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EXECUTIVE SUMMARY

1.1 Introduction

This report fulfills the requirements of Milestone R1130. It is the fourth report in
a series that also includes Sandia National Laboratories (SNL) (2001a, 2001b, and 2002).
This report comprises sections on Compliance Monitoring (Section 2), Geochemistry
(Section 3), Engineered Barriers (Section 4) and Rock Mechanics (Section 5).

1.2 Compliance Monitoring

Sandia National Laboratories — Carlsbad Programs Group (SNL), the Scientific
Advisor to the US Department of Energy (DOE) Carlsbad Field Office for the Waste
Isolation Pilot Plant (WIPP), is responsible for the evaluation of data acquired from
WIPP monitoring programs implemented to meet the compliance requirements of the US
Environmental Protection Agency (EPA). Annually, SNL evaluates ten compliance-
monitoring parameters (COMPs) comparing current derived values for each parameter
against both expected repository performance (defined in terms of Trigger Values) and
assumptions used for the performance assessment (PA) in DOE’s 1996 Compliance
Certification Application (CCA). COMPs formally evaluated in this process focus on
hydrology, geomechanics, surface subsidence, human intrusion, and waste activity. On a
continual basis, SNL also assesses monitoring data acquired by the WIPP Management
and Operating (M&Q) Contractor to track trends, identify anomalies in data if present,
and determine overall effectiveness of the monitoring programs relative to compliance
needs.

During the annual 2000 COMPs evaluation, SNL identified a trend in one
hydrologic COMP, i.e., changes in Culebra groundwater levels. In particular,
groundwater levels in the Culebra Member of the Rustler Formation were rising faster
than predicted in the CCA PA, contrary to the assumption that Culebra water levels were
at steady state and would rise only in response to a long-term climate change. In the
subsequent annual COMPs evaluation, the water-level-rise trend continued. An extensive
investigation into the cause(s) of the water-level rise, as well as an assessment of the
potential impacts such rises might have on CCA PA models and assumptions, has been
initiated. Implementation of this investigation has occurred and is the responsibility of
SNL. The status of the investigation, as well as other routine data assessment activities,
1 provided in three subsections of this report as described below. Results of the next
comprehenstive COMPs evaluation, which includes discussions of all ten monitored
parameters, are not presented herein, but will be provided in the annual 2002 COMPs
report to be submitted to DOE in October 2002.

Subsection 2.1, Magenta Hydrological Flow Model, describes activities
conducted by SNL to develop a hydrologic flow model for the Magenta Member of the
Rustler. The hydrology of the Magenta has never been well characterized because the



Culebra, located below the Magenta, is more transmissive than the Magenta and would,
therefore, be the preferred transport pathway should radionuclides reach the Rustler.
However, renewed interest in Magenta hydrology has arisen because several plausible
scenarios explaining the rising water levels in the Culebra involve vertical flow through
or leakage from the Magenta to the Culebra. Thus, a flow model of the Magenta is
needed to characterize these scenarios. Discussions in Subsection 2.1 focus specifically
on: recompletion of seven wells to the Magenta and the subsequent monitoring of water
levels in these recompleted wells; water-quality testing and analysis in one recently
recompleted Magenta well (H-9¢); and results of a technical and quality surveillance of
the Magenta hydrology scientific notebooks used to document Magenta activities.

Subsection 2.2, Culebra Water-Level Rise Investigations, provides background
information that documents the relevant Culebra hydrology assumptions used in the CCA
PA, the process used to identify current rises in Culebra groundwater levels, and various
SNL test and analysis plans implemented to investigate the cause(s) of the Culebra water-
level rises. In addition, on-going monitoring and technical activities are described and
their status is discussed. Monitoring activities specifically addressed include: continuous
water-level measurements in selected wells using electronic sensors (i.e., TROLLS);
continuous meteorological monitoring near the H-7 and H-9 well pads; and injection-well
monitoring near the H-9 well pad. Related technical activities addressed in this report
include: development of well test data-interpretation software (i.e., nSIGHTS) to be used
to quantify uncertainty in Culebra transmissivity (T) estimates made from well-test data
acquired from previous studies; documentation of plausible scenarios explaining Culebra
water-level rises; identification of factors causing Culebra water-level rises and the
effects of water-level changes on calibration of Culebra T fields; and drafting of a test
plan for Dewey Lake Formation geohydrological investigations to support testing of
vertical leakage/infiltration scenarios that may explain Culebra water-level rises.

In contrast to Subsections 2.1 and 2.2, Subsection 2.3, WIPP Hydrologic Data
Assessment, describes routine assessments of WIPP hydrological monitoring data rather
than results of specific water-level rise investigations. The current groundwater-
monitoring network is described and the status of activities at individual wells is
summarized with particular emphasis on observed deviations from normal well behavior
and well activities performed and monitored by the M&O and SNL, respectively. The
subsection concludes with the description of a remote-monitoring-system pilot study
conducted at C-2737 including preliminary results for water-level measurements made

both in the Magenta and Culebra members of the well.
/

1.3 Geochemistry

Section 3, Geochemistry, describes ongoing laboratory studies of microbial gas
generation at Brookhaven National Laboratory (BNL), a lab study of microbial gas
generation to be initiated at SNL in Carlsbad, and four studies of actinide chemistry.



Los Alamos National Laboratory — Carlsbad Operations (LANL-CQ) is now the
lead organization for WIPP-related lab studies of actinide chemistry. Therefore, three of
the four studies of actinide chemistry described in Section 3 pertain to lab studies carried
out previously, and/or the use of results from previous lab studies in PA. The other
involves the chemical behavior of a byproduct of brine radiolysis that could affect the
mobility of Pu and other actinide elements in the repository.

Subsection 3.1, Re-Evaluation of Microbial Gas Generation under Expected
Waste Isolation Pilot Plant Conditions, discusses ongoing lab studies of microbial gas
generation at Brookhaven National Laboratory (BNL). This progress report, by
Jefirey B. (Jeff) Gillow and Dr. Arokiamsamy J. (A. J.) Francis of BNL emphasizes:
(1) recent results from long-term experiments with cellulosics under humid conditions;
(2) recent results of long-term experiments with irradiated and unirradiated plastics and
rubbers under inundated conditions; (3) a description of recenily initiated experiments
using radiolabeled carbon (14C) substrate at relative humidities (RHs) of 10, 40, 60, and
70%. CO; (carbon dioxide) production from amended, inoculated, and unamended,
inoculated humid experiments with cellulosics (papers), initially aerobic and anaerobic,
without bentonite, has leveled off, consistent with other analyses during the last two
years. The initially aerobic, humid experiments have now lasted 3,334 days (9.1 years);
the initially anaerobic, humid runs have lasted 2,945 days (8.1 years). Initially aerobic,
unamended, inoculated humid experiments with cellulosics and bentonite appear to be
producing additional CO,, but this production may not be significant, given the
uncertainty of the analyses. In any case, the runs with bentonite are no longer relevant to
the WIPP. (When these tests were started eight or nine years ago, SNL included
bentonite in many of its studies to evaluate the effects of this potential constituent of a
crushed salt-bentonite backfill.) Recent analyses for CH, (methane) in inundated
experiments with irradiated and unirradiated plastics and rubbers imply that significant
quantities of this gas have not been produced since the last analysis. Therefore, there has
not been significant gas generation from (or significant microbial degradation of) plastics
and rubbers during the 2,920 or 3,070 days (8.0 or 8.4 years) since these experiments
were started.

Subsection 3.2, Experimental Study of Microbial Gas Generation under WIPP-
Relevant Humid Conditions, is a test plan for a lab study of microbial gas generation to
be initiated at SNL in Carlsbad. Dr. Yifeng Wang of SNL’s Carlsbad Programs Group
prepared this test plan, which will be posted on SNL’s Nuclear Waste Management
Program (NWMP) On-Line Documents web site. The objective of these experiments is
to simulate humid conditions more accurately than the ongoing experiments described in
Subsection 3.1, which have been carried out with small but potentially significant
quantities of water contained in the inocula. The new experiments will include two
significant improvements: (1) removal of this H;O by desiccation between the time of
inoculation and the start of the experiments; (2} maintenance of constant values of
relative humidity during the experiments by various saturated salt solutions present
during the experiments, but not in contact with the microorganisms and the cellulosic
materials (papers) used as the substrate. These experiments will yield more realistic gas
generation rates for humid conditions, which will in turn result in more realistic



predictions of spallings releases and other pressure-induced direct refeases of
radionuclides following human intrusion of the repository.

Subsection 3.3, Effects of Actinide Complexation by Organic Ligands on WIPP
Performance Assessment, describes the use of results from of previous lab studies of
organoactinide complexation in PA. Dr. Donald E. (Don) Wali of SNL presented this
material as a poster at the 223" American Chemical Society National Meeting,

April 7-11, in Orlando, FL.. Wall’s presentation included: (1) an overview of the design
of the repository, (2) an overview of PA, especially the release scenarios and the types of
releases expected following human intrusion; (3) the inventory of radionuclides and
radionuclide release limits; (4} the inventory and expected concentrations of acetate,
citrate, ethylenediaminetetraacetate (EDTA), and oxalate; (5} a summary of the stability
constants for complexes between these organics and Nd(IIT), Th(IV), U(VI), Np(V), and
Am(III) obtained by Dr. Gregory R. (Greg) Choppin and his students at Florida State
University (FSU) for use in WIPP PA.

Subsection 3.4, Chemical Behavior of Hypochlorite in High Ionic Strength

Solutions, is a revised test plan for an ongoing lab study of the chemical behavior of OCI”

{(hypochlorite), a byproduct of « radiolysis of brine that could affect the mobility of Th,
U, Np, and — especially Pu — in the repository. D. E. Wall prepared the original test plan
and this revision, which will be posted on the NWMP On-Line Documents web site.
This study has three objectives: (1) quantification of the decomposition rate of OCI’
under expected WIPP conditions, including the effects of brine type (5 m NaCl and
modified Brine A, GWB, and ERDA-6), pH, and the presence of waste constituents such
as metallic or oxidized iron); (2) identification of conditions that affect the complexation
of metal ions by OCI'; (3) determination of stability constants for important metal-OCl
complexes. Wall will use the OCI” decomposition rates obtained from this study — along
with formation rates obtained from the literature and/or ongoing studies by LANL-CO
personnel to estimate steady-state concentrations of OCI in the repository and the effects
of OCI on the redox speciation of Pu. Initially, Wall will not use any radionuclides for
this study, thus enabling him to carry his experiments in the SNL chemistry laboratory in
Carlsbad. In particular, Wall will use stable Nd(IIT) — an excellent analog of Am(III) — to
estimate stability constants for Am(ITT}-OCI” and Pu(IfI}-OCl” complexes. However, he
could extend this work to experiments with radionuclides such as Th(IV) and Am(III) -
or even Pu(Ill) and Pu(IV) — in the Carlsbad Environmental Monitoring and Research
Center.

Subsection 3.5, Complexation of Americium by Humic, Fulvic and Citric Acids
at High Ionic Strength, is a manuscript based on a presentation by Dr. Nathalie A. Wall,
SNL, and three coauthors at Migration *01, September 16-21, 2001, in Bregenz, Austria.
This manuscript will appear in Radiochimica Acta as part of the proceedings of this
conference. Wall carried out this work while a postdoctoral student of G. R. Choppin at
FSU. Her results for the Am(II)-citrate complex will — along with the results obtained
for other complexes between acetate, citrate, EDTA, and oxalate, and Nd(III), Th(IV),
U(VD), Np(V), and Am(III) obtained at FSU — provide the basis for including these



organics in the actinide solubility calculations for the Compliance Recertification
Application. '

Subsection 3.6, Use of Oxidation-State Analogs for WIPP Actinide Chemistry,
discusses the use of the oxidation-state analogy to establish the solubilities of U(IV),
NplV), and - especially — Pu(IIT) and Pu(IV) used in the WIPP CCA PA. N.-A. Wall and
three coauthors presented this material as a poster at the recent American Chemical
Society National Meeting in Orlando. For the CCA PA, the WIPP Actinide Source Term
Program used experimental data for Nd(1ID, Am(IID, and Cm(1II) and the oxidation-state
analogy to establish the solubility of Pu(lll) and Am(III), and experimental data for
Th(IV) and the oxidation-state analogy to establish the solubility of U(IV), Np(I1V), and
Pu(IV). In response to criticism from WIPP review panels such as the New Mexico
Environmental Evaluation Group, Wall discusses the strengths and weaknesses of the
oxidation-state analogy, such as elimination of the difficulties involved in oxidation-state
control required for redox-labile elements such as Pu, versus small but quantifiable
deviations in chemical behavior.

1.4 Engineered Barriers

Subsection 4.1, Carbonation of Magnesium Oxide, describes part of an ongoing
lab and modeling study of MgO at SNL in Carlsbad. This study comprises:
(1) continuing characterization of Premier Chemicals MgO, the MgO currently being
emplaced in the WIPP; (2) quantification of MgO hydration rates under humid and
mundated conditions, and identification of hydration products and reaction path(s);
(3) quantification of MgO carbonation rates and identification of the metastable Mg-
carbonates and reaction path(s); (4) quantification of the effects of {possible) lithification
on hydration and carbonation rates and reaction paths. This progress report, by
Anna C. Snider and Dr. Yongliong Xiong of SNL, emphasizes recent results of
carbonation experiments. In their report, Snider and Xiong report the first observation of
nesquchonite (MgCO;-3H;0) in MgO carbonation experiments in Carlsbad — in runs
carried out under a controlled atmosphere with 5% CO,. However, nesquehonite
disappeared quickly from most of these experiments as hydromagnesite (apparently
Mgs(CO;3)s(0OH)z4H,0) formed. These observations, along with previous observations
of persistent nesquehonite in early experiments with 100% CO; at SNL in Albuquerque
and the absence of nesquehonite in ongoing experiments with 0.035% CQO; (ambient,
atmosphetic Peq, ) in Carlsbad, suggest that the overall (hydration and carbonation)

reaction path periclase (MgO) — brucite (Mg(OH);,) (or magnesium chloride hydroxide
hydrate) — hydromagnesite is more likely in the WIPP than periclase — brucite (or
magnesium chloride hydroxide hydrate) — nesquehonite — hydromagnesite, because
carbonation of MgO will readily keep pace with slow microbial production of CO, and
maintain Pcg, at relatively low values.

Subsection 4.2, Experimental Work to Develop a Model for Cement-Brine
Interactions, discusses a lab study by Dr. Charles R. Bryan at SNL. This progress report



includes results from experiments to quantify the effects of: (1) reactions between brine
and powdered cement on brine chemistry; (2) the brine:cement ratio on alteration reaction
and alteration products; (3) non-equilibrium processes, such as selective dissolution of
cementitious phases, precipitation of mineral coatings or pore-filling phases, or fracturing
caused by formation of expansive alteration products, on the cement degradation rate or
reaction path(s). The results of these experiments, along with results from column-
transport experiments and solubility experiments to determine Pitzer parameters for Al
(aluminum) and Si (silicon), will provide the basis for a thermodynamic model for brine-
cement interactions, and a kinetic model for the degradation of borehole plugs.

1.5 Rock Mechanics

Section 5 summarizes rock mechanics activities, which include investigations of
the disturbed rock zone (DRZ) and geomechanical studies. These investigations are
closely associated with international collaborations. Therefore, this progress report
incorporates two international research focus areas as they relate to rock mechanics
studies. Subsection 5.1, Fracture Analysis, concerns fracture analyses that examine
damaged cores from the Asse Mine in Germany and similar cores from WIPP. We
leverage our interest in the DRZ with an equally strong interest in the European
repository community, to advance our collective understanding of the DRZ. As these
studies mature, we will have developed a database of fracture over time and space in
several applications. The collaboration will likely culminate with “bench-mark”
calculations by both teams. An acceptable model of DRZ development and properties
pertaining thereto would provide a strong basis for brine limitation in PA considerations.

Subsection 5.2, Crushed Salt Studies, describes crushed salt and its
characteristics. International collaborations with the European Union BAMBUS 11
initiative have concentrated on crushed salt as a back-fill material. Both past and recent
WIPP research and design have involved crushed and re-consolidating salt. In fact, the
panel closure re-design includes a crushed salt component. Crushed salt studies are
fundamental to WIPP applications in sealing systems and rock mechanics and crushed
salt properties are of great interest to international collaborators. An understanding of the
compaction behavior of crushed salt is necessary to perform engineering calculations, to
model convergence effects, to quantify backfill consolidation, and currently to assess a
panel closure system redesign for WIPP. These investigations examine crushed salt cores
and similar materials using scanning electron microscopy to characterize porosity,
mineralogy and structural features. The permeability of each salt sample was measured
in the laboratory prior to impregnation. Compositional, structural, textural, diagenetic
(compactional) and hydrologic features are documented. Characteristics of crushed salt
and similar materials from the USA, Germany and Canada are compared.

Rock mechanics investigations conducted this year emphasize DRZ studies in the
WIPP underground. Technical papers for the North American Rock Mechanics
Symposium were prepared, reviewed, and submitted. These finished documents are
included in Subsections 5.3 and 5.4 of this progress report. The presenters were unable to



attend this DRZ workshop; however, these papers will be published in workshop
proceedings.
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2 COMPLIANCE MONITORING

2.1 Magenta Hydrological Flow Model’

T. W. Pfeifle, D. A. Chace, T. L. MacDonald and C. R. Bryan
Sandia National Laboratories, MS 1395
4100 National Parks Highway
Carlsbad, NM USA 88220

Abstract

The Magenta Dolomite Member of the Rustler Formation is a saturated, laterally
extensive geohydrological unit located within a stratigraphic section of southeastern
New Mexico that also contains the Waste Isolation Pilot Plant (WIPP). The WIPP, operated by
the US Department of Energy (DOE) near Carlsbad, NM, is a geologic repository for disposal of
transuranic and hazardous wastes. The disposal horizon is located at a depth of 2,150 feet and is
sited in the massive salt beds of the Salado Formation that lies directly below the Rustler. At the
location of the WIPP shafts, the Magenta is approximately 1,450 feet above the repository
horizon or ~ 700 feet below ground surface. The Magenta could potentially provide a flow path
for transport of radionuclides escaping the repository; however, a groundwater flow model of the
Magenta has never been developed for use in transport modeling because previous studies have
shown that the Culebra Member (located below the Magenta and also within the Rustler) is more
transmissive than the Magenta and, thus, would be the preferred transport pathway should
radionuclides reach the Rustler.

A flow model of the Culebra has been developed based on extensive geologic and
hydrologic characterization of the WIPP site. One assumption in the Culebra flow model is that
hydraulic heads in the Culebra are in static equilibrium and, therefore, are not expected to change
with time unless some anthropogenic event occurs. Results of recent water-level measurements
in wells completed to the Culebra have shown that these water levels are not static, but instead
are rising. To explain these rising water levels, DOE has implemented an aggressive
investigation of WIPP site hydrology including re-assessment of the Culebra flow model,
development and testing of recharge/discharge scenarios, and additional field activities (well
testing, geological/geophysical investigations, etc). One plausible scenario explaining the rising
water levels in the Culebra is vertical leakage from the Magenta to the Culebra through existing
or abandoned boreholes. Testing of this scenario requires the development of an accurate
Magenta flow model.

Sandia National Laboratories (SNL), DOE’s Science Advisor, has implemented a plan to
recomplete and test up to 11 existing WIPP groundwater monitoring wells to acquire the data
necessary to develop the required Magenta flow model. This report presents the status of these
Magenta well-recompletion activities. The activities are subdivided into three general
categories: (1) Magenta recompletion well monitoring; (2) recompletion and water quality
testing in Magenta H-9c; and (3) technical and quality surveillance of Magenta hydrology
notebooks.

! This work is covered by WBS #1.3.5.3.1.1 and 1.3.5.3.1.2



Background and Introduction

Previous hydrological and transport calculations for the WIPP Compliance Certification
Application have shown that the consequences of a release of radionuclides to the Magenta are
less significant than the consequences of a release to the Culebra. Therefore, most early studies
concentrated on hydrological characterization and groundwater monitoring of the Culebra.
Recently however, some of the focus has retumed to the Magenta and activities are planned and
currently under way to develop a groundwater flow model for the Magenta to evaluate scenarios
explaining rising Culebra water levels and to understand better the hydrology in the region for
evaluation of compliance monitoring hydrological data.

The development of the Magenta flow model requires a variety of spatial and temporal
hydrological data for the Magenta including depth and thickness, transmissivity, storativity,
hydraulic head, and fluid density. Depth and thickness have been well characterized through the
drilling of approximately 100 wells and exploratory holes under previous studies; however, the
other properties are not well established. Therefore, a plan for collecting additional hydrological
data has been developed and implemented (Beauheim, 2000). The plan calls for the following
activities:

Recompletion of up to 11 wells to the Magenta
Water quality/density measurements

Selective slug tests and/or drill-stem tests
Selective pumping tests

Long-term water-level monitoring

In addition to these activities, water-level data from wells already completed to the Magenta are
being assembled to supplement the data expected from the recompleted wells. To date, the
Magenta well-recompletion activity has been initiated and historical water-level data from nine
existing Magenta wells have been assernbled.

The status of the Magenta flow model development is presented below under separate
headings including: (1) Magenta recompletion well monitoring; (2) recompletion and water
quality testing in Magenta H-9¢; (3) surveillance of Magenta hydrology notebooks.

Magenta Recompletion Well Monitoring

The development of a Magenta flow model requires, among other activities, the
recompletion of wells to the Magenta Member of the Rustler Formation so that water levels can
be monitored and hydrelogical tests can be performed. Recompletion is being considered for 11
wells selected because they are in locations where Magenta data are currently lacking, For some
of these wells, data on hydraulic head are particularly important (e.g., DOE-2, H-11b2, H-15,
P-15), while in other wells (e.g., H-18 and WIPP-18), data on transmissivity are of primary
importance. For completeness however, hydraulic-head, transmissivity, and fluid-density data
will be collected from all locations.



Recompletion of the 11 wells was scheduled to occur in two phases. In the first phase,
the six wells considered most important for the model development (i.e., DOE-2, H-18, H-15,
H-11b2, P-15, and WIPP-18) were to be recompleted and instrumented to collect pertinent data.
These data would then be evaluated to determine whether the database was adequate for
construction of a reliable Magenta model, or whether additional data were needed from some or
all of the remaining five wells (i.e., WIPP-13, H-14, DOE-1, ERDA-9, and H-17). If additional
data were required, recompletion of the remaining five wells would occur during the second
phase of the effort. The locations of all 11 wells are shown in Figure 1.

Early in 2001, six wells were recompleted to the Magenta during the first phase of this
activity including DOE-2, H-11b2, H-14, H-15, H-18, and WIPP-18. Recompletion of P-15
rather than H-14 was scheduled for the first phase of the activity; however, while attempting to
set the bridge plug in P-135, scale build-up in the casing was so extensive that the plug could not
be positioned properly. The well casing was subsequently scraped to remove the scale, but the
scraping revealed a hole in the casing near the ground surface. As a result, recompletion
activities for P-15 were abandoned in favor of H-14.

Following the bailing of the recompleted wells under Phase I, water-level recovery in
each of the six wells was characterized using both a sounder tape referenced to the top of casing
and a submersible TROLL’. The water levels measured using the tape are plotted in Figure 2,
which shows the recovery responses for all six wells. Sounder tape and TROLL data for
individual wells are presented in Figures 3 through 8 and discussed below.

The water level in DOE-2 (Figure 3) continues to show a steady rise of about
1 foot/month and is currently at 3,065 feet above mean sea level (amsl). The Magenta wells
nearest to DOE-2 are H-5¢ and H-6¢ (Figure 1). The current water levels in these wells are
3,157 feet (amsl) and 3,065 feet (amsl), respectively so, by simple interpolation, the steady-state
water levels at DOE-2 are expected to be about 3,110 feet (amsl). Therefore, the water level in
DOE-2 is not at its steady-state value and will likely continue to rise over time.

Following the bailing of WIPP-18, the water level in the well (Figure 4) recovered to a
steady value of 3,140 feet (amsl). In July 2001, the water level began to drop at a steady rate of
approximately 6 feet/month. The trend reversed in January 2002 and the water level in WIPP-18
i1s rising and is currently 3,133 feet (amsl). The drop in water levels was attributed to a leaky
bridge plug placed between the Magenta and Culebra; however, the current trend is unexplained
but could represent the arbitrary self-seating of the plug and subsequent recovery. Assuming the
well condition is good and the current trend continues, the water level in the well will likely
continue to rise consistent with other known hydrologic conditions in the area. However,
because of the anomalous behavior of the water levels in this well, Sandia has recommended to
Westinghouse TRU Solutions (WTS) that WIPP-18 be added to the well logging and integrity
testing priority list. During logging, the bridge plug will be removed and eventually re-seated
and well-casing integrity will be examined.

A TROLL is an electronic transducer that is positioned below the water level in a well and measures the fluid
pressure of the column of water standing above the transducer.
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The Magenta water level in H-18 (Figure 5) reached a peak shortly after the well was
bailed, then monotonically decreased to a constant value of 3,078 feet (amsl). The current
Magenta water level in H-18 is about 18 feet higher than the water level in the Culebra at this
location. Northwest of H-18 at H-6, the Magenta water level is 13 feet higher than the Culebra
water level, but to the south and east of H-18, the Magenta water level is approximately 100 feet
higher than the Culebra water level. Because of this strong change in gradient from southeast to
northwest, the difference in water levels between the Magenta and Culebra at H-18 is not well
known. Pressure-density data from H-18 would be helpful in assessing the water levels at this
location.

