necessarily have to be recycled 

Building Quality, Safety, and Integrity into Each Deliverable PECOS Docwoent 07-001- Page 12 

Use. Qf' ditclomn qf data contained on th;s ,rhut is ~bje.ct to the re.strldion print" on the 1'able afConNnU page o{rhis repon. 



 

 Information Only 

PECOS MANAGEMENT SERVICES, INC. 

IS0-2 Project WIPP lndepandent Ovemight- DE-AC30-06EW03005 

through microbe cannibalism. An 4sumption of unlimited nutrient supplies in the WIPP i! 

difficult to justify since there is not expected to be any significant brine movement in the 

repositocy once equilibrium is reached by the brine inflow from the Castile fonnation. Hence, il 

is doubtful that the. total amount of ~rganic carllon will be converted to C02. Further, if it i! 

assumed there is sufficient and contHming brine inflow to provide the nutrients for 100 percen' 

organic carbon conversion to CO,, then it must also be recognized that there will be additiona 

amounts of cations available to react with the C02 as discussed in more detail in point 5. below. 

3. The uncertainties examined above address the loading factor and subsequent EEF. The loadinj 

factor relates to the quantity of MgO to be emplaced by the equation: 

MMgO = LF(Mc + Ma + 1.7Mp) 6MWMgOIMWc.n 
where 

M=mass 
LF = loading factor 
MW = molecular weight, and 
C, R, and P = cellulosics, rubber, and plastic. 

The implied MR multiplier of I is based upon a rubber mixture of 50 percent neoprene and 5• 

percent hypalon, and the 1.7 multiplier for plastic is based upon 80 percent polyethylene and 2• 

percent polyvinyl chloride(") 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 tit 

product with I 0 to 20 percent being typical. The significance is that the filler may be eithe 

carbon black or an inorganic such as silica or calcium sulfate, the extender will likely be 

hydrocarbon, and the dispersant an inorganic such as lead oxide. Hydrocarbons are like! 

biodegradable but inmgamcs an: not. Additionally, Roo~! B) determined that carlxm black is nc 

biodegradable though the study invohred conditions different ftom those ofWIPP. 
1 

' 
4. Compounding substances will have; either a positive or a negative impact depending upo 

whether they contain organic carbon and are biodegradable or not. Neither carbon black nc 

inorganic materials meet these c~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,C"l it appears that rubber plus plastic averages about 50 percent of the CPI 

Consequently, the impact of overestimating the organic camon in CPR leads to the formula like! 

overestimating the required amount of MgO by 5 to I 0 percent. 
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I 

5. An assumption that the brine inflow has the chemical characteristics of the Castile fonnation does 

not recognize the fact that as the brio~ comes in contact with the salts of the Salado fonnation it 
i 

will exchange chemicals fium those salts. In other words, since the mixing efficiency is high and 

the repository surfaces will fmcture 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 will approach the I. 0 M magnesium concentration found in 

the Salado brine. Consequently, this increase in the naturally available magnesium will reduoe 

the amount of MgO required. 

6. The assessment of methanogenesis is accepted as presented with a couple of notes fium other 

situations. First, in anaerobic waste treatment processes pH is maintained near neutral because 

production of methane is an objective and at pH 9 or above no methane is produced. Second, sea 

floor research has shown that in a bottom silt containing sulfate, the methane is oxidized to C02. 

Thus, even if methane is produced in .the repository early on it may convert to C02 given enough 

sulfate in the brine from the Castile fonnation that is introduced by human intrusion. 

IV. CONCLUSIONS 

Of all of the uncertainties considered in detennining 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 tables) used to make those detefll/inations for the weight of CPR. In fact, DOE essentially 

considers all CPR estimates as 'true values' jmd assumes there are no positive or negative biases in the 

estimates. However, our review indicates tl$t it is very likely that the weight of CPR is continuously 
• 

overestimated. 

The complete conversion of the organic carbon in the CPR to C02 is possible, but not proven fur 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 salt or brine is very conservative even though it is difficult to quantify. 

We note that even if sequestering is limited by iron pacification, that pacification will likely be by 
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iron carbonate, which in, of itself, acknowled$es some C02 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 ofMgO needed for complete sequestration. 

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 quantilativc evaluation by Sandia showing a mean EEF of I. 03 with a standarc 

deviation of .07 represents a worst-case scenario. 

Given the consistent approach of assigning conservative values to ealili. contributing attribute Oi 

conservatively not including attributes that are not amenable to quantifiable evaluation with curren 

knowledge, PECOS believes 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 lowering the required quantity o 

MgO emplaced based upon the use of a more likely case scenario rather than the worst-case scenario. W• 

recommend that DOE continue to reS!)arch ~d gather illformation toward the goal of establishing . 

defensible proposal for further lowering the MgO emplacement requirements. In a stochastic approach 

the most probable requirement could represent a more likely scenario. Once the amount of MgO neede• 

was more realistically determined, then the s~ or load factor could then be based upon a multiplier a 
' a statistically sound value such as the standatd deviation. PECOS belic~s that such an approach wouJ, 

likely result in further lowering (or eliminating) the amount of MgO required which would lower th 

current operational health and safety risk as well as providing additional cost savings without jeopardi.zin 

long-tenn protection. 

PECOS also believes 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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