The Magenta water level in H-15 (Figure 6) has stabilized at approximately 3,113 feet
(amsl). The current water level is consistent with the closest other wells completed to the
Magenta (e.g., H-2, H-3, and H-5) and is approximately 100 feet higher than the water levels at
adjacent Culebra wells consistent with previous knowledge about the hydraulic gradient between
the Magenta and Culebra. As such, Sandia has recommended to WTS that the final development
(pumping of several well bore volumes of water to remove stagnant well water and establish
native water in the well bore) of H-15 be completed so that Sandia can initiate its well-testing
activities including water-quality serial sampling and slug or pumping tests.

From April 2001 through October 2001, the Magenta water levels in H-14 rose steadily at
a rate of approximately 15 feet/month (Figure 7). Since November 1, 2001, the water level rise
has slowed considerably (1 foot/month) indicating well recovery is nearly complete. The current
water level is 3,106 feet. The stabilized water level is expected to be between 3,100 and 3,120
feet (amsl), a range consistent with previous hydrological knowledge. Because data collected to
date indicate the Magenta water levels in H-14 are representative of the site conditions, Sandia
has recommended to WTS that the final development of the well be completed so that Sandia can
initiate its well-testing activities.
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Figure 2. Water-level recovery for bailed wells re-completed to the Magenta.
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Figure 8. Magenta head levels measured at H-11b2.
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The Magenta water level in H-11b2 (Figure 8) recovered quickly after the bailing activity
and has essentially stabilized at 3,128 feet (amsl), a value consistent with previous hydrological
knowledge at this location. Because data collected to date indicate the Magenta water levels in
H-11b2 are representative of the site conditions, Sandia has recommended to WTS that the final
development of the well be completed so that Sandia can initiate its well-testing activities.

Recompletion and Water Quality Testing in H-9¢

RECOMPLETION

As part of the current and ongoing plugging and abandonment campaign being performed
by WTS on the WIPP monitoring well network, H-9¢ was integrity logged and evaluated on
November 19, 2001. The results of the H-9¢ integrity logging and evaluation were that this well
would continue to provide reliable water levels. Figure 9 shows the location of H-9c.
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Figure 9. H-9c Magenta well location (along with other WIPP Magenta well locations).



In January of 2002, the Groundwater Task Force (GWTF), including members from
DOE, WTS, and SNL, made the decision to recomplete H-9¢ as a Magenta monitoring well from
a Culebra monitoring well. Table 1 provides information relevant to the H-9¢ recompletion to a
Magenta monitoring well. Although H-9¢ was not originally included in Sandia’s Magenta
recompletion well network, its unplanned recompletion afforded an opportunity to add the weil
to the network. Thus, Beanheim (2000) governed these activities.

Figure 10 shows the H-9¢ configuration following the recompletion to a Magenta
monitoring well.

WATER-QUALITY SAMPLING

All water-quality sampling activities associated with H-9¢ were performed under
Beauheim (2000).

In preparation for the water-quality sampling activities, three wellbore volumes were
pumped from H-9¢ to begin the process of purging the well of water not representative of actual
Magenta water. Table 2 provides information regarding the activities performed in preparation
for water-quality sampling.

Table 1. H-9c Recompletion Activities®

Time Completed

Operation Date Completed (hh:mm)
Attach to inflatable bridge plug below Culebra January 10, 2002 09:50
interval.
Deflate inflatable (Culebra) bridge plug. January 10, 2002 10:10
Remove inflatable (Culebra) bridge plug. January 10, 2002 12:40
Install mechanical bridge plug below the Culebra
interval (712’ BTOQC). January 10, 2002 13:55
Install mechanical bridge plug below the Magenta
interval (574° BTOC). January 11, 2002 11:30
Add .NIO barrels (~210° of water) to H-9¢ in order to February, 19 2002 12:31
cushion the perf gun.
Perforated the Magenta interval (525° to 355° BTOC) February, 19 2002 14-01

with 122 shots total at 4 shots/foot.

(a) Information taken from Magenta hydrology Scientific Notebooks. Duplicate copies of notebooks
are filed in the Sandia National Laboratories Records Center.

2.1-10
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Figure 10. Current H-9¢ configuration.

Following the removal of approximately three wellbore volumes of water from H-9¢, the
system was allowed to recover fully to static water-level conditions prior to the initiation of
water-quality sampling activities. Table 3 provides information regarding the activities
performed during the water-quality sampling exercise.

A miniTROLL pressure/temperature gage was installed in H-9¢ during water-quality
sampling to allow the pressure response to be measured and recorded electronically during
sampling. This information, along with the associated flow-rate information, would enable a
decision to be made regarding the feasibility of performing a constant-rate pumping test in H-9¢
for the purpose of hydraulic characterization.



Table 2. Pre-Water-Quality Sampling Activities™

Time Completed

Operation Date Completed {hh:rmm)
Installed 1.5-hp pump on 2-3/8” EUE tubing to a April 9, 2002 14:35
depth of 560°8" BGS.
Installed miniTROLL pressure/temperature gage Apnl 9, 2002 16:38
(#4558) 1o a depth of 430° BTOC
Begin pumping to remove three wellbore volumes April 10, 2002 09:44

{(WBYV), which is ~1500 gallons, from H-9¢ with
flow rate varying from 5.45 to 1.54 gpm.

Stop pumping due to water level approaching top Apri} 10, 2002 11:20
of pump (~300 gallons removed).

Begin pumping in continuation of the removal of April 11, 2002 09:03

three WBVs of water from H-9¢ with flow rate
varying from 5.40 to 3.50 gpm.

Stop pumping due to water level approaching top April 11, 2002 10:27
of pump (~450 gallons removed)

Began pumping in continuatioin of the removal of April 15, 2002 05:28

three WBVs of water from H-9¢ with flow rate
varying from 5.71 to 2.95 gpm.

Stop pumping due to water Jlevel approaching top April 15, 2002 11:01
of pump {~500 gallons removed).

(a} Information taken from Magenta hydrolegy Scientific Notebooks. Duplicate copies of notebooks
are filed in the Sandia National Laboratories Records Center.

Equipment

The equipment used during the water-quality sampling activities, along with calibration
information, is given in Table 4.

Water-Quality Sampling Results

Two water samples were collected on May 22, 2002, from H-9¢ completed in the
Magenta. Both were filtered, and one was acidified with HNOs to prevent precipitation of
sulfates and carbonates. The samples were analyzed for major cations and anions in the
geochemistry laboratory at Sandia National Laboratories/Carlsbad.

Each water sample was analyzed in duplicate. The cations Mg, Ca, K, and Na were
analyzed by inductively-coupled-plasma optical emission spectroscopy (ICP-OES). Samples
were diluted by a factor of 20, and analyzed with calibration standards made from certified
single-element liquid standards and dried anhydrous salts (grade American Chemical Society
certified). Sulfate was analyzed gravimetrically, by precipitation as BaSQ,.

CI” was measured using a solid-state chloride-specific electrode. Alkalinity was not
measured, but should be insignificant relative to the concentrations of the other species present.



Table 3. Water-Quality Sampling Activities®™

Time Completed
Operation Date Completed {hh:mm)
Initiated a new test on the miniTROLL pressure May 22, 2002 0916
gage.

Begin recording data from the Quantra flow cell May 22, 2002 09:47

and the Signet flow meter via the Geomation
DAS.
Start pumping from H-9¢ associated with water- May 22, 2002 10:08
quality sampling.
Collect water sample from pump discharge to May 22, 2002 10:50
measure specific gravity and electrical
conductivity as indicated in TP 00-03.
Take water quality measurement to assess May 22, 2002 11:27
stabilization of parameters.
Take water quality measurement to assess May 22, 2002 12:35
stabilization of parameters.

Both specific gravity and electrical conductivity May 22, 2002 13:59

are determined 1o be stable so the final water
sample was taken for cation and anion analysis as
per TP 00-03.
End pumping associated with water-quality May 22, 2002 14:07

sampling exercise (total volume pumped = 499 .4
gallons < 1 wellbore volume of 529 gallons). The
test was terminated because 1) the water-quality
parameters were stable and 2) the water level was
very close to the top of the perforations.

(a) Information taken from Magenta hydrology Scientific Notebooks. Duplicate copies of notebooks
are filed in the Sandia Nationa! Laboratories Records Center.

Results are shown in Table 5. For the cations, there is little scatter in the data, with
duplicates from both the acidified and unacidified samples yielding virtually identical values.
The CI results were somewhat more scattered — a more robust method is being investigated for
future analyses. Three of the four results for SO, analysis are very consistent, but the fourth is
low. It is possible this low value is due to loss of BaSO4 during calcination, possibly by sample
decrepitation.

The cation/anion charge balance for three of the samples is relatively good, within 2.5%.
The fourth sample — for which the SO, value is suspect — has a considerably larger error in the
charge balance, with a 12% difference. Ifthe average of the SO4 values for the other three
analyses 1s used, this difference is reduced to less than 1%,

The two water-quality samples used in the analyses were collected at the end of a serial
sampling phase designed to purge water from H-9¢ in sufficient quantities to ensure that natural
formation water rather than stagnant (non-representative) water initially present in the well was
being produced during purging. Parameters used to indicate that formation water was being
produced during the serial sampling phase included specific conductivity and pH. Both
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Table 4. Water-Quality Sampling Equipment™

Calibration Calibration Due

Date {mm/dd/yy)
Equipment Serial # Purpose _ (mm/dd/yy)
Geomation Data 08001406 Acquisition of electronic 3/11/02 9/11/02
Acquisition System data from specified
instrumenis (Quantra cell
and Signet flow meter)
Carlon totalizing flow 2184427 Discrete and cumulative 5/22/02 Prior to use
meter flow rate measurement
(manual)
Quantra cell (Hydrolab 446915 Electronic temperature, pH, 5/20/02 Prior to use
Quantra water quality and fluid conductivity
sensor package) measurement
Cole-Parmer (Ertco) 8292-16 Specific Gravity N/A N/A
hydrometer measurement
Mannix digital N/A Temperature measurement N/A N/A
thermometer {manual)
Signet electronic flow 60103028362 Electronic flow rate 5/17/02 Prior to use
sensor measurement
Grundfos 1.5-hp pump N/A Removal of fluid from N/A N/A
borehole
YSI conductivity 9961193 Flwd specific conductivity 5/20/02 Prior to use
meter measurement (manual)
PH Testr 2 N/A pH measurement {manual) 5/22/02 Prior to use
In-situ miniTROLL 4558 Electronic pressure and 2/5/01 2/5/03
water monitoring ternperature measurement
probe

{a) Information taken from Magenta hydrology Scientific Notebooks. Duplicate copies of notebooks
are filed in the Sandia National Laboratories Records Center.

Table 5. Analysis Results for Magenta Water Samples Collected on 5/22/02.

Mg* Ca™ Na* K’ cr SO, cation/anion

Sample (mg/L) (mg/L) (mg/L) (mg/L} (mg/L} (mg/L) bal., % diff.
020522-H9C-1A 177 554 936 344 1023 2661 -0.49
020522-H9C-1B 178 558 930 34.8 1109 2616 -2.18
020522-H9C-2 (acidified) A 177 556 938 34.6 1051 2181 11.98
020522-H9C-2 (acidified) B 177 556 934 34.6 1690 2640 -2.19

parameters were measured continuously using electronic gages. Figures 11 and 12 show the
temperature and the pH and fluid conductivity, respectively, as recorded by the data-acquisition



system and the associated electronic gages. Figure 12, in particular, shows that the fluid
conductivity had reached stability prior to collecting the water samples to be analyzed for cations
and anions. This was a requirement as indicated in Beauheim (2000).

Pressure Response Data and Interpretation

The water-level response and associated flow rates in H-9¢ during the well clean-out (the
removal of three wellbore volumes of fluid in preparation for water-quality sampling) and water-
quality sampling of the Magenta are shown in Figure 13.

The above-mentioned pre-water-quality sampling removal of three wellbore volumes of
fluid from H-9¢ and the subsequent water-quality sampling were performed following Beauheim
(2000). As indicated in Beauhetm (2000), the Principal Investigator (PI) evaluated the pressure
response and flow-rate data from the pumping activities in order to determine if H-9¢ could
sustain a pumping rate of approximately 1 gallon per minute (gpm) for a 50-hour pumping test.

Scoping calculations were performed using data obtained from pumping during the
water-quality sampling, along with the existing H-9¢ wellbore configuration and Magenta
information at H-9¢, as 2 means of evaluating the feasibility of performing a pumping test
designed to characterize the hydraulic properties of the Magenta dolomite more formally at H-9c.
The results of the scoping calculations indicate that 2 50-hour pumping test could be performed
at H-9c at a rate of 1 gpm. Further, the scoping calculations indicate that the system, as
described, would reach the theoretical infinite-acting flow period within approximately 36 hours
of pumping. Reaching this infinite-acting flow period serves to add confidence in the diagnosis
of the conceptual model.

Technical and Quality Surveillance of Magenta Hydrology Notebook

The Magenta hydrology scientific notebooks are an integral tool used to document
activities associated with Beauheim (2000). The compilation of these scientific notebooks is
governed by the current version of SNL Nuclear Waste Management Program Procedure
NP 20-2. The Magenta hydrology scientific notebocks require a technical and quality assurance
(QA) review(s) every six months by an independent, technically-qualified individual to verify
technical and QA adequacies of the scientific notebooks.

The second technical and QA review of the Magenta hydrology scientific-notebook was
completed by Steve Wagner, SNL/6823, on April 2, 2002. The reviewer’s comuments, and the
subsequent responses to the comments, were documented in the scientific notebook. David
Chace, SNL/6821 completed a PI review of the scientific notebook on May 11, 2002 to verify
analytical adequacies of the scientific notebook. Upon completion of the PI review, duplicate
copies of the review were submitted to the SNL Carlsbad Program Group Record Center to
protect the information contained in the notebook in the event the scientific notebook is lost or
damaged.
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Figure 13. Water level and associated flow rates during Magenta pumping activities in H-9¢c .

The Magenta hydrology scientific notebooks will continue to undergo six-month reviews,

or at an interval determined by the Pl until TP 00-03 activities are deemed completed. Other
cognizant SNL personnel may perform technical, QA, and PI reviews of future scientific
notebooks as required.

References

Beauheim, R.L. 2000. “Compliance Monitoring Program: Recompletion and Testing of Wells

for Evaluation of Monitoring Data from the Magenta Member of the Rustler Formation
on the WIPP Site.” TP-00-03. Carlsbad, NM: Sandia National Laboratories.

Miller, J.G. 1999. “Scientific Notebooks.” NP20-2, Rev. 1. Carlsbad, NM: Sandia National

Eaboratories.

21-17



2 Compliance Monitoring 2.2 Culebra Water-Level Rise Investigations



2.2 Culebra Water-Level Rise Investigations’

R. L. Beauheim, T. W. Pfeifle, R. M. Roberts, and Mary-Alena Martell
Sandia National Laboratories, MS 1395
4100 National Parks Highway
Carlsbad, NM USA 88220

Abstract

Water-level rises in the Culebra Member of the Rustler Formation have resulted in the
mplementation of an extensive program to identify the cause(s) of the rises and the effects such
rises might have on assumptions and conceptual models used by the US Department of Energy
(DOE) to obtain certification of the Waste [solation Pilot Plant (WIPP) as the nation’s first
nuclear waste repository. As part of this program, supplemental groundwater-monitoring
activities have been initiated to obtain continuous water-level measurements in selected wells,
continuous meteorological (rainfall) data at selected locations, and injection well metrics (e.g.,
pressure, injection volumes, etc) from industry (oil and gas) operators performing work near the
WIPP site. Based on a review of historical WIPP hydrological data and related events that have
or are occurring on and near the site, scenarios are being developed to explain the water-level
rises and additional information is being gathered to test these hypotheses. In addition, the
impact of current Culebra water-level rises on assumptions and conceptual models used by DOE
1s being analyzed. Other activities include the development of new well-test analysis software
needed to quantify uncertainty in well-test analysis and the preparation of a draft test plan to
charactenize the geohydrology of the Dewey Lake Formation, a formation above the Rustler that
may affect Culebra hydrology. The Culebra investigations make use of a phased approach so
that work completed in one phase supports subsequent phases. The full Culebra water-level rise
investigation is expected to be completed in three to five years with some phases completed
within one year or less.

Background and Introduction

The WIPP Compliance Certification Application (CCA) calculations of flow and
transport in the Culebra used transmissivity (T) fields for the Culebra that were calibrated to
hydraulic heads measured at 32 wells located within or near the WIPP site. Calibrations were
conducted iteratively by adjusting the T values until the simulated hydraulic heads predicted
from the calibration model matched, within defined ranges of uncertainty, both the steady-state
and transient (arising from hydraulic testing and shaft constructions and leakage) heads observed
at the wells. In its certification of the WIPP, the US Environmental Protection Agency (EPA)
required the DOE to monitor heads (groundwater levels) to provide assurance that assumptions
used in the flow and transport modeling were valid. In response to this requirement, the DOE
implemented a groundwater-monitoring program (GWMP) to measure water levels in
approximately 70 WIPP wells. An additional subprogram of the DOE GWMP requires water-
quality sampling and analyses from seven wells included in the monitoring network in response
to both EPA and New Mexico Environment Department requirements.

" This work is covered by WBS #1.3.5.3.1.1 and #1.3.5.3.1.2
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In recent years, water levels observed in many of the wells used in the T-field calibrations
have exceeded (risen outside) the ranges of uncertainty established for the steady-state heads
used in the CCA. Based on these observations, questions about the continued validity of the
T-field calibrations and the flow and transport calculations based on those T fields have been
raised by EPA and others. In addition, the assumption that the Culebra is at steady-state
conditions has also received scrutiny. In response to the questions raised by the rising Culebra
water levels, DOE has directed Sandia National Laboratories (SNL), its Science Advisor, to
investigate the cause for the water-level rises, re-assess the assumptions and models used in the
CCA flow and transport calculations, and, if required, revise the hydrologic conceptual model of
the Culebra utilizing newly acquired data for use in future recertification performance
assessment calculations.

As directed by DOE, SNL has developed and implemented an extensive investigation
into the cause for the rising Culebra water levels. The major elements of the investigation
(Powers, 2001) are as follows:

I. Documentation of hydrograph features and contributing events.
Development scenarios and hypotheses potentially explaining the Culebra water level
TiSes.

3. Review of field and drillhole evidence for relevant events and processes.

4. Sensitivity analyses.

5. Scenarto and hypothesis testing.
Documents controlling the Culebra investigations include:

SNL Test Plan TP 02-05 Geohydrological Conceptual Model
Jfor the Dewey Lake Formation in the
Vicinity of the Waste Isolation Pilot
Plant (WIPP) (Powers, 2002)

SNL Test Plan TP 01-01 —  Examining Culebra Water Levels
(Powers, 2001}

SNL Test Plan TP 00-03 —  Compliance Monitoring Program.
Recompletion and Testing of Wells
Jor Evaluation of Monitoring Data
Jfrom the Magenta Member of the
Rustler Formation on the WIPP Site
(Beauheim, 2000)

SNL Test Plan TP 99-10 —  Groundwater Monitoring Activities:
TROLL Measurements, Bell Canyon
Injection Well Monitoring Near H-9,
and Meteorological Monitoring at
H-9 (Jepsen, 2000)



In addition to the elements described above, these documents describe the need to
characterize the Magenta Member of the Rustler and the Dewey Lake Formation, collect water-
level measurements and rainfall data more frequently than currently done in the GWMP, and
investigate the influence of brine injection around the site. The information collected will be
used directly in the development and testing of scenarios/hypotheses explaining the observed
water-level rises. The Culebra investigations are expected to be completed within three to five
years and will make use of a multi-phased approach.

The DOE has also directed SNL to evaluate the effects of the observed water-level
changes on the calibration of Culebra T fields. The scope and technical approach for this
evaluation are described in Beanheim (2002). This evaluation is expected to be completed in
early FY03.

This report presents a status review of ongoing Culebra investigation activities during the
peried January 1, 2002 through June 30, 2002. Activities specifically addressed include:

L Ongoing monitoring of WIPP-site hydrological conditions:
o Continuous water-level monitoring in selected wells
o Meteorological monitoring at select well locations
o Injection well monitoring near the H-9 well pad.

Development of well-test data interpretation software (nSIGHTS).
Development of water-level-rise scenarios.
Evaluation of effects of head changes on calibration of T fields.

Identification of causes of changing water levels.

Development of a Dewey Lake geohydrological investigations test plan.

Each of these activities is discussed below under separate headings. Magenta
hydrological activities are described in a separate section of this report (i.e., Section 2.1).

WIPP-Site Hydrological Monitoring

CONTINUQUS WATER-LEVEL MONITORING IN SELECTED WELLS

At present, Westinghouse TRU Solutions (WTS), the DOE Management and Operating
Contactor, measures the water levels in the WIPP monitoring wells on a monthly basis using
manually operated water-level sounder tapes. The locations of these monitoring wells are shown
in Figure 1. Although this frequency is adequate for assessing the long-term regional changes in
water levels, it does not necessarily give the resolution required to evaluate the effects of short-
term transients (e.g., injection, precipitation, etc) on water levels in specific wells. Therefore,
submersible TROLLs” have been placed in some monitoring wells to record, on a more or less
continuous basis, the water levels in the Bell Canyon Formation and the Culebra (TROLLs are
also being used to measure Magenta water ilevels — see Section 2.1 of this report).

* A TROLL is an electronic transducer that is positioned below the water level in a well and measures the fluid
pressure of the column of water standing above the transducer.
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In 1999, TROLLs were placed in six wells including four wells completed to the Culebra,
i.e., H-9a, P-17, WIPP-13, and WIPP-30, and two wells completed to the Bell Canyon, i.e.,
AEC-8 and Cabin Baby-1. In March 2001, the TROLL used to monitor the Culebra water levels
in WIPP-13 was moved to monitor Culebra water levels in H-7bl. In preparation for the
plugging and abandonment of H-9%a by WTS, the TROLL in the weil was removed. Thus,
TROLL measurements for only three Culebra and two Bell Canyon wells are currently being
made. These TROLL data are shown in Figures 2 through 6.

The TROLL measurements are expressed as head above the current position of the
TROLL. Head for each well is calculated from the measured TROLL pressure and a constant
water density of 1.0 gram per cubic centimeter rather than the actual density of the water in each
well. In future calculations, freshwater heads will be determined using well-specific water
densities based on values determined from ongoing pressure-density (P-D) surveys being
conducted by WTS. The gaps in time and the vertical offsets in heads shown in some of the
TROLL data of Figures 2 through 6 indicate a TROLL was either removed (i.e., for calibration
or some specific well activity) or re-positioned to ensure that a positive hydraulic pressure within
the dynamic range of the instrument is maintained on the TROLL throughout the monitoring
petiod, respectively.

In addition to the TROLL data described above, water level elevations (above mean sea
level, amsl) determined by WTS from monthly surveys are also shown in Figures 2 through 6.
The water levels shown for the Culebra wells have been adjusted to freshwater elevation heads
by WTS using historical values for water density. In contrast, the water-level elevations shown
for the Bell Canyon wells have not been corrected for water density because historical density
data are not available for these wells.

The Culebra water levels measured in P-17 (Figure 2) show a 1.5-ft linear rise over the
period May 1999 through July 2002. The TROLL measurements and the WTS manual
measurements compared well during this monitoring period with two exceptions. During
December 1999 to January 2000, the TROLL recorded a drop of 6 feet in the Culebra water level
of P-17 in comparison to the constant water levels measured by WTS during this same time. The
difference in measurements was attributed to a malfunction in the TROLL, which was
subsequently replaced in March 2000. During October 2000 to January 2001, the WTS
measurements showed a 2-foot perturbation, while the TROLL measurements indicated no such
change. No explanation for this difference is currently available. The TROLL was replaced
again in April 2001 as indicated by the small offset in the TROLL data on this date.

The TROLL measurements of Culebra water levels in WIPP-30 (Figure 3) were generally
constant from May 1999 through January 2000. In early 2000, the TROLL was repositioned
several times accounting for the offsets in the data. The TROLL was removed completely in
July 2000 to allow for well work by WTS. Therefore, no TROLL data were acquired during July
and August 2000. When the TROLL was returned to the well m September 2000, water levels
rose rapidly 1n response to recovery from the well work and continue to rise at a rate of about
0.25 feet/month. The TROLL measurements and the WTS manual measurements compare well
throughout the monitoring period. The WTS manual measurements indicate the Culebra water
level in WIPP-30 is currently about 2 feet higher than the water levels measured immediately
before the well work was initiated.
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Figure 3. Culebra head levels measured in WIPP-30.
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Figure 6. Bell Canyon head levels measured in Cabin Baby-1.

The TROLL measurements of Culebra water levels in H-7b1 were initiated in May 2001
using the TROLL removed from WIPP-13. These TROLL measurements, together with manual
water-level measurements made by WTS in H-7b1 and H-7b2, are shown in Figure 4. H-7bl
and H-7b2 are two of the four wells located at the H-7 well pad and are separated horizontally by
approximately 100 feet. The four wells are configured in a diamond pattern with wells located at
the comers. The other wells at the H-7 well pad are H-7a (plugged and abandoned) and H-7¢
(inactive). From late March through early April 2002, the TROLL in H-7b1 was removed while
WTS logged the wells on the well pad. This logging activity likely affected the water levels in
the welis, but little evidence of the activity is seen in Figure 4. In general, the water levels at the
H-7 well pad are stable with perhaps a slight downward trend during the last 3 months of
monitoring.

The Bell Canyon water levels measured in AEC-8 (Figure 5) and Cabin Baby-1
(Figure 6) show contrasting trends over the May 1999 through June 2002 monitoring period.
Although the Bell Canyon water level in Cabin Baby-1 rose initially in response to recovery
from previous well work, it has been stable for more than 2.5 years at a level of 3015 feet, amsl.
In early May 2002, the TROLL in Cabin Baby-1 was removed to permit access for other well
activities, and then replaced in the well six days later. At AEC-§, the Bell Canyon water level
has risen steadily at a rate of about 1.6 feet/month or more than a 50-foot rise since the TROLL
monitoring was initiated. At the end of June 2002, the Bell Canyon water level in AEC-8 was
approximately 3051 feet amsl. As described in Section 2.3 of this report, the rise in AEC-8
water levels may be related to a problem with the well (possibly, a split casing). The TROLLs
are in good agreement with the manual water-level measurements made in both wells except for
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the large offsets in head attributable to re-positioning of the TROLL and/or malfunctioning of the
TROLL (April 2002, AEC-8).

The continuous monitoring of water levels in the Culebra and Bell Canyon using
TROLLs will be maintained at least through the next reporting period. TROLL data will be
compared with direct measurements of water levels to evaluate the long-term performance of the
TROLLSs and will be converted to true freshwater elevation heads when well-specific density
data become available. A TROLL was recently installed in C 2737 to monitor Culebra water
levels (and also Magenta water levels) at this location and these water levels will be included in
the next status report.

METEORCLOGICAL DATA

Although the WIPP site comprises only 16 square miles, the WIPP well monitoring
network encompasses an area of approximately 250 square miles. Weather patterns within this
relatively large area can produce significant variability in precipitation on a local scale.
Precipitation recharge has been postulated as a possible mechanism to explain changes in
Culebra water levels so measurement of precipitation at or near individual monitoring wells is
necessary to determine if such a mechanism is important. The H-7 and H-9 well pads are two
monitoring locations considered to be good candidates for testing the precipitation recharge
postulate; however, the nearest meteorological station to the H-7 and H-9 well pads is located at
the WIPP site, approximately 5 miles and 8 miles from the H-7 and H-9 well pads, respectively.
Therefore, SNL instrumented both the H-7 and H-9 well pads with stand-alone, remote tip-
bucket rain gauges and data loggers to record precipitation directly at the well pads. The H-9
well pad was instrumented in late February 2000, while the H-7 well pad was instrumented
mid-May 2001.

Monthly precipitation totals measured at the H-9 well pad from March 2000 through July
2002 are shown in Figure 7. Precipitation at this site is highly variable ranging from 0 to more
than 5 inches/month. Monthly precipitation totals measured at the H-7 well pad from June 2001
through July 2002 are shown in Figure 8 and range from near 0 to approximately
2.2 inches/month. For comparison, the differences in monthly precipitation totals at the two sites
range from approximately S to 50 %.

As described elsewhere in this report (i.e., Section 2.3), the Culebra groundwater-
monitoring well (i.e., H-9b) located on the H-9 well pad was lost so a direct comparison of
rainfall and Culebra water levels is not possible. A second well, H-9¢, located on the H-9 well
pad was recently re-completed as a Magenta groundwater monitoring well; however, water
levels in this well have been disturbed because of the re-completion activities and well
development and water-quality sampling that occurred subsequent to re-completion. Therefore,
correlation between rainfall and Magenta water levels was not attempted. Figure 9 plots rainfall
events at the H-7 well pad and Culebra water levels in H-7b1 from April 1, 2001 through
July 1, 2002. No clear correlation between rainfall and water levels 1s apparent from this
comparison; however, this apparent lack of correlation could also mean head levels in the
Culebra lag rainfall events. Longer-term data are needed to investigate possible correlations
including the effect of time lag.

Precipitation measurements will be continued at least through the next reporting period.
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INJECTION WELL MONITORING NEAR THE H-9 WELL PAD

Private resource exploration companies are currently involved in deep-well injection
activities (specifically, injection of produced oil-field brines into the Bell Canyon Formation)
that are being conducted outside, but near, the WIPP site boundary area. WIPP stakeholders
have suggested that a hydrological connection may exist between these injection activities and
the changes in water levels measured in some of the Culebra monitoring wells. The premise for
such a hydrological connection is vertical flow from the Bell Canyon to the Culebra induced by a
change in hydraulic gradient between the two formations during brine injection. Possible
vertical flow paths include:

I. Poorly cemented and/or leaking injection wells.
Old abandoned wells that extend through the Culebra to the Bell Canyon or deeper.
3. Porous media flow from the Bell Canyon up through the Castile and Salado Formations

(a highly unlikely scenario given the low hydraulic conductivity of the Castile and Salado
and the relatively long flow path - a distance of more than 3,600 feet).

To investigate the various hydrological connection scenarios, inflow data for six mjection
wells located near the H-9 well pad are being collected by WTS for comparison with the water
levels measured at the H-9 well pad. The location of the H-9 well pad is approximately 6.5 miles
south of the WIPP site boundary as shown in Figure 1.
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The six injection wells monitored by WTS are Cal Mon #5, Sand Dunes 28F#1, Pure
Gold B F#20, Todd 26F#2, Todd 26F#3, and Todd 27F#16. These wells are located from 1.5 to
3 miles northeast of (and up-Culebra-head gradient from, down-gradient in the Bell Canyon) the
H-9 well pad (Figure 10). The injection zones for all six wells are shown in Table 1. With the
exception of Pure Gold B F#20, the injection zones are located in the Bell Canyon Formation at
depths typically between 4,500 to 5,500 feet (below ground surface, bgs). The injection zone for
Pure Gold B F#20 1s in the Brushy Canyon Formation at a depth of 7,740 to 7,774 feet bgs.
Injection data for the wells are being collected daily by WTS during non-weekend and non-
holiday periods (except during August 23, 2001, through October 8, 2001, when no data were
collected). The data collected include total cumulative injection volume as read on the injection
meter for each well, well injection pressure, and the date and time each meter was read.

As part of the current investigations, an average daily injection rate for each well was
calculated by dividing the difference in injection volumes for consecutive meter readings by the
elapsed time (in days) between readings. With the exception of the Pure Gold B F#20, the
average daily injection rates for each of the six wells are shown in Figure 11 for the entire
monitoring period beginning in July 1999. Pure Gold B F#20 was recently added to the injection
well cluster so the data for this well are shown only for the period from June 1, 2001, through
June 30, 2002.

The current average daily injection rate for Todd 26F#2 1s approximately 700 barrels/day,
about the same rate reported in January 2002. The average daily injection rate for Todd 26F#3
has dropped consistently over the past year and is currently less than 500 barrels/day. The
average daily injection rate for Todd 27F#16 is currently about 1,700 barrels/day, about the same
rate reported in January 2002, but is well below a high of 2,800 barrels/day recorded in April and
May 2000. With the exception of a few short time intervals, the average daily injection rate for
Cal Mon #5 ranges from 500 to 1,000 barrels/day.

The injection rates for Sand Dunes 28F#1 are highly variable, but have typically ranged
between 0 and 500 barrels/day during the reporting period. At the beginning of June 2001, Pure
Gold B F#20 was added to the Sand Dunes 28F#1 brine manifold. As a result, the injection rate
at Sand Dunes 28F#1 dropped to zero and the initial injection rates for Pure Gold B F#20 ranged
between 1,000 and 1,500 barrels/day. The injection rates at Sand Dunes 28F#1 remained zero
until October 2001 when they increased to 500 to 1,000 barrels/day. During this same time, the
injection rates at Pure Gold B F#20 were highly variable with rates as high as 2,500 barrels/day
and as low as 500 barrels/day. Over the last six months, the rates of injection at Pure Gold B
F#20 have increased from about 750 barrels/day to nearly 1,000 barrels/day. The sum of the
mjection rates for Sand Dunes 28F#1 and Pure Gold B F#20 is currently equivalent to the rates
for Sand Dunes 28F#1 immediately before Pure Gold B F#20 was added to the brine manifold.



Table 1. Injection Zone Depth Intervals for the Injection
Wells Located Near the H-9 Well Pad

Well No. Injection Zone Depth, feet™”
Cal Mon #5 4484 — 5780
Sand Dunes 28F#1 4295 - 5570
Pure Gold B F#20 7740 - 7774
Todd 26F#2 4460 — 5134
Todd 26F#3 4390 — 6048
Todd 27F#16 4694 -- 5284

(a) below ground surface, bgs
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Figure 10. Location of injection wells relative to the H-9 well pad.
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As shown previously in Table 1, the injection zones for five of the six wells cover
approximately the same depth interval (between 4,500 and 5,500 feet bgs). In addition, because
the wells are located near one another (1 to 3 miles) in a horizontal plane, the injection can be
approximated as a point source on the regional scale. Using this assumption, the total injection
rate at the point source 1s simply the cumulative total of the injection rates of the five individual
wells. Figure 12 gives the total cumulative injection rate as a function of time for all six wells.

Because of the large variability in the cumulative rates, two running-average injection
rates were calculated. One running average included the data from all six wells, while the
second ncluded data only from the five wells injecting at the same depth interval. Both of these
running-average injection rates are plotted in Figure 12 for comparison with the measured
cumulative rate. Each running-average rate is calculated as the average total injection rate for all
of the data falling inside a sliding “time window.” Subsequent rates are determined by
simultaneously adding and dropping a data point from either end of the time window, until all of
the data have eventually been included in one of the time windows. The average rates are then
plotted at the midpoints of their respective time windows. As shown in Figure 12, this technique
“smooths” the measured data so that local trends and/or peaks and valleys become obvious. The
running-average injection rates for the six wells parallel the rates for the five wells, but are offset
in magnitude as expected. Both the five-well and six-well cumulative daily injection rates have
fallen steadily for nearly a year and are now about half of what they were in July 2001; however,
since March 2002, the cumulative rates appear to have stabilized at approximately constant
values.

Because of the apparent loss of the Culebra groundwater monitoring well (1.e., H-9b) at
the H-9 well pad (see Section 2.3 for additional details), no Culebra water levels are currently
available for comparison with injection rates. Injection rate monitoring will continue at least
through the next reporting period, while a plan is developed to assess if valid Culebra water
levels can once again be measured at the H-9 well pad.

Development of Well Test Data interpretation Software — nSIGHTS

Since the CCA was submitted in 1996, advances have been made in the interpretation of
results derived from well-test analyses. In particular, it is now possible to quantify accurately the
uncertainty in fitting parameters estimated from the analyses of hydraulic field tests. Thus,
parameters such as transmissivity and storativity that were previously treated as single-valued
estimates in the CCA can now be treated more realistically as probabilistic variables and their
uncertainty can be accurately quantified. SNL is incorporating these advances into the new well-
test data interpretation sofiware know as nSIGHTS or n-dimensional Statistical Inverse
Graphical Hydraulic Test Simulator. When the software has been completed and documented, it
will be used to re-analyze historical well-test data to characterize better both the parameter
estimates and their uncertainty and to interpret new data from well tests to be performed at
several new locations on or near the WIPP site. The discussion below provides a general
description of the approach used in the nSIGHTS software and gives the status of its
development.
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GENERAL APPROACH

Well-test analysis is the process by which hydraulic parameters of interest such as
transmissivity (7) and storativity (S) are estimated from measured pressure and flow-rate data.
This problem of inferring 7, §, etc. from a measured response is generally known as an inverse
problem. An inherent quality of inverse problems is that the parameters estimated via this
process have some degree of uncertainty associated with their values.

The wetll-test analysis code nSIGHTS is being developed to quantify the uncertainty in
parameters such as transmissivity that are estimated from WIPP ficld tests. To demonstrate how
this uncertainty originates, how it is relevant to the WIPP project, and to better understand the
well-test analysis process, the following simple example is considered:

Assume that the values of two parameters, 4 and B, which cannot be measured directly in
controlled tests, are required to characterize a process or develop a model. Furthermore, assume
a related parameter, C, can be measured directly and the total system response — call it D — can
also be measured. After measuring C and D, some analysis indicates that the relationship among
the three parameters A, B, and C, and the response D is described by the following equation: 4 +
B + C = D. In an attempt to estimate A and B, their values will be adjusted and combined with
the measured value C such that 4 + B + C matches the measured response D,

No discipline, including well-test analysis, is complete without some specialized
terminology. In the language of inverse problems, 4 and B are fitting parameters, C is a non-
Jitting parameter, and D is a constraint. The equation 4 + B + C = D is the conceptual model.
The constraint D serves to limit the possible values of 4 and B. Obviously, without information
on the constraint, no unique estimates of 4 and B can be made. Constraints used in well-tests
analysis are typically some combination of pressure and flow-rate measurements. The non-
fitting parameters in well-test analysis (C in this example) include geometric and/or fluid
properties such as wellbore radius and volume, length of the tested interval, fluid density, etc.

Given that values for C and D have been obtained, a problem of uniqueness in
determining the values for 4 and B still exists. To understand the lack of uniqueness, assume
that C has a value of 5 and that D has a value of 50. Then, further assume that 4 and 8 can only
vary between values of 0 and 100 (note that this range restriction is an additional constraint).
The area within Figure 13 contains all the possible solutions to the problem (given that 4 and B
are limited to values between 0 and 100) and is known as the parameter or solution space.
However, not all of the 4 and B combinations within this parameter space will satisfy the
constramt that 4 + B + 5 = 50. The optimal solutions, i.e., those solutions that satisfy both
constraints fall within the red region in Figure 13 — a line segment in this example. This region
of optimal solutions is typically referred to as the minimum.

Why the term “minimum?” When the 4 and B combinations contained within the
minimum are input into the model, the difference between the model output (the estimated value
of D) and the measured D value are minimal relative to other 4 and B combinations within the
parameter space. Hence, the term “minimum.” nSIGHTS quantifies the quality of the fit to the
constraint as the sum of the squared errors (SSE). The difference between cach constraint data
point (pressures and flow rates) and its simulated value 1s squared and these squared differences
are then summed. The SSE value 1s sometimes referred to as the value of the objective function.



nSIGHTS utilizes a non-linear regression algorithm to search for optimal solutions, i.e., to best
satisfy the stated objective function by minimizing the SSE.

The minimum is not a single-valued combination of 4 and B — instead there 15 a range of
possible values. This range is the result of the correlation that exists between the fitting
parameters 4 and B. A change in the estimate of 4 can be compensated by a corresponding
change in the estimate of B such that the constraints are still satisfied and the minimal value of
the objective function (SSE) is unchanged. For a given conceptual model, this correlation among
fitting parameters is typically the largest source of uncertainty in the estimate of the fitting
parameters.
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Figure 13. Solution space for hypothetical example denoting optimal solution region where the
uncertainty results from correlation between the fitting parameters.

Noise in the data is another source of uncertainty. Assume that measurements of D can
only be resolved to a value somewhere between 45 and 55, 1.e., the constraint becomes 45 < 4 +
B + 5 < 55. The new minimum is the area between the blue lines shown in Figure 14 — the
uncertainty is slightly increased. Now assume that C cannot be measured exactly, say that it’s 5
* 1. The situation then becomes 45 < 4 + B + (5 £ 1) < 55. The possible solutions are now
contained between the green lines in Figure 15. This additional uncertainty results from the
correlation between the fitting and non-fitting parameters.

In review, for a given conceptual model, uncertainty can result from correlation among
fitting parameters, noise in the data, and correlation among fitting and non-fitting parameters.



Also note that dramatic changes in the estimates of the fitting parameters can result by changing
the conceptual model itself. If it were decided that A + (B x C} = [ better represented what was
observed in the system, then the values of 4 and B estimated using the new model might be very
different than those obtained using the previous conceptual model.
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Figure 14. Solution space for hypothetical example dencting optimal solution region and range
in uncertainty attributed to errors in the measured constraint.

Given that uncertainty in the estimates of the fitting parameters is an inherent part of the
well-test analysis process, it is important that this uncertainty be quantified. Calculations of
probabilistic transmissivity fields used for Culebra transport calculations are currently
constrained in part by single-valued estimates of 7 obtained from previous analyses of hydraulic
tests. New analyses of the existing Culebra data will be performed using nSIGHTS to quantify
the uncertainty in 7 at each well location. These T distributions will then be used to generate T
fields that better incorporate the overall uncertainty in the current understanding of the Culebra.

STATUS

QA testing of the nSIGHTS code is proceeding as per the nuclear waste management
procedure NP 19-1 Rev. 9, Software Requirements (Chavez, 2002), and will be completed in
November 2002. The Requirements Document, Design Document, and User’s Manual are
currently in review. The Verification and Validation Plan is in process and is about 75%
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complete. Tests for various code functions are being taken from the existing GTFM 6.2
documentation (the DOS precursor to nSIGHTS) where possible.
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Figure 15. Solution space for hypothetical example denoting optimal solution region and ranges
in uncertainty attributed to errors in the measured constraint and correlation among
fitting and non-fitting parameters.

Culebra Water-Level Rise Scenario Development

Powers (2001) is a starting point for the investigation of water-level changes. This test
plan outlines the following activities:

Review of hydrograph features and contributing events.
Scenario and hypothesis development.

Review of field and drillhole evidence for events and processes.
Sensitivity analyses.

Scenario and hypothesis testing.

E.h-hu)t\)'—‘

The examination of water-level records (hydrographs) from the WIPP wells revealed a
general long-term rise in both Culebra and Magenta water levels (e.g., Figure 16), as well as
short-term fluctuations of unknown origin in Culebra water levels in specific areas (e.g.,
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Figure 17). Based on knowledge of human activities around the WIPP site and recent geologic
observations of increased subsidence fracturing in Nash Draw, seven scenarios were initially
defined that were thought to have the potential to affect water levels. The matrix given as
Table 2 summarizes the SNL evaluation of the plausibility of the scenarios, and steps that might
be taken to investigate them further. The scenarios that are considered worth investigating
further are:

1. Leakage from the Mississippi East tailings pond north of the WIPP site causing locally
elevated Culebra and Magenta heads, which then propagate to the south.

2, Leakage through boreholes penetrating other water-bearing units above the Salado that
are poorly cased or improperly plugged and abandoned.

3. High-T conduits extending from Nash Draw to the (south)east allowing heads in Nash
Draw to affect heads under Livingston Ridge (including the WIPP site) more than
previously thought.

Note that these scenarios are not mutually exclusive, and may all be contributing to the
observed water-level fluctuations.
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Figure 16. Rising Culebra and Magenta water levels at H-6.
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Figure 17. Example of short-term water-level fluctuation north of WIPP.

Factors Causing Water Level Changes and Effects of Changes on Calibration of
T-Fields

A two-pronged strategy has now been developed to address water-level issues. The
elements of this strategy are:

1. Evaluation of whether T fields calibrated to different sets of historically observed heads
are signficantly different (in terms of groundwater flow directions and velocities) from
the T fields calibrated for the CCA.

2. Identification of the factors causing Culebra water-level fluctuations and revise Culebra
models as appropriate,

EFFECTS OF CHANGING WATER LEVELS ON T-FIELD CALIBRATION

To carry out the first element of this strategy, Beauheim, (2002) wrote the analysis plan
describing the four principal tasks:

Construction of geologic contour maps.
Estimation of base transmissivity fields.
Conditioning of base T fields to equilibrium heads.
Conditioning of base T ficlds to transient heads.

e



Table 2. Evaluation of Scenarios Potentially Capable of Affecting WIPP Water Levels

Capable of
Capable of producing Would this
producing observed  observed short- Which wells effect still be
long-term rise? term would it affect sighificant in How can it be
Scenario fluctuations? the most? 1000 years? evaluated?
Recharge Yes (tailings pond No Notthern wells No (lifetime of Model
{leakage) from tias existed for ~50 tailings pond simulations;
Mississippi East years) too short) well south of
tailings pond pond on
Livingston
Ridge
Leakage Yes Yes Wells nearest to Yes 3D model
through wells leaking well(s)— simulations;
from shallower most likely evaluation of
units potash holes presence of
north or west of shallow water
WIPP site north of site
Leakage No (not yet—wells Perhaps from Off-site wells Yes [njection data
through wells north of site loss of circu- closest to leaking collection and
from deeper haven’t been there lation during wells monitoring
units (including long enough) drilling—very
injection) short-term
Precipitation/ Doubtful {if current No Shallow wells, Yes 3D modeling
"Natural” understanding of then propagate to
recharge recharge areas is others
correct)
High-T conduits Yes No Northwestern Yes Well NW of
from Nash wells (e.g., H-6) site; geolo-gical
Draw and geophysical
evaluation;
Magenta
evaluation and
modeling
Mine No No None are very NA Difficult--
subsidence close to mines seismic data?
Subsidence No No Wells outside NA Calculations of
telated to oil site closest to induced strain
and gas production wells
_production
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Four sets of 100 T fields are being generated, each using different values of “steady-
state” or “equilibrium” heads. The heads used represent snapshots in time of the heads observed
mn 1980, 1990, and 2000, as well as the head values used for the CCA modeling. Whereas the
CCA T fields relied simply on kriging of measured T values to define the base T fields that were
then calibrated, the new base T fields have been developed using a statistical correlation between
measured T and geologic factors, including thickness of overburden above the Culebra and
whether or not halite has been dissolved from the upper Salado at that location.

Once the four sets of T fields have been calibrated only to steady-state heads,
comparisons will be made of the calculated flow paths and travel times from a position above the
WIPP waste paneis to the sitec boundary. These results will also be compared to those obtained
for the CCA. Selected T fields will then be calibrated to transient heads as well, and the results
again compared to those obtained for the CCA. If the travel times calculated for the new T fields
fall within the cumulative distribution function (CDF) of travel times developed for the CCA,
then current water levels should not produce travel times inconsistent with the modeling done for
the CCA.

The groundwater flow model being used for this activity is MODFLOW 2000, and PEST
15 being used to optimize the conditioning of the model to heads. A model domain was defined
extending 30,600 m north-south and 22,300 m east-west, approximately centered on the WIPP
site, to include all WIPP wells (except for WIPP-29), the Mississippi East tailings pond north of
the WIPP site, and the portions of Nash Draw believed relevant to WIPP hydrology (Figure 18).
A uniform MODFLOW grid with 50-m X 50-m elements was created for the modeling domam.

At the present time, all necessary geologic information has been collected and compiled
in a GIS database that can be used to produce any desired maps, the statistical correlation
between T and geologic factors has been established and used to create 100 equally probable
base T fields (e.g., Figure 19), equilibrium head values at the WIPP wells have been defined for
the three snapshots in time (Table 3), and boundary conditions have been defined for the four
sets of T fields. Conditioning of the base T fields to equilibrium and transient heads will be
performed in the second half of 2002.

IDENTIFICATION OF FACTORS CAUSING CHANGING WATER LEVELS

A variety of activities are underway to identify the factors causing Culebra water-level
fluctuations and revise Culebra models as appropriate. Records have been assembled
documenting how potash exploration boreholes have been plugged and abandoned, and specific
boreholes have been identified as potential leakage candidates. As part of the compilation of
geologic information for the new T fields, logs from old and recently drilled wells have been
reviewed for evidence of dissolution of the upper Salado, leading to the tentative identification of
two dissolution tongues extending from Nash Draw to the southeast (see Figure 19). In the near
future, potash mine water-production records will be obtained that will provide insight into how
much water has historically been pumped into the Mississippi East tailings pond.
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Figure 18. Model domain (black rectangle) for new Culebra T fields.
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Table 3. Heads to Be Used in Water-Level-Rise Impact Assessment.

CCA Freshwater 1980 Freshwater 1990 Freshwater 2000 Freshwater
Well Head Range (m amsl) Head Range {m amsl) Head Range (m amsl)  Head Range (m amsl)
AEC-7 931.2-932.8 NA 930.7-933 .4 931.8-934.6
CB-1 9104-911.8 Na 911.6-913.8 NA
D-268 915.1-915.6 NA 914.7-916.2 P&A
DOE-1 912.1-918.6 NA 913.1-9184 914.9-918.2
DOE-2 933.2-936.2 NA 933.1-937.1 938.0-942.0
H-1 919.6-923.6 920.5-925.4 NA 925.6-928.7
H-2b2 924.7-926.6 NA NA 925.6-927.6
H-3 912.9-916.7 914.2-918.9 NA 215.7-918.6
H-4b 910.8-912.0 G11.1-914.2 914.1-916.3 914.5-916.6
H-5b 932.8-935.6 932.1-835.8 832.1-935.8 934.4-938.2
H-6b 931.0-933.0 931.4-934.4 930.4-933.5 932.7-935.7
H-7b1 912.6-913.2 911.8-913.2 912.6-314.0 913.3-914.7
H-%h 906.3-907.6 908.0-909.8 911.1-913.0 910.6-912.5
H-10b 919.1-923.5 918.3-921.6 918.2-923 4 P&A
H-11 911.4-915.4 NA 912.9-916.0 914.0-917.0
H-12 91239147 NA 914.0-917.5 912.4-917.0
H-14 916.8-920.8 NA 915.2-916.9 019.0-921.5
H-15 916.0-920.3 NA 914.7-918.0 918.2-921.5
H-17 910.1-911.9 NA 012.7-915.7 914.3-916.4
H-18 931.3-9349 NA 932.1-935.3 0935.6-938.8
P-14 926.0-927.8 926.1-928.8% 926.2-9289 P&A
P-15 917.0-918.6 $15.7-920.5 917.2-918.7 P&A
P-17 908.6-210.0 NA 912.7-915.1 914.0-916.4
WIPP-12 933.5-935.8 NA 930.0-933.4 932.4-9359
WIPP-13 932.4-935.2 NA 932.3-935.7 933.5-936.8
WIPP-18 929.3-933.5 NA NA 934.4-937.8
WIPP-25 927.7-929.7 925.9-930.5 928.7-931.7 931.2-934.2
WIPP-26 918.4-918.9 915.4-917.1 919.2-920.5 920.5-921.8
WIiPP-27 937.4-038.8 940.6-944.2 938.0-540.3 939.8-942.2
WIPP-28 936.3-9338.4 934.1-937.1 NA P&A
WIPP-30 932.8-935.0 NA 934.0-936.8 935.5-938.3
USGS-1 909,7-910.2 NA NA NA

NA: data not available

Bold red signifies range is completely outside CCA range.

P&A: plugged and abandoned
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Once new Culebra T fields are available that have been calibrated to transient heads, the
three scenarios described above will be modeled using existing data. Plans are also being made
to install a number of new Culebra wells to provide information needed to validate these
scenarios and model them in greater detail. Because Magenta water levels are also rising and
because leaking boreholes may interconnect the Culebra and Magenta, additional information on
the Magenta will be collected. Over the next few years, hydraulic testing will be performed in
eight wells recently recompleted to the Magenta and several new Magenta wells planned for
installation north of the WIPP site. The information from these wells will be used to develop a
groundwater-flow model for the Magenta that can then be linked to the Culebra model. At the
conclusion of these activities, new Culebra conceptual and numerical models consistent with all
observations will be developed.

Dewey Lake Geohydrological Investigations

At least one scenario that explains Culebra water-level rises identifies leakage from
shallow water-bearing zones to the Culebra through poorly plugged or cased boreholes. Testing
of this scenario requires knowledge of the gechydrology of the shallow water-bearing units, e.g.,
the Dewey Lake Formation. In anticipation of the need for this information, SNL ts preparing a
test plan that describes the methods that will be used to characterize better the hydrology of the
Dewey Lake. This test plan has been drafted and is cuwrrently undergoing SNL management,
technical, and quality assurance review. The plan is expected to be finalized in August 2002 and
will be submitted with the next status report.
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2.3 WIPP Hydrologic Data Assessment’

D. A. Chace, T. W. Pfeifle and T. L. MacDonald
Sandia National Laboratories, MS 1395
4100 National Parks Highway
Carlsbad, NM USA 88220

Abstract

Groundwater monitoring activities at the Waste Isolation Pilot Plant (WIPP) are an
integral part of the US Department of Energy’s (DOE) broader requirement to ensure protection
of the environment, the health and safety of workers and the public, proper characterization of
the disposal system, and compliance of the WIPP with applicable regulations. This commitment
1s not only for the current operational phase of the WIPP, but extends through the post-closure
phase to meet regulatory requirements. Groundwater monitoring at the WIPP is driven by
regulatory requirements, in particular, requirements to measure both water quality and water
levels. These measurements are currently made manually in approximately 70 wells located
within and near the WIPP site boundary.

Westinghouse TRU Solutions (WTS), the DOE’s Management and Operating Contractor,
is responsible for collecting the manual groundwater measurements and maintenance of the well
network. Sandia National Laboratories (SNL), DOE’s Science Advisor, is responsible for
evaluating the acquired groundwater data, comparing the data against regulatory compliance
requirements and making recommendations to improve the effectiveness and efficiency of the
monitoring systems. SNL activities conducted between January 1, 2002 and June 30, 2002 to
assess current groundwater monitoring data and to evaluate new technologies (i.e., remote
monitoring water-level instrumentation) are described. Evaluation of data for regnlatory
compliance is performed on an annual basis using other process requirements and, thus, is not
included within the context of this work scope.

Background Information

The primary objective of the current WIPP groundwater-monitoring program (GWMP) is
to meet regulatory compliance requirements (e.g., DOE Compliance Certification Application, or
CCA, DOE 1996; DOE Hazardous Waste Facility Permit, or HWFP, New Mexico Environment
Department, or NMED, 1999) by measuring water quality in seven wells, known as Water
Quality Sampling Program (WQSP) wells and water levels in approximately 70 wells located
within or outside the WIPP Land Withdrawal Act (LWA) boundary. A secondary objective is to
maintain a well network that provides for these measurements. The focus of the GWMP is the
Culebra Member of the Rustler Formation because it is the most transmissive saturated unit at
the WIPP site. Other formations, ¢.g., the Magenta Member of the Rustler and the Dewey Lake
and Bell Canyon Formations, are monitored where access is available. Data collection and well
maintenance are the responsibility of WTS. Water-quality data are collected semi-annually, in
the spring and fall. Water-level measurements are made monthly in all primary wells and
quarterly in redundant wells (wells located on the same well pad and completed to the same
hydrologic unit as the primary well). In addition, WTS regularly performs well maintenance
including well logging and integrity testing, replacement of wells as required, and plugging and

' This work is covered by WBS #1.3.5.3.1.1 and #1.3.5.3.1.2
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abandonment (P&A) of wells that are unreliable for monitoring because of some well-related
problem (e.g., corroded casing or poor cement) found during integrity testing.

SNL assesses the groundwater monitoring data concurrently as they are received from
WTS and annuaily evaluates the data against regulatory compliance requirements. SNL’s
responsibilities and technical scope are provided both in DOE documents and in SNL analysis
plans, e.g., DOE (1999), SNL (2000). The assessment includes preparation and review of
updated hydrographs, analysis of new well configurations, review of data trends, and
identification of deviations from normal or expected groundwater behavior. In addition, as
directed by DOE or requested by WTS, SNL personnel also monitor WTS hydrologic field
activities through instrumentation of and, in some cases, testing in monitoring wells. Data
assessments also include evaluating new monitoring techniques and technologies to ensure that
the monitoring program is effective in meeting requirements and efficient in terms of cost and
resource allocation. SNL groundwater data-assessment activities performed between January 1,
2002 and June 30, 2002, described below, include:

. Assessment of WIPP groundwater levels.
. Observations of WIPP groundwater levels during WTS well maintenance activities.
. Remote monitoring system demonstration at WIPP C 2737,

The annual evaluation of data against regulatory compliance requirements will be conducted by
SNL in October 2002 and results reported in a separate document.

Assessment of WIPP Groundwater Levels

WIPP groundwater-level measurements focus primarily on the Culebra because this
hydrogeologic unit has been determined to be the most transmissive saturated unit of the
stratigraphic sequence within which the WIPP is sited. Monthly groundwater level
measurements are made in the seven WQSP wells plus other wells completed in the Culebra
{quarterly measurements are made in the case of redundant wells located on the same well pad
where measurements are made monthly). The Culebra wells included in the groundwater-level-
monitoring network are shown in Figures 1 and 2. In addition to measurements of the water
Ievels in the Culebra, water levels in the Dewey Lake, Magenta, Rustler-Salado (Los Medanos)
contact, and Bell Canyon are measured at a limited number of locations to aid in the
characterization of site hydrology. Figures 3 and 4 show the Magenta groundwater-level-
monitoring network and all other wells in the groundwater-level-monitoring well network,
respectively. Some wells have multiple completions so that more than one hydrologic unit can
be measured in the same well. In the past, the groundwater-level-monitoring network was made
up of 71 wells in which 80 water-bearing intervals were monitored. However, in the past six
months, several of these wells have been P&A subsequent to the performance of a well integrity
evaluation,
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Figure 1. Culebra monitoring well locations inside the WIPP LWA boundary.
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Table 1 provides information regarding the current status of the water-level-monitoring
network including well, monitored zone, type and frequency of measurements, and change in
status (P& A, recompleted, etc). The WTS well-integrity evaluation is an ongoing process and
not all of the wells listed in Table I have received such an evaluation. Therefore, it is expected
that additional wells in the groundwater-level-monitoring network will be deemed unusable upon
the performance of a well integrity evaluation and will be P& A. During the current reporting
period, four wells were P&A, one well is in the process of being P&A, one weil (H-9¢) was
inadvertently lost when it was plugged with cement during the P&A of another well (see
subsequent discussion), two wells were re-completed, and one well (C 2737) was equipped with
a remote-monitoring system to monitor automatically and remotely the Culebra and Magenta
water levels in the well. In addition to these routine maintenance activities, WTS also pumped
the annulus of well Cabin Baby-1 to reduce the Culebra water level in this well (also see
subsequent discussion). Some deviations from normal or expected performance are briefly
described below.

DEVIATIONS FROM NORMAL

Deviations from normal water level trends in individual wells that occurred between
January 1, 2002 and June 30, 2002 (the reporting period for this technical baseline report) are
described below.

Cabin Baby-1 (Cuiebra)

The Culebra water level in Cabin Baby-1 continued to rise during the reporting period
until May 2002 when the DOE Carlsbad Field Office (CBFO) instracted WTS to pump the water
level down as an interim action to prevent the possibility of commingling of groundwater from
separale water-bearing units. WTS pumped approximately 105 barrels of fluid dropping the
water level approximately 500 feet. The suspected cause for the water level rise in Cabin Baby-1
is a leaking packer. Remediation alternatives are currently being evaluated by DOE/CBFO.
Additional detail on the pumping activity is provided later in this report.

H-3b3 (Culebra)

H-3b3 showed a water level increase in March 2002 (quarterly measurement) in response
to scheduled well maintenance activities. The reason for the increase is probably a fluid-density
change caused when different water was added to the well during the maintenance activities.



H-8b (Culebra)

The water level increase in H-9b observed in March 2002 is a direct result of P&A
activities in H-9a during the same time demonstrating communication between the two wells
through the Culebra (see subsequent discussion). Foliowing the P&A activities in H-9a, cement
was found to exist in H-9b at a level above the top of the Culebra. In an effort to verify that the
Culebra had been plugged in H-9b as a result of the H-9a P&A activities, the water level in H-9b
was pumped down and observed. Currently, the H-9b water level remains well below the known
Culebra static water level on the H-9 well pad. Therefore, H-9b was removed from the Culebra
groundwater-level-monitoring network, but may be recompleted as a Magenta groundwater-
level-monitoring well in the future and then placed back into service in the well network.



Table 1. WIPP Groundwater-Monitoring Well Network Information

Zone Type of Measurement
Well 1.D. Monitored Measurement Frequency Status
AEC-7 Culebra Manual Monthly
C 2737 (PIP) Culebra Manual/Electronic  Monthly/Variable Equipped with remote
monitoring system, May 2002
CB-1 Culebra Manual/Electronic ~ Monthly/Variable  Annulus water pumped, May
2002
DOE-1 Culebra Manual Monthly
ERDA-9 Culebra Manual Monthly
H-2a Culebra Manual Quarterly
H-2b2 Culebra Manual Monthly
H-2¢ Culebra Manual Quarterly
H-3b2 Culebra Manual Monithly
H-3b3 Culebra Manual Quarterly
H-4b Culebra Manual Monthly
H-5a Culebra Manual Quarterly
H-5b Culebra Manual Monthly
H-6a Culebra Manual Quarterly
H-6b Culebra Manual Monthly
H-7bl Culebra Manual/Electronic  Quarterly/Variable
H-762 Culebra Manual Manthly
H-9a Culebra Manual Monthly P&A on February 11, 2002
H-%b Culebra Manual Monthly Determined to have been
plugged in the Culebra during
H-%a plugging activities
H-10b Culebra Manual Monthly P&A on Januwary 31, 2002
H-10c Culebra Manual N/A Recompleted to Culebra on
February 19, 2002
H-11bl Culebra Manual Quarterly
H-11b3 Culebra Manual Quarterly In the process of being P&A
H-11b4 Culebra Manual Monthly |
H-12 Culebra Manual Monthly
H-16 Rustler Electronic Continuous Lost 49er pressure gage
H-17 Culebra Manual Monthly
H-19b0 Culebra Manual Monthly
H-19b2 Culebra Manual Quarterly
H-19b3 Culebra Manuzl Quarterly
H-19b4 Culebra Manual Quarterly
H-19b5 Culebra Manuat Quarterly
H-19b6 Culebra Manual Quarterly
H-16b7 Culebra Manual Quarterly
P-15 Culebra Manual Monthly P&A on February 11, 2002
P-17 Culebra Manual/Electronic ~ Monthly/Variable
P-18 Cuiebra Manual Monthly P&A on February 25, 2002
WIPP-12 Culebra Manual Monthly
WIPP-13 Culebra Manual Monthly
WIPP-19 Culgbra Manual Monthly
23-7



Table . WIPP Groundwater-Monitoring Well Network Information {continued)

Zone Type of Measurement
Well 1.D. Monitored Measurement Freguency Status
WIPP-2¢ Culebra Manual Monthly
WIPP-22 Culebra Manual Monthly
WIPP-25 Culebra Manual Monthly
{PIP)
WIPP-26 Culebra Manual Monthly
WIPP-27 Culebra Manual Monthly
{PIP)
WIPP-29 Culebra Manual Monthly
WIPP-30 Culebra Manual Monthly
(PIP)
WQSP-1 Culebra Manual Monthly
WQSP-2 Culebra Manual Monthly
WQSP-3 Culebra Manual Monthiy
WOQSP-4 Culebra Manual Monthly
WQSP-5 Culebra Manual Monthly
WQSP-6 Culebra Manual Monthly
C 2737 Magenta Manual/Electronic  Monthly/Variable Equipped with remote
(annulus) monitoring system, May 2002
DOE-2 Magenta Electronic Variable
H-2b1 Magenta Manual Monthly
H-3bl Magenta Manual Monthly
H-4¢c Magenta Manual Monthly
H-5c Magenta Manual Monthly
H-6¢ Magenta Manual Monthly
H-8a Magenta Manual Monthiy
H-9¢ Magenta Electronic Variable Recompleted to Magenta on
February 19, 2002,
H-10a Magenta Manual Monthly
H-11b2 Magenta Electronic Variable
H-14 Magenta Electronic Variable
H-15 Magenta Electronic Variable
H-18 Magenta Electronic Variable
WiPP-18 Magenta Electronic Variable
WIPP-25 Magenta Manual Monthly
(annulus)
WIPP-30 Magenta Manual Monthly
{annulus)
H-3d {(PVC)  Dewey Lake Manual Monthly
WQSP-6a Dewey Lake Manual Maeonthly
H-8¢ Los Manual Monthly
Medanos
AEC-8 Bell Canyon  Manual/Electronic  Monthly/Variable
CB-1 (PIP)  Bell Canyon Manual Monthly Annulus water pumped, May
2002
H-3d (P1P) Forty-niner Manual Monthly
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H-11b4 (Culebra)

The water level decrease in H-11b4 in March 2002 and subsequent increase in April 2002
is a response to well maintenance activities and the associated partial recovery. Additional detail
is provided later 1s this report.

H-16 (Rustler)

The well head at H-16, located adjacent to the WIPP air intake shaft, has not been
accessible for a number of years so WTS does not currently include the well in its monitoring
network. SNL, however, configured the well with 2 multiple-packer system to isolate the five
members of the Rustler Formation, i.e., the Forty-niner, Magenta, Tamarisk, Culebra, and
Los Medanos. Pressure transducers were placed in the five zones during installation of the
packer system and measure, on a continuous basis, the hydraulic pressure in each zone. Figure 5
summarizes the pressures in each hydrologic zone for the time period from March 31, 1998 to
June 30, 2002. The zone pressure is the highest in the Los Medanos Member {~190 psi) and, in
order decreases for the Culebra (~145 psi), Magenta (~ 140 psi), Tamarisk (~100 psi) and
Forty-niner (~60 psi) Members. Several of the pressure-response curves (e.g., Tamarisk and
Forty-niner) have a sinusoidal shape. An explanation for this behavior is not available, but could
be explained by seasonal changes in temperature in the air intake shaft.

During the reporting period, the signal from the pressure transducer monitoring the Forty-
niner interval was lost. The cause of the problem has not yet been determined, but investigations
to be performed during the next reporting period will examine the electrical connectors and
cabling for the transducer near the ground surface.

WIPP-25 (Cuiebra)

The water level in WIPP-25 continued to rise for the duration of this reporting period.
The cause of the water level rise in this well, along with others in the Nash Draw area, continues
to be investigated.

WIPP-27 (Culebra)

The water level in WIPP-27 continued to rise through March 2002, at which time it
appeared to stabilize. The cause of the water level rise in this well, along with others in the
Nash Draw area, continues to be investigated.

WIPP-30 {Magenta/Culebra)

Both the Culebra and Magenta water levels in WIPP-30 continued to rise during this
reporting period. The Magenta water level appeared to stabilize in March 2002, but will
continue to be observed. The cause of the water level rise in this well, along with others in the
Nash Draw area, continues to be investigated.



WQSP-3 (Culebra)

WQSP-3 showed a decreased water level in April 2002 followed by an increase of similar
magnitude in May 2002. This water level fluctuation was the result of semi-annual pumping for
water-quality sampling and the associated partial recovery.
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Figure 5. Hydraulic pressures in the Rustler members at H-16 near the WIPP air intake shaft.

H-3b1 (Magenta)

H-3bl showed a dramatic water level decrease in March 2002 that continued in
April 2002. In May 2002 the H-3b1 water level began to increase again. This water-level
fluctuation is the result of scheduled well maintenance activities and the associated partial
TECOVETY.

H-10a {Magenta)

H-10a showed a dramatic Magenta water level increase of approximately 45 feet in
February 2002 and the water level continued to rise an additional 15 feet in March 2002. Since
that tirne, the water level has stabilized at this elevated level. This sustained water level rise is
suspected to be a result of density differences between the formation fluid and the fluid used
during scheduled well maintenance (the fluid used during well maintenance being of lower
density). Similar water level responses have been observed in this well following previous well
maintenance activities.
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AEC-8 (Bell Canyon)

The water level in AEC-8 continued to rise during the reporting period and has risen by
more than 90 feet since 1993. The well is configured using two casing strings having diameters
of 8.625 inches and 5.5 inches. The outer casing is cemented over its entire extent from 874 feet
to ground surface. The inner casing is cemented from 4907 feet to 868.5 feet so the annulus
between the two casing strings is open from the surface to 868.5 feet. One explanation for the
rising water level in the well is a leaking inner casing. SNL has recommended to the DOE that
the annulus between the two casings be fully cemented to the surface and that an integrity test be
performed in the well to evaluate its condition. Assuming the well annulus is cemented and
casing integrity is proven, AEC-8 could be returned to service as a Bell Canyon monitoring well.
If well integrity cannot be proven, then SNL will recommend that AEC-8 be P&A and that
DOE-2 be converted to a Bell Canyon menitoring well to retain Bell Canyon water-level
monitoring north of the WIPP site.

Observations of WIPP Groundwater Levels During WTS Well Activities

As discussed above, WTS personnel and their contractors conducted well logging,
pumping, and P&A activities at several of the WIPP monitoring well locations. SNL personnel
monitored these activities either through TROLL measurements or manual measurements of
water levels in the tested wells and/or other wells on the well pad. Well activities monitored
included those at the Cabin Baby-1, H-7, H-9, H-10, and H-11 well pads. A brief summary of
the monitoring activities for each well activity is described below.

CABIN BABY-1 WELL ACTIVITIES

Cabin Baby-1 is a dual-completion well that monitors both Bell Canyon and Culebra
water levels. The well has a cemented steel casing extending from ground surface to the top of
the Salado and is open-hole below the casing down to TD (total depth). Two production-
injection packers (PIPs) are set in the well, one in the lower anhydrite of the Castile immediately
overlying the Bell Canyon and one in the casing just below the Culebra Member of the Rustler.
The PIPs are connected via tubing that extends to the ground surface. Bell Canyon water levels
are measured in the tubing, while Culebra water levels are measured in the annulus between the
tubing and cemented steel casing. The casing is perforated through the entire Culebra interval.
While Bell Canyon water levels have been stable in Cabin Baby-1, Culebra water levels have
been rising since the double-PIP system was installed more than two years ago. These rises,
approximately 3 to 4 feet/month, were attributed to water leakage by the upper PIP with water
originating from the uncased open-hole section of the well between the two PIPs.

In April 2002, the annulus water level in Cabin Baby-1 was found to be within 35 feet of
the ground surface. Assuming the water in the well annulus was brine-saturated (having
originated from the open-hole section rather than the Culebra interval), the DOE directed WTS
to pump the well annulus to ensure that the net hydraulic gradient in the Culebra was toward the
well rather than away from the well. In early May 2002, WTS personnel pumped approximately
100 barrels of water from the annulus lowering the water level nearly 500 feet as shown in
Figure 6. Water level measurements made after the well was pumped indicate the level in the
annulus is currently rising at a rate of approximately 25 ft/month. This high rate 1s likely
influenced by both Culebra water recharge to the well and continual leakage of water by the
upper PIP. The rise is expected to decrease with time as the head in the well increases.
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Bell Canyon water levels were monitored during the pumping of the well annulus. These data
are also shown in Figure 6 and indicate the Bell Canyon water level was unaffected by the
pumpmng of water from the annulus. The small excursion in Bell Canyon water levels was
caused by the re-installation of a TROLL in the tubing.

H-7 WELL PAD ACTIVITIES

As part of its well logging and integrity testing program, WTS and Schlumberger (its
support services contractor) logged H-7b2 using an uitrasonic imaging (US]) tool to determine
the competency of the well casing and cement. The USI tool requires sufficient positive fluid
pressure in the wellbore to operate effectively. Water was added to the well to provide the
required positive fluid pressure on the tool. Following log completion, approximately
300 barrels of water were removed from the well to recover the tool cushion water and sufficient
native water to ensure the water in the well was representative of formation waters. During
loading of the well with water and subsequent pumping, SNL personnel monitored the water
level in H-7bl, another well located on the H-7 well pad approximately 100 feet from H-7b2.
Figure 7 plots the water-level response in H-7b1 during the loading, logging, and pumping of
H-7b2. As shown, water levels initially increased as cushion water was added to H-7b2, then
decreased rapidly as the cushion water was pumped out of H-7b2. The fluctuations in water
levels during loading and pumping the well were less than 1 foot. Full recovery of water levels
from the well activities required less than one month.

H-9 WELL PAD ACTIVITIES

In November 2001, WTS and Schlumberger also logged and tested the three Culebra
groundwater-monitoring wells located on the H-9 well pad. Following recommendations by
SNL, DOE instructed WTS to P&A H-9a, retain H-9b as a Culebra groundwater-monitoring
well, and convert H-9¢ to a Magenta groundwater-monitoring well.

In carly February 2002, H-9¢ was converted to a Magenta monitoring well by setting a
bridge plug between the Culebra and Magenta intervals (a bridge piug was also set below the
Culebra) and perforating the casing through the entire Magenta interval using four shots per
lineal foot of casing length. This well was subsequently pumped to remove perforation-gun
cushion water and sampled to determine water quality. Later in February 2002, WTS mobilized
on the well pad to begin the P&A activities at H-9a. Because of the highly transmissive nature
of the Culebra at the H-9 well pad, WTS and Schlumberger designed a cement containing
charcoal and Celoflake additives that would limit cement migration. In addition, WTS requested
that SNL monitor water levels in the other Culebra monitoring well at the well pad, i.e., H-9b.

On February 11, 2002, WTS initiated the P&A activity at H-9a by injecting the tailored
cement into the well, while SNL monitored water levels in H-9b using a TROLL. Immediately
following the introduction of cement into H-9a, water levels in H-9b increased rapidly by more
than 150 feet as shown in Figure 8. Because water levels then stopped rising and cement
pressures mcreased to near normal levels, the cementing process continued at H-9a until the well
was cemented from TD to surface. Water-level monitoring was continued at H-9b even after
H-9a was plugged to determine if the water level rise would dissipate with time. These water
level measurements were verified by manual water level measurements as shown in Figure 8.



Date

1/4{2002 21312002 3/5/2002 4/4{2002 5/4/2002 6/3/2002 7/3/2002

0 — L ] It 1 1 300
£ 100 - S - 305 _-
o QL o
& . o > =
_ o —¥—Culebra 3 ¥}

3 o 200 — Well Cabin Baby-1 Water Levels —8=Bell Canyon 310

) i =
>0 Before, during and after pumping of ~ 100 barrals 3 o)
3 2 of Culebra water from well annulus () T
= 230 IR @"i_o___—-ﬁig _____ 5 = m
&% sz
g 9__ Troll placed in PIP Eu g
b tubing ta monitor -
E 8 400 - o - o Beﬂ (_Zanyon Water | 320 8 =
£ % _— ‘5_
2 M 23

O 500 - ————- R [, e e 328

600 - - 330

Figure 6. Culebra and Bell Canyon water levels in Cabin Baby-1 during pumping of the well

annulus.
Date
3/5/2002 3/15/2002 3/25/2002 4/4/2002 4{14/2002 4124{2002 5/4/2002
165 - L . o L |
Well H-7bt Water Levels
~300 barrels of water . N
i pumped from Well H-7b2 During pumping of Welt H-7b2
during 4/5/02 - 4/6/02
3
E 166 — - - [ [,
o g
(&) {
3 >
o
[7]
m
£
a 167 e e ————— e - -
Q
(o]
168 - SR

Figure 7. Depth to Culebra water level in H-7b1 during logging and pumping of H-7b2.

II\J
[&°H]
[



350 e 3150
/m Well H-00b Water Levels
w0 ] o f.. [3r26002: Setpumpin | _| Response During Grouting of 1
0 H-D%96 and pumped Woll H-0%9a 3100 -
~ 20 barrels of water 2
=
© ®
; 250 +—— - - Troll e e 3050 E
@ Repositioned o
g -
o S
a S
i 200 + S e 3000 g
bt )
L) -
£ 5
T 2
© 150 - -+ 2850 @
< |
T —a—H-0% Continuous Troll Data B
=—E—H-0%, Water Level Elev. E
100 o— R el 2000 B
2/11/02: Staried !
njecting cement
into H-09a for P&A l\— a
50 T r r T r T 2850
14102 1/24/02 2{113/02 315102 3/25/02 4114/02 5i4102 5/24/02

Date
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When the water levels did not fall but remained constant instead, a bailer was lowered
into H-9b and retrieved cement containing charcoal and Celoflake indicating cement had
migrated through the Culebra from H-%a to H-9b.

Water level monitoring at H-9b was continued for approximately six weeks after P&A of
H-9a. No changes in water level were observed during this period so the well was pumped to
determine if hydraulic connection with the Culebra unit could be re-established by inducing a
hydraulic gradient toward rather than away from the well. Approximately 20 barrels of water
were removed from the well with a corresponding water-level drop of nearly 300 feet.
Water-level monitoring was resumed after pumping and continued for nearly 2 months. During
this period, water levels in H-9b remained constant, indicating that hydraulic connection could
not be re-established.

With the P&A of H-9a, the apparent loss of H-9b, and the conversion of H-9¢ to a
Magenta well, Culebra groundwater monitoring at the H-9 well pad is no longer possible.
Options for re-initiating Culebra monitoring at the H-9 well pad are currently being investigated.

H-10 WELL PAD ACTIVITIES

In January 2002, WTS and Schlumberger logged and tested the integrity of H-10a
{Magenta well) and H-10b (Culebra well) and intended to P&A H-10c¢ (Rustler/Salado well)
because it no longer provided information required for site hydrologic assessments. The
integrity of H-10a was established and, therefore, the well was returned to service as a Magenta
groundwater-monitoring well. In contrast, H-10b was determined to be in poor condition
(corroded casing). Based on these results, SNL recommended that H-10b rather than H-10c be
P&A and that H-10c be converted to a Culebra groundwater-monitoring well. The DOE
accepted this recommendation and instructed WTS to recomplete H-10c to a Culebra well.

In February 2002, H-10b was P&A. No special precautions were taken to prevent cement
migration because the Culebra at this location has relatively low transmissivity. During the same
month, H-10c was cemented from TD to approximately 35 feet below the Culebra interval. The
casing through the Culebra interval was then perforated using four shots per lineal foot of casing
length. As with the USI tool described above, the gun used to perforate the casing required a
high positive fluid pressure in the well to cushion the blast of the gun. Therefore, the well was
filled nearly to the ground surface with cushion water before the casing perforation was
performed. Figure 9 shows the depth to water immediately after the cushion water was added to
the well and also the temporal depths following perforation of the casing. As shown, all of the
cushion water rapidly flowed out of the well and into the Culebra unit adjacent to the well. The
flow stopped only when the head within the well and the areal Culebra head equilibrated.
Because no attempt was made to develop the well by pumping afier the casing was perforated,
cushion water has been introduced into the Culebra unit and is likely continuing to disperse away
from the well. In the future, this well will need to be pumped for a long period of time to re-
establish native Culebra water in the well.
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H-11 WELL PAD ACTIVITIES

WTS and Schlumberger also logged and tested the mitegrity of three Culebra
groundwater-monitoring wells at the H-11 well pad (H-11b1, H-11b3, and H-11b4). Results of
the logging and testing indicated the need to P&A H-11b3. To prevent the migration of cement
from H-11b3 to other wells at the H-11 well pad (as was the case at the H-9 well pad), WTS used
a cement dump bailer rather than a cement pump to install the cement plug. As an additional
precaution, WTS requested that SNL monitor the Culebra water levels in H-11b1 and H-11b4
during the cementimg of H-11b3.

Cement was placed in H-11b3 in two stages. The first stage was performed on
March 25, 2002, and the second stage two days later. SNL monitored Culebra water levels in
both H-11b1 and H-11b4 during this period using TROLLs. As shown in Figure 10, the water
levels in both wells fluctuated less than 0.5 feet during the placement of the cement indicating
that cement did not migrate from H-11b3 as had occurred at the H-9 well pad.
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Remote Monitoring System Demonstration at C 2737

BACKGROUND INFORMATION

On November 15, 2001 the Groundwater Task Force (GWTF), including members from
DOE, WTS, and SNL, initiated discussions regarding the automation of water level
measurements that are currently being taken manually at approximately 63 wells on a monthly
basis. The desire expressed in the GWTF meeting was to be able to access remotely “smart”
down-hole gages via modem. The term “smart” refers to programmable (the rate at which
measurements are taken is user defined and can be controlled by the behavior of the water level
in the well) gages that can collect at least pressure and temperature data and have on-board
nonvolatile memory, Additional parameters that can be measured with optional instrumentation
include:

Dissolved oxygen (DO)
Conductivity

pH

Oxidation reduction potential {ORP)
Salinity

Nitrate

Chloride

Ammonium

Turbidity

The manpower required to collect water-level measurements from these wells on a
monthly basis is significant and the data density has proven to be insufficient to capture many of
the subtle water level changes as well as the actual timing of some of the more significant water
level changes. The use of “smart” down-hole gages accessed remotely via cellular phone and
modem will not only reduce costs associated with monitoring water levels (and other parameters
if so desired), but also optimize data density such that more data are recorded when the water
level in a given well is changing and less data are recorded when the water level is relatively
stable. This feature allows the precise timing and magnitude of events to be determined so that
these water-level changes might be correlated with potential events, whereas manual monthly
water-level measurements clearly miss such events. The reduction in the cost of the data is
realized as a result of a reduction in manpower required to collect the data. Access to the data
via cellular phone and modem eliminates the need for monthly manual water-level
measurements. However, to confirm the integrity of the electronically recorded data, regular but
infrequent manual water-level measurements should be taken as a means of verifying the
accuracy of the electronic data.

The GWTF decided that the relatively new C 2737 location would be the most desirable
location for a pilot installation of a remote telemetry system. At this location, both the Magenta
and the Culebra are accessible at the same wellhead. Therefore, information from both intervals
could be obtained from a single system installation, thereby reducing the cost of data collection
even further. Figure 11 shows the location of the C 2737 well pad.
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Figure 11. Location of C 2737 well pad.
SYSTEM CONFIGURATION

The entire remote telemetry system was provided by In-Situ, Inc. and consists of the
following items:

Two, 100-psig miniTROLL pro pressure/temperature “smart™ gages.
A solar panel and gel-cell battery as the power source.

. A cellular modem and associated interface hardware and software to provide real-time
remote access to the down-hole equipment.

As part of the remote telemetry system installation, a metal frame was constructed and
anchored to the C 2737 wellhead. This metal frame served as a mounting structure for both the
solar-power panel and the cellular modem/interface enclosure. Figure 12 illustrates the wellhead
configuration, the remote telemetry system installation, and the individual system components
identified for reference.
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Figure 12. C 2737 wellhead configuration with telemetry system installation.

MimTROLL pro pressure/temperature gages were installed in both the tubing (Culebra)
and the annulus (Magenta) of C 2737. Table 2 provides all of the pertinent information
regarding the installation of the pressure/temperature gages in C 2737,

At the top of the wellhead, but contained inside the surface casing for security purposes,
restdes a junction box which serves as the interface between both of the pressure/temperature
gages and the cellular communication hardware. Figures 13, 14, and 15 show the junction box
within the C 2737 wellhead, the cellular communication system, and the solar (power supply)
panel, respectively.

Table 2. C 2737 Remote-Monitoring System Installation Information™

Depth to Water MiniTROLL
Well L.D. Interval (ft amsl) Installation Depth  Gage Senal #
(ft amsl)
C 2737 Magenta 3141.99 294930 8268
C 2737 Culebra 3016.29 2903.05 7861

{a) Information taken from TROLL Scientific Notebook. Duplicate copies of
notebook are filed in the Sandia National Laboratories Records Center.
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Figure 13. C 2737 interface hardware linking the down-hole gages to the communication
system.
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Figure 14. C 2737 cellular communication sysiem.
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Figure 15. C 2737 solar (power supply) panel.

C 2737 DATA

The remote telemetry data-collection system accessed via cetlular phone and modem,
described, was installed at C 2737 on May 29, 2002. C 2737 is a dual-completion well providing
access to both the Magenta and Culebra. The remote telemetry system monitors and records
both pressure and temperature associated with these two water-bearing intervals. Figures 16 and
17 illustrate the Magenta and Culebra water levels and water temperatures at C 2737 from the
time of installation on May 29, 2002 through June 25, 2002. The initial decrease in both the
Magenta and Culebra water levels is attributed to water-level equilibration following the
disturbance caused by the installation of the TROLLs.
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Figure 16. C 2737 Magenta water level and water temperature.
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Figure 17. C 2737 Culebra water level and water temperature.
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3.1 Re-Evaluation of Microbial Gas Generation under Expected
Waste Isolation Pilot Plant Conditions’'

Data Summary and Progress Report (February 1 - July 15, 2002)
July 18, 2002

J. B. Gillow and A. J. Francis
Environmental Sciences Department,
Brookhaven National Laboratory
Upton, NY USA 11973

Abstract

Gas generation from the microbial degradation of the organic consfituents of
transuranic waste under conditions expected in the WIPP repository is being investigated
at Brookhaven National Laboratory (BNL). This report summarizes progress from the
period February 1 — July 15, 2002. During this period, we analyzed total gas and carbon
dioxide (CO») production in initially aerobic and anaerobic humid samples at 3334 and
2945 days incubation (9.1 and 8.1 years), respectively. Carbon dioxide production in
unamended inoculated and amended inoculated samples, initially aerobic and anaerobic,
without bentonite, has leveled off, consistent with analyses over the past two years.
Initially aerobic, unamended 1noculated samples with bentonite continue to produce COg,
from 244 £ 180 pmoles CO, g’ cellulose at 3009 days to 300 + 228 pmoles CO; g
cellulose at 3334 days (0.17 pmol CO, g™ cellulose day for the last 325 days); an
increase in the rate of CO; production has been continuing in these samples since
804 days incubation. This treatment shows the stimulatory effect of bentonite on
biodegradation of celluiose under humid conditions. Methane (CH,) was analyzed in
anaerobic humid samples and was below the minimum detectable amount (0.1 nmol ml® )
in all treatments except those containing bentonite. Unamended inoculated samples with
bentonite produced 25.5 + 1.2 nmo! CH, g'l cellulose at 2653 days (7.3 years) incubation
and amended inoculated samples produced 32.6 = 9.3 nmol CHy g’ cellulose. This
finding verifies the presence of viable methanogenic bacteria in the humid samples. The
extent of biodegradability of plastic and rubber materials, both unirradiated and
irradiated, under WIPP-repository relevant conditions are being evaluated. The results
for CHy analyses at 3070 days (8.4 years) incubation for polyethylene, polyvinylchloride,
and neoprene and 2926 (8 years) for unleaded hypalon are summarized. Qver a period of
2230 days incubation (6.1 years since CH, was last analyzed) the concentration of CHy in
almost all samples did not increase but remained nearly equal to that measured at
840 days incubation. The exception to this was the unirradiated polyethylene, which
increased from 2.14 % 1.52 umol sample™” at 840 days incubation to 2.50 * 0.26 gmol

' This work is covered by WBS #1.3.5.4.1.1

Brookhaven National Labaratory Progress Report: Gas Generation Project 2/1 — 7/15/02
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sample at 3070 days; however, this does not appear to be significant. Experiments
performed at a relative humidity (RH) of 70% may no longer appropriately simulate
WIPP disposal rooms post-closure due to the fact that magnesium oxide (MgQ) is being
emplaced. Experiments were initiated this period that employ radiolabelled carbon
substrate (**C) to examine microbial gas generation at 10, 40, 60, and 70% RH. The
extreme sensitivity of this method for detecting CO; production will provide a means of
assessing and quantifying microbial activity under the MgO-constrained water (H20)
activity that simulates the current WIPP repository design.

BNL Project Objectives

1.

Re-evaluation of the existing microbial gas data and development of appropriate
technical approaches to improve the conservatism in the current gas generation
model.

Re-examination and improvement of the experiment for cellulose degradation
under humid conditions to derive a more realistic rate for humid microbial
degradation.

Determination of the effect of MgO on the rate and extent of gas generation under
humid conditions.

Clarification with scooping experiments of the factors that have caused a
diminishing microbial gas generation rate with time in the ongoing experiments,
including testing the effect of crystallinity on cellulose degradation under
hypersaline conditions.

Determination of the rate and extent of methanogenesis by halophilic
microorganisms. Due to the fact that methanogenesis is the terminal electron-
accepting process in any system, it is important to understand the occurrence and
rate of this process.

Progress Report

Long-term experiments designed to examine gas generation due to biodegradation

of the organic fraction of transuranic wastes under WIPP repository-relevant conditions
have been ongoing at BNL. Table A provides information about the status of these
studies as of July 15, 2002.



Table A. Status of Microbial Gas Generation Experiments at BNL

Experiment Start Date Most Recent Analyses Data Reported (this report)
(Days/Years) (Days/Years)
Long-Term Inundated 1/29/92 3462/9.5 (CQ; analysis planned for FY02)
Cellulose aquecus metabolite analysis:
3561 /9.9
Initially Aerobic  4/7/93 3009782 3334/91
Humid Cellulose
Anagrobic Humid 5/4/94 2W61617.2 2945781
Cellulose (methane at 2653/ 7.3)
Inundated PE, PVC, 3/9/93 2612772 (methane at 3070/ 8.4)
and Neoprene (CO, planned for FY(2)
Inundated Hypalon B/3/93 2464 /6.8 (methane at 2926 / 8.0}

(CO; analysis planned for FY(2)

Research performed during this reporting period was conducted according to

procedures specified by Francis et al. (2001) under contract AT-8739. Note that the
SNL-approved BNL QA Program remained in effect during this reporting period, and is
effectively implemented to date. During this period (February 1 — July 15, 2002) the
following tasks were completed:

1.

2.

Total gas, CO,, and CH, analysis of samples from the initially aerobic and
anaerobic humid cellulose biodegradation experiment.

Methane analysis of samples from the plastic and rubber biodegradation
experiment.

Experiments were started that will quantify gas generation due to microbial
activity under conditions of MgO-constrained H>O activity.

A planning meeting was held at Sandia Carlsbad on April 3, 2002, to discuss the
status of ongoing studies and plans for this fiscal year. This meeting was attended
by A.J. Francis and Jeff Gillow, BNL, and Yifeng Wang and Laurence Brush,
SNL.

More complete details of the progress made during this reporting period are
provided below.

QUALITY ASSURANCE PROGRAM

The program was approved by the SNL QA Team Lead on February 23, 2001 and

remains in effect.
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GAS ANALYSIS OF HUMID SAMPLES

Tables 1-4, Appendix A, provide data for total gas and CO; produced in initially
aerobic humid cellulose samples incubated for 3334 days (9.1 years). All samples
contain 1 g of cellulosic material. Table 5 provides data that has been corrected for CO;
produced in the absence of cellulose due to metabolism of any dissolved organic carbon
in the mixed inoculum. Table 6-9 provide data for total gas and CO, produced in
anaerobic humid samples incubated for 2945 days (8.1 years); Table 10 prov1des
corrected data for CO; production. All data are reported as gas produced g~ ! cellulose and
are the mean =+ standard error of the mean of the analysis of triplicate samples. In all
cases samples prepared to determine inoculum viability (succinate or glucose amended
treatments) were not analyzed during this time period.

Initially Aerobic Treatments

Initially aerobic humid treatments with and without bentonite have ceased to
produce gas as indicated by the decrease in total gas produced at 3334 days (Table 1 and
2). These samples have not produced any gas since the previous analysis period. The
concentration of CO; in the samples is consistent with the previous analysis specifically
in all of the control samples; e.g., the “No cellulose” control showed 2. 89 + (.08 pmoles
CO, sample™ at 3009 days and now shows 2.87 + 0 gmoles CO sample Carbon
dioxide production in unamended inoculated and amended inoculated samples without
bentonite has leveled off {Table 3 and 5), consistent with the analysis over the past
two years. This observation is indicative of a limited capability for microbial growth on
cellulose under initially aerobic humid conditions (RH = 70%). Unamended inoculated
samples with bentonite continue to produce CO» (Table 4 and 5) from 244 pmoles
CO, ¢! cellulose at 3009 days to 300 pmoles CO, g cellulose at 3334 days
(0.17 pmol CO, g’ cellulose day for the last 325 days); an increase in the rate of CO;
production has been continuing in these samples since 804 days incubation (Table 5).
This treatment shows the stimulatory effect of bentonite on biodegradation of cellulose
under humid conditions. In addition, the treatment shows the viability of the microbial
community over 9.1 years. Therefore the fack of gas production in samples without
bentonite, which are relevant to the WIPP repository environment, is not due to a loss of
microbial viability. Amended samples, however, have not produced CO; since 804 days.
The unamended inoculated samples without bentonite showed 6.09 + 2.41 pmol CO; g™
cellulose at 3334 days and amended inoculated samples showed 0.48 + 0.29 ypmol
CO; g cellulose Unamended inoculated samples with bentonite showed 300 x 228
pmol CO;, g ! cellulose at 3334 days and amended inoculated samples showed 615 + 250
pmol CO; g™ cellulose. This is a decrease of 1.4, and 0.6, an increase of 56, and a
decrease of 229 umol, respectively, over 325 days since the last analysis. The changes in
CO; production over this time period are not significant given the large variation (error)
in CO; values between triplicate samples.
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Anaerobic Treatments

Total gas produced in anaerobic humid samples is presented in Tables 6 and 7; the
amended inoculated sampies without bentonite showed an increase of 1.29 ml gas
sample (Table 6) and the unamended inoculated samples with bentonite showed an
increase of 1.04 ml gas sample™; there was no increase in total gas in the other treatments
at 2945 days. Carbon dioxide production has not increased at 2945 days in samples
without bentonite and similar to initially aerobic samples continues to level off (Table 8).
Samples with bentonite have also leveled in terms of CO; production (Table 9). After
correcting for gas production in the absence of cellulose (Table 10), the unamended
inoculated samples without bentonite showed 115 + 20 gmol CO, g cellulose at
2945 days and amended inoculated samples showed 21.9 + 3.3 pmol CO; g cellulose
Unamended inoculated samples with bentonite showed 541 + 135 umol CO, g ! cellulose
at 2945 days and amended inoculated samples showed 618 + 125 umol CO, g ! cellulose.
This is a decrease of 20, 4.9, 50, and 55 umoles CO,, respectively, over 329 days since
the last analysis. It is important to note that samples that show a larger deviation from the
mean generally show evidence of microbial activity (irending toward positive gas
production). The jarger spread in the data is indicative of microbial processes that may
be occurring at slightly different rates in the active samples due to differences in overall
microbial population or metabolic capability. Samples with a smaller variation in values
between triplicate bottles have generally ceased to show additional microbial gas
production.

ANALYSIS OF METHANE IN ANAEROBIC HUMID SAMPLES

Methanogenesis is a potential gas-consuming microbial process that may occur
under repository conditions. In addition, methanogenic bacteria are extremely sensitive
to changes in pH, Eh, the presence of oxygen (O2), and have seldom been found to
metabolize complex organic substrates under hypersaline conditions (Oren, 1999). The
entire set of samples from the anacrobic humid celflulose biodegradation experiment was
analyzed for the presence of methane at 2653 days (7.3 years) incubation. Methane was
analyzed by gas chromatography using flame ionization detection and a set of National
Institute of Standards and Technology-traceable calibration gases ranging in
concentration from 5 to 100 ppm. Methane was detected in unamended inoculated
samples with bentonite and amended inoculated samples with bentonite, but was below
detectable (<0.1 nmol ml™) in all other samples. Table B summarizes the results of this
analysis.

Table B. Methane Analysis of Anaerobic Humid Samples at 2653 Days Incubation

Sample Methane (nmol g'1 cellulose)
Unamended inoculated + bentonite 255+1.2
Amended inoculated + bentonite 326+93
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Gillow and Francis (2002) provided data for methane produced under inundated
conditions; in these samples at 3462 days incubation (9.5 years), unamended inoculated
sample with bentonite showed 4.51 % 0.06 nmol CH, g™ cellulose and amended
inoculated samples with bentonite showed 3.41 + 0.13 nmol CH, g’ cellulose. Under
humid conditions, and in the presence of bentonite, the production of methane appears
more favorable; in unamended samples methane production was 6x greater than under
inundated conditions and almost 10x greater for amended humid samples. This is further
evidence of the stimulatory effect of bentonite on microbial activity and also verifies the
presence of viable methanogenic bacteria, which should be capable of methanogenesis in
all of the samples if conditions are favorable. In addition, the maintenance of strictly
anaerobic conditions is verified by methanogenic bacterial activity which cannot occur
even in the presence of trace O, (Ramakrishnan et al., 2000). The potential remains for
the consumption of CO; by methanogenic bacteria and additional analyses will provide a
suitable data set to compare CO, consumption with methane production.

ANALYSIS OF METHANE IN SAMPLES CONTAINING PLASTIC AND RUBBER MATERIALS

Plastic and rubber materials consist of long repeating single bonded carbon chains
and are usually quite resistant to biodegradation. Irradiation causes the polymer to break
down due to free radical formation, in addition there can be cross-linking of the polymer
chain after free radical formation and reduction of the molecular mass of the polymer
(Woods and Pikaev, 1994). The extent of biodegradability of plastic and rubber
materials, both unirradiated and radiation-damaged, under WIPP-repositery relevant
conditions are being evaluated in studies initiated in 1993. Details of the experiment are
provided elsewhere (Francis et al., 1997). Briefly, sheets of polyethylene (PE),
polyvinylchloride (PVC), neoprene (NE), hypalon (HY) and leaded hypalon (LHE) were
subject to electron-beam irradiation at Argonne National Laboratory’s linear accelerator
to create lower absorbed dose (700 Mrad, or 7 MGy) and high absorbed dose (4000-
6000 Mrad (40-60 Mgy)) samples for study. Unirradiated and irradiated material was
prepared to 2 cm” sub samples and these were added to serum bottles and inundated with
mixed inoculum/G-Seep brine mixture. Samples were capped with butyl rubber stoppers
and have been assessed for total gas, CO,, H,, N0, and CHy; attributable to
biodegradation of the polymer. Previously, at 7.2 years incubation, total gas and CO, was
analyzed in these samples. Methane was last analyzed in samples containing PE, PVC,
and HY at 840 days incubation, and in samples containing HY at 664 days incubation.
Here results for CH, analyses at 3070 days (8.4 years) incubation for PE, PVC, and NE
and 2926 (8 years) for HY are summarized in Table C (anaerobic treatments only).



Table C. Analysis of Methane in Samples Containing Plastic and Rubber
Materials. Nd = Not Detected.

Anaerobic Treatment

Incubation Time

T=840 days

T=3070 days

Methane (umol sample'l)

Samples without polymer

(no irradiation)

Unamended 0.91x0.14 0.99 +0.20
Amended 403 +0.17 3.65+0.11
Polyethylene
Unirradiated — Unamended 0.85 0.53
Amended 214 +£1.52 2501026
Lower-Dose- Unamended 1.01 0.72
Amended 4.13 £0.02 3.04 £0.11
" High-Dose — Unamended 1.02 0.70
Amended 4.29+0.13 1.73 £ 1.20
Polyvinylchloride
Unirradiated — Unamended 1.27 1.00
Amended 4.88 £0.11 3.50 £0.37
Lower-Dose-Unamended nd nd
Amended nd 0.004 = 0.004
High-Dose -~ Unamended nd 0.01
Amended 0.03 £0.02 0.04 +0.04
‘Neopreme T
Unirradiated ~ Unamended 0.03 0.02
Amended 4.03 +0.22 2.64 +0.34
Lower-Dose- Unamended nd 0.01
Amended 3.87+0.23 3.05+0.14
High-Dose - Unamended nd 2.79
Amended 491 +0.04 3.71+0.01
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Incubation Time

T=840 days T=3070 days
Anaerobic Treatment Methane (gmol sample™)
Hypalon T=664 days T=2926 days
Unirradiated — Unamended nd 0.01
Amended 0.02 +0.00 0.02+£0.01
Lower-Dose- Unamended nd 0.02
Amended 0.01 +0.00 0.02 £ 0.01

Over a period of 2230 days incubation (6.1 years) the concentration of CH, in
almost all samples containing polyethylene, polyvinylchloride, and neoprene did not
increase but remained nearly equal to that measured at 840 days incubation. The
exception to this was the unirradiated polyethylene, which increased from 2.14 + 1.52
pmol sample at 840 days incubation to 2.50 + 0.26 pmol sample'] at 3070 days;
however, this does not appear to be statistically significant. In addition, samples
containing hypalon did not show any increase in CH, over 2262 days incubation (6.2
years). The concentrations of methane detected at 664 and 840 days and at 2926 and
3070 days are extremely consistent indicating that no further methanogenesis has
occurred in these samples. The CHy detected is most likely the result of metabolism of
dissolved organic C in the mixed inoculum/inundation fluid; however, additional
methane production due to biodegradation of the polymer is not evident. The inhibitory
effect of irradiated PVC remained after 6.1 years indicating that the degradation products
produced due to irradiation continug to be toxic to the microbial consortium in the
samples. Additional analyses, including quantification of CO; in the samples since the
last time period of this analysis (7.2 years), is planned. Characterization of the polymer
using solid-state techniques (infrared spectroscopy), specifically in the case of PE, at this
stage of incubation is also planned and will provide a more sensitive means of assessing
the extent of biodegradation of the polymer.

MICROBIAL GAS GENERATION UNDER CONDITIONS OF MgQ-CONSTRAINED
WATER ACTIVITY

The two experiments in-progress at BNL are examining gas generation due to
cellulose biodegradation under humid conditions. Samples were prepared to maintain a
70% RH environment. Most of the samples in these experiments received 2.0 to 2.5 ml
of liquid (2.0 m! of liquid inoculum or 2.0 ml of liquid inoculum and 0.5 ml of a nutrient
solution). Experiments performed at an RH of 70% may no longer appropriately simulate
WIPP disposal rooms post-closure due to the fact that MgO is being emplaced.

Microbial gas generation rates under MgO-constrained humid conditions may be much
lower due to sequestering of water, which is necessary for microbial activity. An
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experiment procedure has been prepared that tests microbial activity under more relevant
MgO-constrained water activity conditions. In order to obtain relevant gas generation
data rapidly and accurately, the following was used: (1) a “dry” inoculum; (2) He.
labeled substrate (for metabolism and growth); (3) extremely sensitive techniques for
capturing and quantifying microbially produced CO, (alkaline trapping and '*CO; liquid
scintillation counting). The experiment is described briefly.

Inoculum Preparation

The facultative anacrobe Halomonas sp. (WIPP-1A) was grown in the following
media for 48 hours:

WDn Medium (g L'l)
Sodium succinate 5
Potassiwm nitrate 1
Potassium phosphate monobasic 0.25
Yeast extract 0.25
Sodium chloride 200

pH 6.8-7.0
Filter sterilized 0.45 um

The optical density (0.d.) of the culture at 48 hours was 0.8 (measured at 600 nm).
The culture was centrifuged at 5,000 xg for 20 minutes, the supernatant decanted, and
resuspended in sterile WDn medium diluted 1-4 and centrifuged again at 5,000 xg for
20 minutes. The supernatant was decanted and the cell pellet was resuspended in 20 ml
of sterile WDn medium to prepare the inoculum. The o0.d. of the inoculum was measured
(1.0) and 1.0 ml was preserved with formalin (10% v/v) for direct counting by
microscopy. The sample was split into two 10-ml aliguots and air-dried for 1-week
followed by final drying in an oven at 30°C.

Sample Preparation

Glass serum bottles (60 ml) were acid washed (10% HCI), rinsed with DI water,
autoclaved at 120°C, 20 psi, and air-dried at 80°C overnight. Once dried, 2 m] of WDn
medium was added to each of 24 bottles. To six bottles, 40 ml of medium was added.
Radiolabelled succinic acid, obtained from PerkinElmer Life Sciences, was added to each
of the bottles. Exactly 5 ul of a3.7 MBqml" 1,4-"*C-succinic acid solution was pipetted
into each bottle for a total of 1.1 x 10° dpm of '*C in each. Sample bottles containing
2 ml of solution were placed in a desiccator along with a 20 ml sterile glass vial
containing 10 ml of 0.5 N NaOH to trap, and quantify, any **C-CO; evolved during
drying. Samples remained in the desiccator for seven days during which time “c.co,
was not evolved, followed by final drying in an oven at 30°C until dry at which time
12 bottles received air-dried moculum (0.1 g inoculum bottle). Tubes (13 x 120 mm,
glass, sterile} of saturated salt solutions were added to the bottles in order to maintain the
relative humidity at a desired level. An additional 12 bottles received the WDn nutrient
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solution but not the *“C substrate and were air-dried. Thesc bottles were used to prepare
triplicate samples for humidity testing during the course of the experiment to verify the
humidity inside of the bottles using a portable digital humidity meter (Rotronic,
Switzertand). The treatment matrix for these experiments is summarized in Table D.

Table D. Treatment Matrix For C-14 Humid Study

Treatment Relative Humidity
Inundated 70 % 60% 40% 10%
(G-Seep) (NaBr) (Nal) (Lil)

Number of Sample Boitles

Inoculated 3 3 3 3 3
Uninoculated 3 3 3 3 3
Humidity test 3 3 3 3 3

Samples were capped with thick butyl rubber stoppers (Betlco, NI) affixed with
I-ml sterile glass tubes by running a sterile stainless steet (Nichrome V) wire through the
stopper and wrapping the tube to hang it within the bottle. The samples were placed into
an incubator set at 30 + 2°C and alarmed for temperature excursions. The inundated
samples serve as a test for inoculum viability and it is expected that CO, production will
be detected in these samples after a short amount of time relative to humid samples. At
approximately 2 months 1.0 mi of sterile 0.5 N NaOH will be added to the hanging-tube
within the bottles by using a sterile needle and syringe. The NaOH will be left in the
bottle for 1 hour (reaction time is currently being optimized) in order to capture the 1*C-
CO; that is produced in the bottle. The NaOH will then be withdrawn and added to 10 ml
of Ultima Gold XR (Packard Instrument Corp.) scintillation fluid for analysis by liquid
scintillation counting (LSC). The LSC has a minimum detectable amount of 20 dpm e,
which will correlate with metabolism of 7.2 x 10" mol of **C-succinate (1.74 x 10 mol
of C-succinate will be present in each bottle). The extreme sensitivity of this method to
succinate metabolism and CO; production will provide a means of assessing and
quantifying microbial activity under the MgO-constrained water activity that simulates
the current WIPP repository design. Results of the first round of analyses of these
samples will be provided prior to the end of FY'02.



ONGOING WORK

» A draft manuscript, planned for submittal to a peer-reviewed journal, has been
prepared that details gas production due to cellulose biodegradation under
hypersaline conditions; this is currently undergoing review and revision at SNL and
BNL.

. The experiment to examine microbial growth and gas production under conditions
of MgO-constrained water activity is underway and analyses continue.

FUTURE WORK

. Total gas, CO,, and CH, will be analyzed in samples prepared to examine gas
generation due biodegradation of cellulose under inundated conditions.

o Total gas and CO; will be analyzed in samples containing plastic and rubber
materials.

. Material characterization techniques including infrared and x-ray spectroscopy will

be used to assess the extent of biopolymer degradation due to microbial activity in
samples containing cellulose and plastic and rubber materials thus providing an
assessment of polymer crystallinity and its relation to the extent and rate of gas

generation

. A manuscript concerned with methanogenesis under hypersaline conditions will be
prepared for submittal to a peer-reviewed journal.

. A manuscript detailing the effect of bentonite on microbial activity will be prepared

for submittal to a peer-reviewed joumal.
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Table 1. Total Volume of Gas Produved in Initially Aerobic Humid Treatments (without bentonite)

Treatments (without hentonite) Volume of Gas Produced (mifsample)
Incubation Time (Days)
& 120 317 399 293 804 2553 3009 3334
Contro!
Empty bottle 7.15 022 0.28 1.08 1.18 2.61 0.73 X7 1.24
Blank {tube+brine only) 574 -2.27 -0.68 0.14 0.52 0.32 -0.89 1.88 -1.18
Mo cellulose (salt/ inoculum/ tube+brine) 623 & 009 236 & 0.04 021 + 007 073 x 007 0.23 + 004 301 + 022 -0.48 + 0.BT 020 + 0.02 062 ¢ 005

Carbon Source: Cellulose Only

Unamended uninoculated 687 ¢ 0.11 003 + 185 -0.41 + 002 020 + 014 012 ¢ 003 1.10 & 097 0.77 £ 016 s4 0.38 L7535 + 012
Unamended inoculated 750 ¢ 0.33 031 + 162 0.19 & 033 061 £ 025 031 ¢ 0.05 129 ¢+ 0.25 1.15 £ 0.39 291 ¢ 049 09 & 014
Amended uninoculated 698 + 0.18 -0.03 + 1.68 023 + 0.10 {029 = 013 0.20 + D.10 050 ¢ 0.1 1.26 £ 0.24 212 ¢+ 036 073 0+ 007
Amendad inoculated 7.39 + 011 021 & 157 -002 + 018 -0.38 = 007 013 + 0147 077 + 018 0.9 £ 012 133 + 0.27 046 £ 040
Carbon Source: Cellulose + Gilucose
Arnended uninoculated 845 + 0.1 -2.08 075 £ 000 006 £ 021 002 & 014 013 = 0.25 105+ 022 110 = 0.77 NA
Amended inoculated 7.03 & 007 92 ¢ 01 079 & 033 035 £ 023 015 & 0.04 0,50 ¢ 0.22 1.15 + 0.00 131 + 040 MA
Amended uninoculated (RG salt) A 3,12 1,98 ¢+ 1980 080 £ 0.11 034 + 033 018 + 0.40 287 £ 099 209 + 029 NA
Carbon Source: Celluiose + Succinate
Amended uninoculated (wf acetylene)} 19.5 NA 0.64 010 1.66 <010 1.08 1.05 NA
Amended uninoculated {w/o acetylene) £.15 -2.08 0.98 -0.37 0,08 072 0.74 0.22 NA
Amended inoculated (wf acetylene) 29 NA 1.17 0.35 «0.34 410 NA NA MA
Amended inoculated {w/o acetylene} 5.88 -2.29 127 0.05 0.17 0.72 2.18 1.25 A,

RG satt = reagent grade NaGCl was used in this treatmemnt in place of WiPP sait
=not anahyzed
3334 day data from notebook JG121101
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Table 2. Total Volume of Gas Produced in Initially Aerobic Humid Treatments (with bentonite)

Trealments (with benionite) Volume of Gas Produced (mifsample)
Incubation Time (Days)
B 120 7 308 593 804 2553 3009 3334
Control
Empty bottle 715 0.x 028 1.08 119 251 0.73 337 1.24
Blank (tube+brine onty) 5.74 227 -0.68 014 0.52 032 -0.89 1.88 -1.18
Ne cellulose (salt/ inoculum/ tube+brine} 726 ¢ 003 -242 + 0.08 -0.42 + 0.07 052 + 018 033 + 0.04 1.66 + 085 1.47 + 0.51 111 = D48 080 + 014
Carbon Sourge: Celluiose Only
Unamended uninoculated 567 + 000 103 + 1.41 062 + 047 039 ¢ 015 031 ¢ 005 001 + 010 138 + 0.25 467 £ 0.34 21 ¢ 046
Unamended inoculated 635 + D48 059 + 152 041 t 013 -0.40 + 0.08 005 + 042 002 + 032 1.05 + 0.30 239 ¢ 069 076 t+ 0.15
Amanded uninnculated 6.09 + 0.00 0038 + 185 0oy + D13 015 + 013 011 & 005 018 + 027 205 £ 099 1.36 &+ D.29 045 ¢+ 003
Amended inoculated 781 & 028 078 ¢ 1.56 035 + 0341 002 + 024 o011 x 044 051 + 019 1.15 £ D18 043 + 048 002 + 0.00
Carbon Source: Celiulose + Glucose
Amended uningculated 635 + 0.04 -1.98 -1.45 ¢ 028 009 + 025 007 + 007 103 + 076 1.41 £ D.40 338 + 076 NA
Amended inoculated 729 + 01 145 £ 007 542 + 007 023 x 011 020 + 004 128 + 0.83 1.20 + 0.04 NA NA
Amended unincculated (RG salt} NA 2.60 1,78 + 157 082 ¢ O 013 + 004 159 + 0.76 1.26 £ 0.37 406 + 0.22 NA
Carbon Source: Celfulose + Succinate
Amendad uninoculated (w/ acetylene) 18.7 NA 074 015 0.07 -0.63 1.46 218 NA
Amended uninoculated (w/o acetylene} 5.56 -1.88 171 -0.76 027 -0.33 0,84 230 MNA
Amended Inoculatad (w/ acetylene) 18.0 NA 200 0.05 0.10 0.55 NA NA NA
Amended inoculated (wio acetylene) €482 229 2.30 067 -0.11 1.16 0.74 019 NA

RG salt = reagent grade NaCl was used in this traatment In place of WIPP salt
NA=not analyzed
3334 day data from notebook JG121101
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Table 3. Production of Carbon Dioxide in Initially Aerobic Humid Treatments (without bentonite)

Treatments (without bantonile) Carbon Dioxide {pmales/sample)
Incubation Time (Days)
L] 120 317 399 533 804 2553 3009 3334
Control .
Empty bottle 4.05 497 498 4.94 487 27 2,68 2.54 .07
Blank (tubetbrine only) 418 464 4.54 453 300 2.76 2.74 3.50 3.48
No cellulose (salt / inoculum/ tube+brine) 783 1+ 018 140 ¢+ 0 10,7 £ 03 a2 + 006 628 + 022 361 £ 018 355 ¢ 0.2 283 Q.08 28 + 0

Carbon Source: Cellujose Only

Unamended uninoculated 745 + 021 107 + 02 122 £ 07 122 + 09 112 £ 15 8.96 & 182 BT3 + 243 740 £ 1686 580 + 114
Unamended inoculated 11.7 ¢ 041 560 + 44 726 + 114 655 x 115 453 ¢ B1 276 ¢ 583 12 £ 3.25 104 + 268 B9 + 241
Amended uninoculated 140 + 11 281 + 0B 241 + 1.8 229 ¢ 26 174 & 31 122 ¢ 2.7 6.08 + 1.78 623 & 1680 554 s+ 188
Amended inoculated 3B9 + 13 424 + 15 31+ 24 248 + 29 147 t 24 821 + 175 448 ¢ 1.09 3.9 r 056 335 t 029
Carbon Source: Celfifose + Glucose
Amended uninoculated 127 + 04 327 397 &+ 06 386 + 1.2 B0 + 307 265 + 45 29.83 + 584 284 + 10 NA
Amended inoculated 283 &+ 186 183 t 98 236 ¢ 140 166 % 95 79.8 + 308 282 1 80 91 ¢ 146 B41 £ 277 NA
Amended uninoculated (RG saft) NA 36.0 448 + 01 465 % 01 474 + 26 394 t+ 56 56.81 ¢ 3.99 610 = 58 NA
Carhon Sodrce: Celilose + Succinate .
Amended uninoculated (w/ acetylene) 15.1 NA 28,8 277 21.0 168 2212 NA NA
Amended uninoculated (wio acetylene} 15.7 26.0 227 19.7 14,4 7.06 475 3325 NA
Amended inoculated {w/ acetylene) 14.5 MA 1384 1450 1470 1270 NA NA NA
Amended inocutated fwin acetyiens) 158 42.4 40.0 w2 29.8 238 16.86 13 NA

R salf =Taagent grade Nall was used In this treatment In prace of WIPP sall
NA=not analyzed
3334 day data from notebook JG121101



Table 4. Production of Carbon Dioxide in Initially Aerobic Humid Treatments (with bentonite)

Treatments (with bentonile) Carbon Dicxide {(pmoles/sample)
Incubation Time (Days)
B 120 37 399 593 B804 2553 3008 3334
Control
Empty bottle 405 4,97 4.96 4.94 4.87 2m 268 2.94 aqr
Biani (tubetbrine only) 418 4.64 4.54 483 3.00 276 274 3.50 348
Mo cellulase (salt / inoculum/ tube+brine) 342 + 08 164 + 1 168 = 8 144 2 4 881 + 08 423 + 30 16.13 + 452 136 & 4 WweE £ 25

Carbon Source: Cellidose Only
Unamended

uninoculated 815 2 058 121 + 06 132 ¢+ 06 131 » 03 1.0 £+ 05 982 & 015 998 + 1.15 t05 £ 03 102 + 03
Linamended inoculated 207 ¢ 00 172 £ & 273 + 25 268 ¢+ 44 219 + &1 184 + 76 233 + 132 258 ¢+ 180 311+ 228
Amended uninoculated 152 + 09 522 + 18 4989 + 11 451 ¢ 2.4 332 1 42 231 & 55 221 + 629 151 ¢ 69 120 t 64
Amended inocutated 537 x 24 1030 + b0 1620 + 30 1600 = 40 1520 + 40 1469.8 &+ 40 1059 + 207 858 = 219 626 & 250
Carbon Sowce: Cefilose + Ghucose
Amended uninoculated 148 + 05 46.3 590 ¢ 364 623 ¢+ 394 694 1+ 438 631 + 41 53.8 ¢ 263 505 + 27.5 NA
Amended inocutated 449 ¢ 26 1580 + 4D 1240 + 20 1250 + 160 1240 + 240 B16 + 335 964 + 230 nfa NA
Amended uninoculated (RG sait) NA 39.5 508 + 1.3 5486 1 24 557 + 67 457 + 86 820 + 370 90.7 & 453 NA
Carbon Source: Celiufose + Succinate
Amended uninoculated (W acetylene) 29 NA 50.0 50.8 46.1 389 278 277 NA
Amended uninoculated {w/o acetylene} 21.7 47.7 50.4 468 43.6 37.3 340 303 NA
Amended inoculated (wf acetylene) 38.5 NA 1430 1470 1540 1460 NA NA NA
Amended inoculated (w/o acetyleng) 528 130 1460 1500 1520 1400 631 320 NA

RG sait = reagent grade NaCl was used in this treatment in place of WIPP salt

NA=not analyzed
3334 cay data trom notebook JG 121141
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Table 5. Summary of Carbon Dioxide Production per gram Cellulose in Initially Aerobic Humid Treatments (including corrected data)

Treatments Carbon Dioxide {umotles/ gram cellulose)
without bentonite incubation Time {Days)
B 120 317 389 o593 and 2553 3009 3334
Control
No cellulose (saltf inoculum/ tube+brine) 793 + 0.19 140 ¢ 01 107 £ 0.3 921  0.06 638 ¢+ 0722 361 + 018 3585 £ 0.2 289 ¢ 008 287 ¢ 0
Carbon Solrce: Cellulose
Unamended inoculated 11.7 = 09 560 x 4.4 726 £ 11.4 655 * 11.5 453 «x 8.1 276 5.3 120 £ 325 104 £ 268 896 2.4
Amended Inoculated 359 ¢ 13 424 ¢ 15 M1 £ 24 248 + 2.9 147 ¢ 24 821 + 175 448 ¢ 1.09 396 + 056 335 = 0.29
[ Unamended inoculated (cormected)* 377 1 022 421 £ 44 620 + 11.4 563 & 115 389 + BA 240 + 53 B45 + 326 751 + 268 609 ¢ 241
Amaended inocuisted {comacted)™ 280 + 1.3 285 + 15 205 + 24 156 + 29 B.32 + 2.41 460 + 1.76 0.93 +1.11 1.07 &+ 057 048 + 0.29
Treatments Carbon Cloxide {umoles/ gram cellulose)
with bentonite Incubation Time {Days)
[i] 120 347 399 593 804 2553 3009 3334
Controf
No cellulose (salt/ inoculum/ tube+brine} 342 + 08 164 2 1 168 + 8 144 + 4 891 & 08 423 ¢+ 3 16.13 + 452 136 + 40 106 + 25
Carbon Source: Celiufose
Unamended inoculated 207 £ 00 172 £ 5 273 £+ 25 268 + 44 21¢ + 81 184 * 76 233 ¢ 152 258 ¢ 180 311 t 228
Amended inoculated 537 ¢ 24 1033 t 76 1623 + 26 1800 + 44 15200 = 40 1470 & 40 1059 & 207 858 + 219 626 t+ 250
Unamended incoulated (corrected)™ -1a5 + 08 a00 £ 541 05 £ 26 124 3 44 130 ¢ 81 142 + 76 217 £ 152 244 + 1BO 300 = 228
Amended incculated (corracted)* 195 + 2.5 869 + 78 1455 + 28 1456 + 44 1431 _+ 40 1428 + 40 4043 + 207 f44 + 219 615 2 250

* Thase samplas have been comected with the appropriale conlrol for gas prodiiction in the absence of caliulose
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Table 6. Total Volume of Gas Produced in Anaerobic Humid Treatments (without bentonite)

Treatments (withouf benlonite) Total Volume of Gas Produced {mifsample)
Days
gas produced” gas producad gas produced gas produced gas preducad gas produced
[ 100 {94 d) 140 {40d) 415 (275 d) 158 (1741 ) 2616 {480 d) 2045 @204
Controf
Ermpty bottle 798+ 059 462+ 054 -3.38 361 + 066 <1.01 201 = 1.04 -1.60 0.72 -1.28 0% 0.43 23 + Q.48 222
Blank (tubat+bring anly) 8852+ 038 381+ 034 -3.04 280 + 027 <1.01 037 £+ 1.02 243 0.89 -1.28 nfa D85 = OM
No cellulose {saltf inoculuny tube+btine) 649 & 0.04 307 & Q07 -3.42 158 ¢ 0.63 1.51 276 : 0.88 1.20 553 277 233 -3.20 -087 + 083 290
Carbon Source: Celfulose Onfy
Unamended uninoculated 733 + 08B0 159 % 1.25 S5.74 001 £ 107 -1.68 226 = 017 227 0.08 £ 0.18 235 251 + G5B 242 084 % 073 -315
Unamended incculated 948 + 045 240 £ 123 -7.09 147 £ 1.39 1.23 028 £ 1.23 -1.45 200 & 1.02 228 142 + 056 -D.58 050 0.3 -1.82
Amended unineculated 750 £ 013 093 t 128 £57 092 ¢ 112 -1.85 .87 & 024 0.95 1.70 £ 1.05 387 186 = 1.0 018 057 ¢ 0.74 243
Amendad inoculated 7.64 £ 037 089 + 060 -B.75 054 ¢ 1.02 -1.43 A07 £ 115 -0.53 0.43 = 0.00 1.50 018 &+ 015 -0.24 1.48 t 1.14 128
Amended inoculated (w/ moetylens) 204+ 04 166+ 08 -3.87 1495 048 -1.51 715 & 518 -1.80 0.32 & 0.08 6483 025 & 023 -0.07 NA
Carbon Scurce; Cellulose + Glucose
Amended uninoculated 855 2 063 382 2 073 273 207 + 068 .75 051 & 0.44 -2.58 250 + 062 3.0 187 + 062 0.93 NA
Amended inosulated 718 & 004 483 = O -2.35 177 = 110 -3.08 0688 £ 190 -1.08 327 £ 1.74 259 234 + 189 -0.83 NA
Amended uninoculated (RG salt) 680 + 0.00 235 + 180 -4.25 018 + 228 27 008 £ 1.43 -0.09 3.83 & 0.5% 3.74 127 ¢ 045 -2.58 NA
Carbon Source: Cetulose + Succinate
Arnended uninoculated (w/ acetylene) 189 01 108 ¢ 4.1 -8.11 368 & 190 7.45 Bt £ 524 445 NA NA 1.80 NA
Amended uninoculated (wio acetylena) 830+ G189 450+ 028 -41.80 421 + 037 028 249 2 1.80 172 8.68 6.20 NA NA
Amended inoculated (w/ acetylene) 187+ 01 727+ BB3 =11.48 683 + 843 0.44 846 1 432 037 570 + 3.19 0.76 325 <245 NA
Amended inoculated (wio acatylene) 587 + 0.04 170« 1.72 -3.97 067 £ 1.1 -1.03 246 = 1.81 178 7.05 450 NA NA
RG zalt = reagent grade NaCl was used in this treatment in place of WIPP salt
NA=pot analyzed
*net gas produced batween two time periods (duration bet ly givan in par
2945 day data from notebook JG121101
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Table 7. Total Volume of Gas Produced in Anaerobic Humid Treatments {with bentonite)

Trealments (with bentonife) Total Volume of Gas Produced (mifsample}
Days
gas produced* gas produced gas produced gas praduced gas produced gas produced
6 100 {94 d) 140 {40 d 415 (275 d) 2156 (1741 d) 2616 {460 d) 2545 (329d)
Control
Empty bottla 798+ 0549 462 + 054 -3.36 361 t (0466 -0 201 £ 104 -1.80 072 428 0.2 043 251 D4R n
Blank (tube+brine only} 685+ 038 381 + 034 -3.04 280 t 027 -1.01 037 + 1.02 -243 -0.89 -1.28 nfa 085 = 0.11%
No cellulosa (salt/ inoculum/ tube+brine) B.18 * 0.18 480 * D37 -1.58 087 £ 1.85 373 1,93 ¢+ 037 1.06 -1.7¢ -3,72 078 257 83 = 0.1 -1.61
Carbon Source: Cellulose Only
Unarnended uninocuiated 722 » 025 281 + 090 -4 1.40 2 1.22 -1.51 -D&5 £ 105 -2.05 09§ £ 052 1.63 104 £ 028 -2,02 0.00 + 0.79 1.04
Unamended inoculated 8683 + 003 636 + 1.22 -0.27 588 % 3N -0.50 11.22 & 542 5.38 637 + 206 -4.85 059 + 062 -6.96 -3.08 ¢ Q.60 -2.50
Amended uninoculated 618 x DD8 372 ¢+ 051 -2.46 187 = 1.1 215 -079 + 1.06 236 1.05 + 0.47 1.84 292 + 056 1.87 424 + 063 -4.16
Armnended inoculated 881 + 012 104 + 1.7 359 1531 £ 170 491 860 + 297 -B8.71 258 + 1,49 -6.02 162 + 0.20 -1.06 219 % 118 -371
Artended inoculaled (w/ acetylene) 18.2 03 17.2 ¢+ 03 -1.02 t5.54 ¢+ 0.74 -1.61 732 t 511 -8.22 816 + 420 0.84 622 = 244 -1.54 MNA
Carbon Source: Cellulose + Glucase
Amended uninotulated 718 t+ 004 318 + 110 -4.00 038 ¢ 077 -3.57 -1.91 + 000 -1.52 018 2.10 -0.43 -0.62 NA
Amended inoculated 687 ¢ 011 979 ¢ 373 282 787 + 478 -1.92 746 % 6.62 <041 7.73 + 482 0.27 773 + 4583 0.00 NA
Amended uninoculated (RG salt) 7AB t 044 5581 « 004 .87 327 & 029 224 243 3+ 095 .84 823 £ 135 380 501 + 094 1.2 A
Carbon Source: Cellulose + Succinate
Amended uninoculated (w! acetylone) 199 + D4 a3 214 -11.52 475 & 305 -381 -1.54 + 0.03 -6.28 234 082 388 151 £ 010 -0.83 HA
Amended uninaculated (W/o acetylena} 79 &+ 048 426+ 110 -3.65 320 * 103 -108 385 3 024 0.66 337 + 203 -0.49 286 1 1.60 -0.51 HA
Amended inocuiated (wf acetylene) 186+ DA B7x 05 -2.89 359 2 401 B892 536 + 500 -3.23 10.04 4.58 1.46 -8.58 NA
Amended ingculated (wio acetylene) 676 ¢+ 018 102+ 03 3.42 1041 2 122 023 384 + 194 -B8.57 -0.53 -4.37 0.50 1.03 NA

RG salt = reagent grade NaClwas used in this treatment in place of WIPP saft

NA=nat analyzed

*net gas produced between two time periods (duration between analyses given in parenthasas).
2845 day data from notebock JG121101



Table 8. Production of Carbon Dioxide in Anaerobic Humid Samples (without bentonite)

Treatmenis (without benfonife) pmaotes CO./Sample
Days
6 100 140 415 2156 2616 2945
Controf
Empty bottle 000 + 000 068 + 048 134 + 095 000 ¢ 0.00 413 1.84 180 <+ 0.09
Blank (tube+brine only} 000 £ 0.00 032 + 022 000 = 0.00 000 ¢+ 0.00 2.14 239 237y + 004
Salt / incculum/! tuber+brine {no celiulose) 380 + 0.01 590 ¢ 011 763 + 1.08 164 + 06 835 6.81 538 =+ 187
Carbon Source: Celiufose Orly
Unamended uninoculated 407 + 0.09 544 £ 010 622 » 082 805 + 0.18 158 + 046 177 + 03 165 £ 0.8
Unamended inoculated 113 + 012 259 + 38 361 £ 70 890 i 244 163 + 38 42 ¢ 28 120 20
Amended uninoculated 334 + 022 343 + 144 398 + 08 323 + 15 135 + .76 312 + 70 251 % 8.0
Amended inoculated 169 & 1.15 B4 t 08 404 + 08 347 + 09 182 = 1 336 = 1.0 273 & 27
Amended inoctilated (w/ acetylene) 127 + 13 385+ 22 427 + 28 61.0 + 169 473 + 17 785 ¢ 270 n/a
Carbon Source: Caflulose + Glucose .
Amended uninoculated 334 + 027 235 + 18 313 + 00 386 & 2.4 429 + 52 549 + 89 NA
Amendad inoculated 177 = 047 398 £ 0.2 422 + 08 M8 ¢ 42 528 + 108 588 3 122 NA
Amended uninoculated (RG salt) 407 + 037 198 + 24 289 + 08 263 + 29 478 ¢ 122 482 1 197 NA
Carbon Source: Cellulose + Succinate
Amended uninocculated (w! acetylens) 321 £ 0.04 225 + 08 294 + 25 288 & 30 NA 38 x T2 NA
Amendad uninoculated {wio acetylena) 319 + 018 214 ¢+ 02 278 + D5 341 + 25 934 NA, NA
Ameanded inpculated (w/ acetylene) 135 + 07 784 + 334 123 + 63 308 + 175 g9.8 132 9 NA
Amended inoculated (wfo acetylene) 148 + 02 605 + 160 108 = 21 328 + 78 1034 NA NA
RG sall = reagent grade NaCl was used In this treatment in place of WIFF salt
nfa =not analyzed
2945 day data from notebook JG121101
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Table 9. Production of Carbon Dioxide in Anaerobic Humid Samples (with bentonite)

Treatments {with bentonits) pruoles COy/Sample
Days
] 100 140 415 2156 2616 2945
Controf
Empty bottle 0.00 %+ 000 068 + 048 134 + 085 000 + 0.00 413 1.84 180 = 0.08
Blank {tube+brine onky) 000 + 0.00 032 + 022 000 + 000 0.00 + 0.00 2.14 238 237 #* 0.04
Salt / inoculum/ tube+brine (ne cellulose) 142 £ 0.51 366 + 6.1 398 + 55 516 t+ 34 93.8 5821 + 1441 639 = 113
Carbon Source: Celiulose Only
Unamended uninoculated 504 + 0.15 121 £ 32 144 + 36 265 + 89 376 = 19.1 705 + 364 807 = 406
Unamended inoculated 203 £+ 0.2 937 + 26 186 + 6 434 + 39 483 ¢ 133 650 % 175 605 + 134
Amended uninaculated 665 + 0380 3_/2 + 15 455 + 15 4956 + 18 41.7 & 22 703 + 43 671 10.1
Amended inoculated 322 14 250 = 30 473 = 25 442 + 152 554 x 35.7 732 + 47 682 + 1240
Amended inoculated (w/ acetylene) 268 + 0.7 840 + 186 123 ¢ 30 251 + 82 558 % 270 609 + 273 NA
Carbon Source: Ceffilose + Gliucose
Amended uninoculated 671 + 0.12 45 1 02 531 + 04 843 + 1.0 117 201 + 4 NA
Amended inoculated 34 £ 07 396 £ 13 487 + 1 584 + 28 754 + 94 841 + 16 NA
Amended uninoculated (RG sal) 528 + D45 459 + 07 551 + 14 749 + 22 178 £ 3 200 £ 1 NA
Carbon Source: Cellulose + Succinate
Amended uninoculated (w/ acetylene)} 577 = 080 0.00 + 0.00 415 t 31 367 £ 08 485 + 05 750 t 63 NA
Amended unincciilated (w/o acetylene) 858 £ 0.74 449+ 1.8 515 + 10 540 + 2.0 794 + 34 448 + 0.8 NA
Amended inoculated (wf acetylene) 27.7 £ 027 703 £ 2.7 114 = 0 324 & 30 447 568 NA
Amended inoculaled (w/o acetylens) 280 % 082 237+ 2 37 + 6 516 + 0 1356 944 = 110 NA

RG salt = reagent grade NaCi was used in this treatment in place of WIPP salt

NA=not analyzed
2945 day data trom notebook JG121101



Table 10. Summary of Carbon Diexide Production per gram Celluloss in Anasrobio Humid Samples

Treatments Carbon dioxide (Umoles/ gram cellulose)
without bentonite Days
& 100 140 415 2156 2616 2545
Cantrol
No cellulose (salt/ inoculum/ tube+brine) 360 + 001 59 = 01 764 t 1.08 164 + 06 B35 6.81 536 1.97
Carbon Source: Cellulose
Unamended incculated 1.3 = 01 259 1+ 38 381 ¢ 7 8% + 244 163 + 36 42 ¢ 28 120 % 20
Amended inoculated 169 = 12 364 + 08 404 + 0.8 347 = 09 182 + 1.0 336 + 10 273 & 27
Unamended inoculated (corrected)* 770 £ 012 200 t 38 285 £ 74 726 + 244 155 ¢ 36 136 + 2B 115 ¢ 20
Amended inoculated (corrected)” 133 + 1.2 305 + 08 328 £ 13 183 + 1.1 55 + 1.0 268 + 10 219 + 33
Treatments Carbon digxide (pmoles/ gram ceflulose)
with bentonite Days
6 100 140 415 2156 2616 2945
Control
No celluiose (salt/ inoculum/ tube+brine) 142 ¢+ 05 366 + 6.1 398 £ 55 516 + 34 938 592 + 1441 639 = 1.8
Carbon Source: Cellulose
Unamended inoculated 203 & 02 894 + 3 186 + 6 434 + 39 483 + 133 &5 + 175 605 ¢+ 134
Amended inoculated 32 x 11 250 + 30 473 + 25 442 + 152 554 t 357 T3z ¢ 47 682 s+ 124
Unamended inoculated (commecied)”™ 640 + 055 571 ¢ 66 t46 + 8 382 & 39 389 + 133 581 1 176 541 + 135
Amended inoouiated {coracted) ™ 180 + 1.2 213 + 31 433 + 26 350 ¢ 162 460 + 36 673 + 49 618 + 125

* These sampies have been correcied with the oppropriate conlrol for gas prodiction o1 the abserce of celfdoss
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Yifeng Wang
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humid microbial gas-generation experiments to be carried at SNL in Carlsbad.
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1.0 DEFINITION OF ACRONYMS

ASTM
BNL
CCA
CBFO
CRA
DAS
DOE
EPA
GC-MS
ICP-OES
MGGP
M&TE
NIST
NWMP
NP
PA
QA
SNL
SOP
SP
TOP
TP
WIPP

American Society for Testing and Materials
Brookhaven National Laboratory

Compliance Certification Application

Carlsbad Field Office

Compliance Recertification Application

Data acquisition system

Department of Energy

Environmental Protection Agency

Gas chromatography — mass spectrometer
Inductively coupled plasma optical emission spectrometer
Microbial Gas Generation Program

Measuring and test equipment

National Institute of Standards and Technology
Nuclear Waste Management Program '
Nuclear Waste Management Program Procedure
Performance assessment

Quality assurance

Sandia National Laboratories

Standard Operating Procedure

NWMP Activity/Project Specific Procedure
Technical Operating Procedure

Test plan

Waste Isolation Pilot Plant



TP 02-06
Revision 1
Page 5 of 18

2.0 REVISION HISTORY

The original test plan was issued on June 28, 2002. This is the first revision of the test
plan. This revision includes a more detailed description of microbe cell counting
methods.

3.0 PURPOSE AND WORK SCOPE

The transuranic wastes destined to the Waste Isolation Pilot Plant (WIPP) contain a
large quantity of cellulosics, plastics, and rubbers, which may potentially be degraded by
microorganisms in the repository over a regulatory time period of 10,000 years via the
following sequential reactions (Wang and Brush, 1996):

C,H O, +4.8H" +4.8NO; —74H,0 +6CO, + 24N, (1)
C, H, 0, +6H* +350 —5H,0+6C0, +3H,S ()
Cy H 0, + H,0 —3CH , +3C0,. (3)

Gas generation from biodegradation and metal corrosion would pressurize the WIPP
repository, which could lead to an increase in spalling and direct release of radionuclides
in the event of human intrusions (Helton et al., 1998). The CO; generated from microbial
reactions will reduce the pH of WIPP brines and provide additional carbonate ions for
actinide complexation, thus resulting in the potential for increased actinide mobility in
the repository. To mitigate the effect of microbial gas generation on brine chemistry, an
MgO engineered barrier has been designed to sequester CO; from aqueous and gaseous
phases in the repository (Wang et al., 1997).

The WIPP microbial gas generation program (MGGP) was designed to establish
defensible microbial degradation rates for the WIPP Compliance Certification
Application (CCA), which was submitted to the Environmental Protection Agency (EPA)
in 1996 and approved in 1998. After the CCA submission, the Department of Energy
Carlsbad Field Office (DOE/CBFQ) decided to continue the MGGP with an objective to
increase confidence in the CCA gas generation model and provide more realistic long-
term rates for WIPP Compliance Recertification Applications (CRA), because a
sensitivity analysis based on the CCA calculations has shown that microbial gas
generation rates are among the most sensitive parameters for WIPP long-term
performance (Helton et al., 1998). Over the last 10 years, Brookhaven National
Laboratory (BNL) has been responsible for the experimental part of the MGGP, while
Sandia National Laboratories (SNL) has provided the overall technical guidance and the
integration of the experimental data into the performance assessment (PA) models. More
background information can be found in two test plans (Brush, 1990; Francis et al., 2001)
and varjous technical reports (Francis and Gillow, 1994, 2000; Wang and Brush, 1996;
Francis et al., 1997; Wang et al., 1997; Gillow and Francis, 2001a, 2001b, 2002}.

ta
[o®]
14
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The rate of microbial degradation under humid conditions 18 an important parameter
for the prediction of gas generation for a time period when the repository is not
inundated. The existing rate was derived from the BNL “humid” experiments, in which
liquid inocula were directly added to cellulosic materials and the humidity of the samples
was maintained by placing a glass tube containing G-Seep brine (water activity aw = 0.73,
Francis et al., 1997, p. 17) inside each incubation botile (Francis et al., 1997). "The
addition of liquid inocula might have artificially increased the water content in cellulosic
materials and thus induced a high humid biodegradation rate as observed. A high rate for
humid microbial gas generation currently implemented in performance assessment
calculations contributes, to a large extent, to the calculated pressure buildup in the
repository before a human intrusion and therefore to the spalling and direct release of
radionuclides. The spalling release requires the gas pressure to be higher than ~ 80 atm.

In reality, the humid degradation rate is expected to be very low, if not zero. A
preliminary natural analog study indicates that the cellulosic materials that have been
placed in the Eddy Potash Mine for over 40 years have experienced practically no
biodegradation at all under humid conditions (Xu, 2001). For the WIPP, the
emplacement of MgO backfill will significantly reduce the water vapor pressure in waste
disposal rooms by hydration reaction:

MgO + Hy0 = Mg(OH),. #)

The water activity (ay) buffered by this reaction is calculated to be 103 atm, based on
thermedynamic data from Robie et al. (1978). The actual water activity in the repository,
which will ultimately be controlled by the relative rates of both brine inflow and MgO
hydration, is expected to be much lower than that established by WIPP brines, about 0.7
(Brush, 1990). An abundance of laboratory and field data imply that the minimum water
activity required by microorganisms in soils is about 0.6, below which microbial
activities are significantly inhibited (Kral and Cousin, 1981; Donnelly et al., 1990,
Nizovtseva et al., 1995; Barros et al., 1995; Stark and Fircstone, 1995; Cattaneo et al.,
1997). Based on all these considerations, it is believed that the humid rate for a WIPP
environment should be close to zero and thus the gas generation under humid conditions
has been overestimated in the existing PA calculations.

The experiments described in this test plan will focus on the further determination
of the rate of microbial gas generation under WIPP-relevant humid conditions by
improving the previous experimental procedure. Two major improvements will be made:
(1) the extra water introduced into samples by adding liquid inocula will be removed
before the start of the incubation experiments; (2) the samples will be maintained at
various levels of humidity by using different salt-saturated brines. The results obtained
from these experiments will directly support the DOE-proposed modifications to
microbial gas generation rates for WIPP CRA.

The work described in this test plan is a natural extension of the existing BNL gas
generation studies and will be conducted at SNL-Carlsbad Geochemical Laboratory.
Over the past 10 years, BNL has gained a great deal of experience in dealing with WIPP-
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related microbial issues. Therefore, the technical assistance from the BNL personnel
(A.J. Francis and Jeff Gillow) will be essential for the success of the planned work. The
assistance will include the development of appropriate inocula, microbial
characterization, experimental design, and data interpretation.

4.0 EXPERIMENTAL PROCESS DESCRIPTION

4.1 Overall Strategy and Process

The following experimental setup and procedure are modified from the BNL
microbial gas generation experiments (Francis and Gillow, 1994; Francis et al., 1997).

Experimental setup. The experimental setup for humid incubation will consist of a 160-
mL serum bottle and a glass tube placed inside the bottle'. The glass tube in each sample |
will contain an equal volume of salt-saturated brine to maintain a constant humidity in the
serum bottle. Cellulosic materials will be placed on the bottom of the bottle. Caution
will be taken to avoid any spills of the brine onto the cellulosic materials. The serum
bottles will be closed with butyl rubber stoppers. The headspace volume of the samples
will be determined by measuring the volume of water needed to fill the whole bottle.

Tt is anticipated that the WIPP repository will become anoxic shortly after room
closure. To simulate the repository condition, all samples need to be incubated under
anaerobic conditions. All solutions will be purged with Ar gas before use. The
headspace of each sample will be purged with Ar gas before it is tightly sealed. All of
the samples will be prepared and sampled inside a glove box purged with Ar gas.

Butyl stopper
160-ml
serum bottle
//

| Gilass tube

....... Salt-saturated
— brine

Cellulosic materials

L -
+ inoculum

\EE—Q"/

Figure 1. Experimental setup for determining the rate of microbial gas generation under
humid conditions.

! Other size bottles can be used if 160 ml. ones are not available.

3.2-7
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Substrates. Cellulosic materials in WIPP wastes consist of ~ 70% of papers and ~ 26% of
vanious woods (Brush, 1990, p. 54). A mixture of four types of papers will be used in the
majority of incubation samples: filter paper (Whatman #1™), white paper towel
(Fort Howard), brown paper towel, and Kimwipes™ (Kimberly-Clark, lintless tissue
wipes). These four types of materials are identical to those used in the BNL experiments.
The papers will be shredded into l-cm-x-I-cm squares. Each type of paper will be
weighed (0.25 g), mixed thoroughly, and transferred to serum bottles that have been acid-
washed (10% HCI) and sterilized (autoclaved at 120°C for 20 min). A small set of
samples will use shredded woods (e.g., saw dust) (1.0 g/sample) rather than papers for a
comparison of the biodegradability of papers and woods. In each sample, 1.0 g of
cellulosic materials will be mixed with 5.0 g of either crushed WIPP muck pile salt or
reagent-grade NaCl.

Inocula. The same inocula will be used as those developed for the BNL experiments.
These inocula were prepared from a mixture of a variety of WIPP-relevant samples
(Francis et al., 1997). The use of a mixed inoculum instead of a pure culture ensures that
“a host of microorganisms are present in the experiment and prevents bias toward one
potential gas-generating microbial process. Two mL of the mixed inocula will be pipetted
onto cellulosic materials in each sample with a calibrated pipette. Each uninoculated
sample will instead receive an equal volume of filter-sterilized (0.2 um) reagent-grade
NaCl solution (20% w/v deionized water). The samples will be dried in a desiccator. An
appropriate desiccant (e.g., CaS0O,) and the duration of the desiccation will be chosen to
ensure the viability of microorganisms afier the desiccation. The viability of
microorganisms will be tested by first rewetting the sample and then checking if
microbes can still grow (Gillow, 1996; Gillow, 1998). A small number of samples will

be prepared without desiccation of inocula for clarification of the effect of additional

water introduced into samples by adding liquid inocula.

Nutrients and electron acceptors. The samples will be prepared with and without added
nutrients. The nutrients added will consist of 0.5 mL of solution containing ammonium
nitrate (0.1% w/v), potassium phosphate (0.1% w/v), and yeast extract (0.05%w/v).
Unamended samples will receive 0.5 mL of filtered, sterilized reagent-grade salt solution
(20% w/v). The nutrient solution will be added to samples before the desiccation of
inocula. All samples will be prepared in triplicate. See the treatment matrix for sample
preparation in Figure 2.

As shown in Reactions 1 and 2, nitrate and sulfate can serve as electron acceptors
for microbial degradation. To bound the concentrations of these components in actual
wastes, an extra amount of nitrate and sulfate may need to be added to a selected number
of nutrient-amended samples.

Humidity control. A constant humidity will be maintained in the samples by glass tubes
containing saturated salt solutions (Figure 1). The following salts will be used to buffer
the samples at different humidity levels (Lide, 2002; Brush, 1990):
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Relative Humidities of Saturated Salt Solutions

Salt Relative humidity (%) at 25 °C
‘WIFP brine ~70
NaBr.2H-.0 58
Nal.2H;0O 38
LiCLH,O 11

Ca and Mg salts are excluded because of possible formation of carbonate minerals, which
may affect the measurement of CO; in the headspace. To minimize the CO; uptake by
the solution, the pH of the solution will be adjusted to a mildly acid value (e.g., ~ 5). The
partition coefficients of gaseous species between the solution and the headspace will be
measured and used for the correction for gas dissolution in the solutions.

Incubation. All of the samples will be incubated at ~ 30°C in a temperature-controlled
oven over a time period of 3 years.

Inundated samples. A small number of brine-inundated samples will be also prepared.
These samples will serve two purposes: (1) one set of these samples will mimic
experimental conditions at BNL to provide a consistency check for the data obtained
from the work described in this test plan as compared to those obtained at BNL, which 1s
important for deriving a defensible scaling factor for microbial gas generation rates

- between humid and inundated conditions; (2) by appropriate control of nitrate and sulfate

concentrations in synthetic brines, the inundated samples prepared in this work will allow
better demonstration of the dependence of the microbial gas generation rate on the
identity of the electron acceptor. The treatments of the inundated samples include: (1) 5
g of mixed cellulosic materials, and (2) 100 mL of brine with or without dissolved
sulfate. Most of the samples will be amended with nutrients or excess nitrate; some will
be unamended for comparison. The amounts of nitrate and sulfate added to the samples
will reflect and bound the concentrations of these components in actual wastes. Synthetic
G-Seep brine will be used (Brush, 1990}

Composition of G-Seep brine

Major ion g/l M
Na' 95.0 411
Cr 181 5.10

Mg 15.3 0.63
K* 13.7 0.35
Ca® 0.32 0.01
S0, 291 0.30
HCO5 0.73 0.01

All the samples will be prepared under anoxic conditions.

3.2-9
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Papers . No papers
' Abiotic control

I Innculated I Uninoculated Tnocalated
Nutrient No nutrients I Nutrient. | No niirients I Nutrient I Na nntrients |

i

i
FExtra nirrafﬂ | No Extra nitrate ] ‘ rﬁxrra nitrate | L No Extra nitrate —l
Humidity: Humidity: Humidity: Humidity: Humidity: Humidity: Humidity: Humidity:
11-70% 11 -70% 11-70% 70% T0% 11 -70% 11-70% 11 -70%
Waonds " N
apers O papers
1 {Inundated) {(Inundated)
Tnnenlated

|

) ‘ Tnocutated Tnocnlated
No mutrients
FExtra nitrate l l No Extra nitrate —, l Nutrient I I No nutrignis ' | Nurrient l

Hu%%lty: Hu:‘l‘l:)lgolty: Hu-%lgt:ty: I FExtra nitrate —| LSulfate LNn sulfate I Extra nitrate 1 LRlllfaTej |jn sulfate |

Figure 2. Treatment matrix for samples. Each sample will be prepared in triplicates, At minimum, a total of 105 samples are needed.

32-10
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Abiotic controls. Samples containing sterilized, reagent-grade NaCl without inoculum

will serve as abiotic controls. Cellulosic materials in these samples will be sterilized
prior to the experiments. Formalin may also be used for the abiotic controls.

Gas sampling and analysis. The composition of the headspace gas of each sample will be

monitored over time. The headspace gas will be sampled at least once a month for the
first year and less frequently thereafter depending on the overall gas generation rate. For
each sampling, the butyl rubber septum on the serum bottle will be pierced with a sterile,
22-gauge needle (Becton Dickenson) attached to a digital pressure gauge to measure the
headspace gas pressure for the calculation of total generated gas. Immediately after this,
a gas-tight syringe (Pressure-Lok ™, Precision Instrument Corp.) fitted with a stainless-
steel side-port needle will be used to take 10 WL of headspace gas to determine the
various gases (Ar, CHy, CO,, Hz, H,S, Na, and Oy) quantitatively by Varian 3900
Gas Chromatography (GC) with a Saturn 2100T Ion Trap Mass Spectrometer (MS). The
Rubber stopper will not be replaced after each sampling. It is expected that the gas
leakage, if any, from the pierced rubber stopper is negligible, as long as the bottle is not
overly pressurized. Ar will be used as an inert gas to check for gas leakage from the
serum bottles during the experiments, and its initial concentration will be analyzed
immediately after the bottle is closed.

Bacterial counting, Bacterial direct counting will be needed to check the viability of
microbes in dried inocula. Microbial cells will be stained with the DNA-specific stain
4’6-diamidino-2-phenylindole (DAPI, Polysciences, Inc.) and will be examined by
epi-flucrescence microscopy using Olympus BX60 Polarizing Microscope and UV light
source ( Kepner and Pratt, 1994; Gillow, 1996, 1998). Alternatively, green-fluorescent
nucleic-acid dyes will be used in conjunction with aluminum oxide filters if particulate
matter in the dried inoculum complicates microscopic visualization (Weinbauer, 1998).
Direct counting may be used as the experiment progresses to detect increases in the
microbial population.

Data reduction. Gas generation rates will be determined from total gas volume and

individual gas concentrations accumulated with time. The total amount of gas in the
headspace determined from the pressure measurement will be compared with that
determined from GC-MS to ensure data quality.

4.2 Sample Control

The sample control for the work under this test plan will follow WIPP Nuclear
Waste Management Program (NWMP) Procedure NP 13-1. Each sample will be
appropriately labeled. Sample preparation, ufilization, and final disposition will be
documented in scientific notebooks. When samples are not in the possession of
individual designated with their custody, they will be stored in a secure area with
associated documentation (chain of custedy).

3211
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4.3 Data Quality Control

Measuring and Test Equipment (M&TE). A calibration program will be implemented for
the work described in this test plan in accordance with NP 12-1, “Control of Measuring
and Test Equipment.” This M&TE calibration program will meet the requirements in
NWMP procedure NP 12-1 for: (1) receiving and testing M&TE; (2) technical operating
procedures for M&TE; (3) the traceability of standards to nationally recognized standards
such as those from the National Institute of Standards and Technology; (4) maintaining
calibration records. In addition, NP 13-1 and SP 13-1 identify requirements and
appropriate forms for documenting and tracking sample possession.

Data Acquisition Plan. Data collection procedures are specific to individual instruments.
For detatls of the data acquisition for a particular instrument, see the specific procedures
(SP) or users manual for that instrument. Any data acquired by a data acquisition system
(DAS) will be attached directly to the scientific notebook or compiled in separate loose-
leaf binders with identifying labels to allow cross reference to the appropriate Scientific
Notebook. If the instrument allows data to be recorded electronically, copies of the data
disks will be submitted to the NWMP Records Center according to NWMP procedure
NP 17-1, “Records.” For instruments that do not have direct data printout, the instrument
readings will be recorded directly into the scientific notebook. Current versions of the
DAS software will be included in the SNL WIPP Baseline Software List, as appropriate.

Quality control of the scientific notebooks will be established by procedures
described in NWMP procedure NP 20-2, “Scientific Notebooks.” Methods for
justification, evaluation, approval, and documentation of deviation from test standards
and establishment of specially prepared test procedures will be documented in the
Scientific Notebooks. Procedures including use of replicates, spikes, split samples,
control charts, blanks and reagent controls will be determined during the development of
experimental techniques.

The numerical data will be transferred from data printouts and scientific notebooks
to Microsoft Excel (Office 97 version or later) spreadsheets. Data transfer and reduction
will be performed in such a way to ensure that data transfer is accurate, that no
information is lost in the transfer, and that the input is completely recoverable. Data
transfer and reduction will be controlled to permit independent reproducibility by other
qualified individuals. A copy of each spreadsheet will be taped into the scientific
notebook, and a second person will compare the data recorded in the notebook and that
on the spreadsheet to verify that no transcription errors have occurred during technical
and/or QA review of the notebook. This verification will be documented in the notebook
when signed by the reviewer.

Data_ldentification and Use. The details about the data to be obtained and the use of
these data can be found in Section 4.1. All calculations performed as part of the activities
of TP 02-06 will be documented in a scientific notebook. The notebook will be
technically reviewed periodically by a second person, who will note concurrence by co-
signing the examined material. If a discrepancy is found, that discrepancy and its

32 ~12
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resolution will be documented in the notebook. In addition, there will be periodic quality
assurance reviews of the notebook to ensure that the requirements of NWMP procedure
NP 20-2, “Scientific Notebooks” are addressed.

44 Equipment

A variety of measuring and analytical equipment will be used for the work
described in this test plan. A complete equipment list, including serial numbers, will be
maintained in the scientific notebook. For a newly purchased instrument, if the operating
procedure has not yet been developed or written, scientific notebooks will be used to
record all laboratory work activities.

Weighing Equipment, Several balances are present in the facility and may be used for

this project. These include a Mettler AT-261 five-decimal-place electronic balance, an

ANC three-decimal-place balance, and top-loading balances and scales with maximum

ranges of 2 to 30 kilograms. Balance calibration checks will be performed routinely

using the following NIST-traceable weight sets, which, in turn, are calibrated by the SNL

Calibration Laboratory every three years:

o Troemner Calibration weight set, ASTM Class 1, Serial number 22803, 1 mg - 100 g,
calibration expires 12/16/02.

e Troemner Calibration weight, NIST Class 1, Serial number 42795, 100 g, calibration
expires 11/19/02.

o Troemner Calibration weight, NIST Class 1, Serial number 42797, 100 g, calibration
expires 11/19/02.

e Troemner Calibration weight, NIST Class 1, Serial number 42799, 100 g, calibration
expires 11/19/01.

e Troemner Calibration weight, NIST Class 1, Serial number 42800, 100 g, calibration
expires 11/19/01. ]

e Troemner Calibration weight, ASTM Class 1, Serial number 47824, 200 g,
calibration expires 11/19/02.

o Troemner Calibration weight, ASTM Class 1, Serial number 55335, 1000 g,
calibration expires 11/19/02.

e Troemner Calibration weight, ASTM Class 2, Serial number I-12, 10 kg, calibration
expires 12/17/02.

Additional calibrated NIST-traceable weight sets that would be purchased at a later
date may also be used. Balance accuracy and precision will be checked daily or pror to
use (whichever is less frequent), using the calibration weight sets listed above.
Calibration checks will be recorded in the scientific notebook.

Liquid Measuring Equipment, Standard Laboratory Class A glassware (pipettes,
volumetric flasks, etc.) will be used at all times. In addition, several adjustable

Eppendorf pipettes are available for use in the laboratory. The calibration of pipettes will

3.2-13
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be checked routinely against a calibrated balance, and will be recorded in the scientific
notebook.

Gas Analysis Equipment. Varian 3900 Gas Chromatography (GC) with Saturmn 2100T
Ton Trap Mass Spectrometer (MS) will be used to analyze headspace gas compositions.
This is a newly purchased equipment, and the operating procedure needs to be developed.

Gas Sampling Equipment. 22-gauge needles (Becton Dickenson), a digital pressure
gauge, and a gas-tight syringe (Pressure-Lok™, Precision Instrument Corp.) fitted with a
stainless-steel side-port needle.

Gas Calibration Standards. Appropriate concentrations of analyte gases CQ,, CHy, Hs,
HaS, N;, and O; will be obtained from commercial sources. Primary calibration
standards, specifically for CO,, will be certified traceable to NIST.

Atmosphere Control Equipment. A glove box will be used for sample preparation and
sampling.

Temperature Control Equipment. All samples will be incubated in a temperature-
controlled incubator. Temperature will be monitored using instruments that have been
calibrated with temperature standards traceable to NIST.

Other Analvtical Equipment,

* pH Meters and Autotitrators — Solution pH may be measured using pH meters and/or
autotitrators. A Mettler Model MA235 pH/Ion Analyzer and a Mettler Model DL25
Autotitrator will be used for this purpose. The range for all pH meters is 0.00 to
14.00. Electrodes will be calibrated before each use or daily (whichever is less
frequent) with pH 4, 7, and 10 buffers manufactured by Fisher Scientific with unique

~ lot numbers and expiration dates; traceable to the National Institute of Standards and
Technology (NIST). The accuracy of the buffers is +0.01 pH units; buffer values will
be adjusted for laboratory temperatures as per buffer instruction sheets if necessary.
Calibration checks will be recorded in the scientific notebook. Measuring pH in
concentrated brines is difficult, and a procedure will be developed to calibrate pH
meters.

o  Equipment for Chemical Analysis ~ Three instruments may be used for chemical
analyses. The first is a Perkin Elmer Optima 3300 DV inductively coupled plasma
optical emission spectrometer (ICP); the second is a Cary 300 UV-visible
spectrophotometer; and the third, is a UIC, Inc. carbon analyzer, consisting of an
actdification module, a furnace module, and a CO; coulometer. These instruments
will be user-calibrated each time they are used and documented in the scientific
notebook. _ _

¢ Equipment for microbe counting/sizing — An Olympus BX60 polarizing microscope
will be used for observation of microbe preparations and for counting/sizing. The
counting grid will be standardized with a Wild stage micrometer, serial # 2660 (or
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equivalent), calibrated every five years by Klarman Rulings (NIST-traceable). |
Sizing accuracy checked using Bangs Laboratories NIST-traceable uniform
microspheres (0.538 and 1.900 pm).

NMWP Activity/Project Specific Procedures (SPs) will be written for these
instruments as necessary. Until that time, detailed procedure descriptions will be
documented in laboratory notebooks.

5.0 TRAINING

All personnel involved in the experiments described in this test plan will be trained
and qualified for their assigned work. This requirement will be implemented through
NWMP procedure NP 2-1, “Qualification and Training.” Evidence of training to
assigned NPs, SPs, TOPs, TP 00-07, ES&H procedures, and any other required training
will be documented through Form NP 2-1-1, “Qualification and Training.” Annual
Refresher QA training will ensure on-site personnel are trained to the NWMP QA
Program. Specifically, the following Nuclear Waste Management Program Procedures
(NPs) and Activity/Project Specific Procedures (SPs) are applicable:

e SOP-CO01, “Standard Operating Procedure for Activities in the SNL/Carlsbad
Laboratory Facility,”

SP 12-1, “Use of Laboratory Balances and Scales,”

SP 12-2, “Use and Maintenance of the UIC, Inc. Model CM5014 CO2 Coulometer,
CMS5130 Acidification Module and CM5120 Fumnace Apparatus,”

SP 13-1, “Chain of Custody,”

NP 2-1, “Qualification and Training,”

NP 6-1, “Document Review Process,”

NP 12-1, “Control Of Measuring And Test Equipment,”

NP 13-1, “Sample Control,”

NP 17-1, “Records,”

NP 20-2, “Scientific Notebooks.”

In addition, SPs will be written for use of the GC-MS, ICP-OES, UV-Vis
Spectrophotometer. Sample preparation procedures, which may vary from sample to
sample as work scope evolves, will be detailed in scientific notebooks in accordance with
NWMP procedure NP 20-2.

6.0 HEALTH AND SAFETY

All of the health and safety requirements relevant to the work described in this test
plan and the procedures that will be used to satisfy these requirements are described in
ES&H standard operating procedures. SOP-C001 describes the non-radiological hazards
associated with these experiments and describes the procedures to deal with those
hazards, including all the training requirements for personnel involved in conducting the

.2~ 15
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experiments. Additional SPs may be mandated by SNL ES&H requirements and their
issuance will not require revision of this test plan.

7.0 PERMITTING/LICENSING

There are no special licenses or permit requirements for the work described in this
Test Plan.
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Effect of Actinide Complexation by Organic Ligands on WIPP Performance Assessment
Donald E. Wall

Sandia National Laboratories — Carlshad Programs Group, 4100 National Parks Highway — Carlsbad, NM 88220 -
USa

The Waste Isolation Pilot Plant (WIPP)

e  WIPP received the 500th shipment of TRU waste on January 5, 2002, bringing the total
number of waste containers disposed at WIPP to just over 14,000.

e During its operational phase the WIPP is projected to receive about 844,000 drums (55
gallon) of TRU waste. The repository will consist of 56 disposal rooms configured in 8
panels, with 7 rooms per panel. Access drifts will provide additional disposal capacity
equivalent to 14 rooms.

e The layout of the WIPP and a cross section of the stratigraphic horizon are presented in
Figures 1 & 2.

Figure 1: Layout of the Waste Isolation Pilot Plant
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Figure 2: Stratigraphic horizon of the WIPP within the Delaware Basin

Performance Assessment

e WIPP Performance Assessment evaluates the risk associated with occurrence of
scenarios, which are classified as the following general types: 1. Undisturbed 2. Mining.
3. Drilling-no Castile hit 4. Drilling with Castile hit 5. Multiple intrusions
» Releases in the undisturbed scenario are essentially non-existent. Potential release
pathways, such as through the disturbed rock zone, or up a sealed shaft and through the
fractured dolomite of the Culebra Formation, are negligible and do not impact repository
performance. The release scenario that most affects performance assessment is due to
human intrusion as a result of a drilling intrusion. The drilling rate used in performance
assessment is based upon historical drilling rates within the Delaware Basin during the
previous 100 years.
¢ The drilling rate used in the Compliance Certification Application was 46.8
boreholes/km?/ 10,000 years. The current rate is 52.7 boreholes/km?/ 10,000 years. Itis
expected that the rate used in recertification will be changed from 46.8
boreholes/km’/10,000 years to another value yet to be determined.
¢ Releases from the repository are categorized as:
o Cuttings-Solid material abstracted by the rotating drilling bit. Cuttings volume is
calculated using an average drill bit diameter of 12.25 inches.
o Cavings-Solid material eroded from the borehole wall during the drilling
operation. The magnitude of cavings releases is a function of shear stress
imparted by drilling fluids and shear strength of the waste.



o Spallings-Solid material transferred to the borehole due to pressure buildup within
the repository. Gas generation due to waste degradation may lead to pressure
buildup.

o Direct Brine Release (DBR)-Movement to the accessible environment of brine
carrying dissolved or colloidal radioactive material as the immediate result of a
drilling intrusion.

o Long-Term Brine Release- Contaminated brine carrying dissolved or colloidal
radioactive material, to the accessible environment over a long period of time.

Release Scenarios

TRU waste has greater than 100 nCi of TRU radionuclides per gram of waste, with TRU
radionuclides defined as having Z > 92 and half-life > 20 years. The Waste Unit Factor (WUF),
which is used to determine release limits, is the number of millions of curies of TRU waste.
According to the Transuranic Waste Baseline Inventory Report (TWBIR) the WUF is 3.44,
corresponding to 3.44 x 10° Ci of TRU waste. Additional inventory has been documented and
the inventory has been recalculated with correction for radioactive decay to a projected closing
date of 2033. A recommendation for an updated WUF of 3.59 has been made in the Technical
Baseline Migration Parameter Report (1)

Scenarios that contribute to releases are designated as: E1, single penetration of a panel by
drilling intrusion that intersects a brine reservoir, E2 a single penetration of a panel that does not
intersect a brine reservoir, E1E2, two penetrations of a panel, one that intersects a brine
reservoir, and one that does not. The E1E2 scenario may lead to increased brine releases if the
brine reservoir is pressurized. Brine releases may also follow an E1 or E2 scenario if the
repository is pressurized for another reason, such as gas generation.
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Regulatory Compliance

Containment Requirements: Disposal systems for spent nuclear fuel or high-level or
transuranic waste shall be designed to provide a reasonable expectation, based upon
performance assessments, that the cumulative releases of radionuclides to the accessible
environment for 10,000 years after disposal from all significant processes and events that
may affect the disposal system shall:

o Have a likelihood of less than one chance in 10 of exceeding the release limit
o Have a likelihood of less than one chance in 1,000 of exceeding ten times the release
limit

Probabilistic analysis is expressed as a Complementary Cumulative Distribution Function
(CCDF), that describes the relationship between the likelihood of cumulative releases and the
regulatory limits. Release limits and projected WIPP radionuclide inventory are presented in
Table I and 1L

Release Limits and Inventory

Table I: Normalized Release Limits

Radionuclide Release Limit per Release Limit for the WIPP
Million Normalized By Total

Curies of TRU Waste Unit Factor
Radionuclides

Am-24]1 or 243 100 344

C-14 100 344

Cs-135 or 137 1000 3440

129 100 344

Np-237 100 344

Pu-238, 239, 240, 242 100 344

Ra-226 100 344

Sr-90 1000 3440

Tc-99 10000 34400

Th-230 or 232 10 344

Sn-126 1000 3440

U-233,234, 235, 236, or 238 100 3440

Any other o emitting radionuclide 100 3440

with half-life greater than 20 years



Experimental Work

Table 11: Radionuclide Inventory

Nuclide Inventory % of Waste Unit
*TAm 448 x 10° 11
P Am 32.6 8.0x10"
el 0.687 1.7 x10°
Bler 378 x 107 9.8 x 107
e 101.7 25x 107
*Cm 115 2.8x107
#*Cm 0.102 25%x10°
*Cm 3.21 x 107 7.9x10™
8Cm 0.0369 9.1x 107
*Np 56.4 14x10°
2%p 2.61x10° 64.1
2y 7.95x 10° 19.5
Hpy 2.15x 10° 5.28
2py 1170 2.87 x 167
*py 1.50 x 107 3.7 x 10

Complexation data for interaction of actinides with organic ligands was generated in the Actinide
Chemistry Program at Florida State University. Complexation constants with inorganic ligands,
(OH', CO5") and organic ligands (acetate, citrate, oxalate, EDTA) were used to calculate
solubilities of actinides i the III and IV oxidation states. Solubilities are used to assess the
impact of direct brine releases on WIPP regulatory compliance.

Table H1. Organic Ligand Inventory in the WIPP

Ligand Inventory (grams) Projected Concentration (M)

acetate 1.3x% 10° 1.1x 107
oxalate  1.6x 10° 47x10™
citrate 1.4x 10° 7.4 %107
EDTA 23 x10* 42 x 10®




Table IV: Actinide Stability Constants with Predominant
Organic Ligands in the WIPP (a)

Ligand  Th(IV) UV Np(V)  Am(ID)
acetate 451 (2) 3.14(2)  1.80(2) 2202
citrate  10.18(3)  7.10(4)  2.56(4)  8.8(7)

oxalate  7.47(5) 5.82(5) 4.63(5) 4.57(5)
EDTA 23.73(7) 1048(5) 5.45(5) 18.97(7)

(a) values are log 3,4, in 5 m NaCl solution at 25° C
References are in parentheses.

N

Complementary Cumulative Distribution Function

The total CCDF is the contribution of the average CCDF’s for each of the potential release
pathways. The summed normalized release on the abscissa of Figure 6 is given in EPA units,
which are used to define the containment requirements for the repository. EPA units are defined
as the number of curies of a particular radionuclide in the WIPP inventory divided by the release
limit for that radionuclide. For example, 2**Pu has a projected inventory at closure of 7.95 x 10’
Ci, and a release limit of 344 Ci, which may be expressed in EPA units as:

7.95 x 10°Ci/344Ci = 2311 EPA units

Cuttings and cavings make the largest contribution the the overall CCDF, with spallings also
making a substantial contribution. The contribution to the overall CCDF by the direct brine
release scenario is about 1 order of magnitude less than either cuttings and cavings or spallings.
Although a feature, event or process that affects actinide solubility could move the CCDF for the
DBR, the smaller contribution of DBR to the total CCDF means that relatively large errors in
determination of actinide solubilities do not sufficiently propagate to greatly affect the total
CCDF.
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OH hydroxide

pcH negative logarithm of the hydrogen ion concentration of a solution

pH negative logarithm of the hydrogen ion thermodynamic activity of a solution

pK, negative base 10 logarithm of an acid dissociation constant

R ideal gas constant, 8.314 J/molK

SO sulfate

T temperature, in degrees Celsius or kelving

Uv-vI§S ultraviolet-visible (spectroscopy)

WIPP Waste Isolation Pilot Plant

AG Gibbs free energy of reaction

o-particle high energy particle expelled from a nucleus during an o-decay process

B-particle a positron or negatron expelled from a nucleus during a f-decay process

Bear
Y

stability constant for a metal/ligand complex
activity coefficient (not related to y-ray)

y-1ays high-energy photons emanating from a nucleus due to a nuclear decay
process

u ionic strength

2,0 REVISION HISTORY

This is a revised version, Revision 1, of this test plan. Subsequent revisions will be
done in accordance with the Sandia National Laboratories Nuclear Waste Management
Program Procedures: NP 20-1 Test Plans, NP 6-1 Document Review Process and NP 6-2
Document Control Process.

3.0 PURPOSE & SCOPE

3.1 Introduction

The position put forth in the Compliance Certification Application (CCA) is that the
presence of large amounts of iron, in the form of both waste and waste containers, emplaced
within the Waste Isolation Pilot Plant (WIPP) will provide sufficient electrochemically
reducing conditions to maintain plutonium as Pu(IIl} and Pu(IV) (DOE, 1996). The Source
Term Test Program (STTP) was initiated at Los Alamos National Laboratory in order to
make an examination of the behavior of actinides, particularly Pu, in brines that were in
contact with actual waste forms (Villarreal, 1996). During the course of the experimental
program, there was evidence of the appearance of Pu(VI) in some of the test containers. It
was proposed that the generation and persistence of radiolysis products in brine solutions
exposed to o-radiation was responsible for affecting the solution redox conditions, and that
Pu(VI) appeared in response to alteration of a reducing state imposed by the presence of
metallic iron (Villarreal et al. 2000) The appearance of Pu(VI) has been commented upon
by Oversby (2000). and Brush et al. (2001). Generation of hypochlorite (OCI) and hydrogen
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peroxide (H,O5)} as a result of a-particle induced radiolysis of brine was suggested as the
probable mechanism for oxidation of Pu, but was not experimentally observed or measured
(Villarreal et al. 2000). While it is true that OCI is a sufficiently strong oxidant to oxidize
Pu to Pu(VI) under basic conditions, H;O, can act as an electron donor, and reduces Pu(VI),
also under basic conditions. However, both OCl™ and H;O; are highly reactive and unstable
in aqueous solutions. For example, the iron-catalyzed decomposition of H20; is well known
and particularly rapid (Greenwood and Earnshaw, 1989a). In fact, both OCl” and HO» may
be catalytically decomposed by metal ions that have more than one accessible oxidation
state in aqueous solution, such as Fe and Pu. Additionally, OCI and H,O; react with each
other, so cannot coexist to a great extent within the same solution. Hence, solutions
containing OCI" and H»0,, redox active metals, and radioactive materials may result in a
plethora of experimental variables to be monitored and conirolled. Due to the multiple
interactions that simultaneously take place, any attempt to study the redox behavior of Pu
with radiolysis products requires exceedingly careful expenmental design and control, lest
erroneous conclusions be made as a result of either failure to control or monitor critical
variables.

There are different, but widely applied approaches to the examination of complex
systems, that may be broadly described as the “top-down” and the “bottom-up” approaches.
The former is primarily concerned with observation of the total behavior of a system,
without regard o the fundamental reasons for the behavior. The limitation inherent in this
method is that predictive capability is not developed, no matter how similar the alternative
systems are to the studied system. Such a method acknowledges a lack of control of critical
experimental variables, and even fails to recognize their identity. The *“bottom-up”
approach is profitably used when it is necessary to develop a fundamental understanding of
a system in order to take into account the relative impacts that variations in experimental
variables impart to the overall system behavior. In carrying out the “bottom-up” approach it
is necessary to identify, isolate, control and quantify the experimental variables. Neglect of
a single one of these four activities constitutes a critical failure of experimental design.
Additionally, the “bottom-up” approach may be used to quantify the influence of a variable
on system behavior, and evaluate its overall relative importance. The work described in this
test plan is patterned after the “bottom-up” approach, in an attempt to determine whether
generation of radiolysis products may have a significant impact on the total system
performance of the WIPP. Production of OCI" in NaCl-based brine solutions exposed to o-
radiation does occur. The question to be addressed is whether the process can have a
significant impact upon the oxidation-states and solubilities of actinides within the WIPP.
Examination of the chemical behavior of OCI™ does not require use of any radiocactive
materials, but can be used to determine the stability and reactivity of OCI" under WIPP
representative conditions.

The Environmental Evaluation Group has expressed concern over the report of the
appearance of Pu(VI) in some containers in the STTP project, and has expressed its opinion
in a report, EEG-77 (Oversby 2000). In EEG-77 Oversby briefly quotes EEG-68,
describing laboratory observations of Pu(V), (Oversby 2000, Neill et al. 1998):
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“...Pu(V) is observed as a long-lived transient in many laboratory experiments. Pu(V)
may be formed as a result of radiolysis reactions in brine, and while its total
abundance in the repository is likely to be low, it might be significant as a transient
spectes in some waste containers.”

In the above statement, Oversby describes the radiolysis effects as possible reasons
for appearance of oxidized Pu. It is not possible to produce Pu(V) by direct oxidation of
either Pu(Ill) or Pu(IV) in solution due to the overvoltage required to carry out the oxidation
steps. The exact reasons for this behavior will be presented later in this test plan. Presently,
it should be bome in mind that the chemical behavior of Pu is rather complex, requiring
strict control over experimental variables.

3.2 Radiolysis in Brines

The effect of radioactive decay on aqueous solutions is markedly dependent upon the
type and energy of radiation involved. For example, p-particles, with a charge of + 1.602 x
10" C and a mass of 9.11 x 107 kg, have much larger rates of energy transfer to target
material than high energy photons, such as y-rays, which have neither charge nor mass. The
o-particles, with charges of +3.204 x 107" C and masses of 6.647 x 10”7 kg, exhibit much -
larger rates of linear energy transfer than P particles, leaving intense tracks of ionized target .
material, including many atomic and molecular species in highly excited states. In general,
o-particles travel 30-70 pm in water (Ganguly et al. 1956). The ionization tracks of o-
particles in aqueous solutions include numerous hydrogen, oxygen, and hydroxyl free
radicals. Ordinarily, free radicals have very short lifetimes in solution due to rapid reaction
with solute and solvent molecules. Combination processes become increasingly important
in the diffusion limited environment surrounding particle tracks of high linear energy
transfer species. Hy and O; are two well-known gas generation products due to radiolysis of
water and recombination of the hydrogen free radicals, H', or the oxygen free radical, O,
although the mechanisms and products of brine radiolysis may be quite different. The
superscript dot indicates a free radical species. Recombination processes may also yield
H,0; as a product of the reaction of two hydroxyl radicals. Also significant, but dependent
upon the solution composition, are generation of meolecular chlorine (Cly), hypochlorous
acid (HOCI) and OCI.

In the following discussion, the symbol “—” denotes a thermodynamically

irreversible process, while the symbol “=” indicates a thermodynamically reversible

process. Water radiolysis in the tracks of c-particles leads to generation of numerous
species, such as:

ol
H20 — e-aq, OH., H. HzOz, HZ, Dz, W, OH- (1)

Aquated electrons (€7,q) and free radical species are very reactive, rapidly combining with
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many other dissolved species. Additional reactions take place in the presence of significant
concentrations of other solute species, such as CI". Participation of Cl in radiolytically
initiated reactions leads to generation of additional chemical species due to subsequent
oxidation-reduction reactions. For example, the hydroxyl radical can oxidize chloride,
yvielding the hypochlorous acid anion HOCI™

OH’ + CI' —» HOCI™ (2)

The hypochlorous acid anion is also a radical species that equilibrates rapidly with H' to
give the chlorine radical

HOCI” + H" = CI' + H,0 (3)

The likelihood of the chlorine radical combining with chloride is greater in solutions with
high chloride content:

ClI'+ClI' =Cl," 4)
Cl," reacts rapidly to produce Cls”, which is more stable than CL;",(Kim et al. 1987)

ClL"+ChL" »Cly +CI (5

The Cls species is in equilibrium with other chlorine species, ultimately producing
hypochlorite:

Cly = CL+CrF ©)
Cl+ H,0O = HOCI + ClI' + H' (7)
HOCI = H'+ OCrI (8)

It has been reported that the production of HOCI and OCI” depends on the CI” concentration
(Kim et al. 1987). The dependence of OCI™ concentration on NaCl concentration is
illustrated in Figure 1. Data used to %eneratc this figure were taken from Kelm et al. (1999).
Each sample contained 1 Ci/L of **Pu introduced as finely divided precipitate of Pu(VI)
hydroxide. The solutions were adjusted to a pH of ~12. No error bars are included because
the literature reference includes insufficient data to estimate or evaluate the uncertainty.
The equation for the linear best-fit line is y = 0.0059x —0.0105.
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Figure 1. Generation of hypochlorite as a function of aqueous NaCl concentration.

Production of OCI is not a significant process for Cl” concentrations less than ca. 1.8 molar
at radioactivity levels of 1 Ci/L. The minimum concentration of CI" required for OCI
hypochlorite generation most likely reflects the decreased probability of reactions 4 and 5
taking place. Conversely, the data indicate that the reactions leading to HOCI production in
5M NaCl solution produce significant quantities of OCI’, (nearly 20 mM), in the presence
of 1Ci/L of a-emitting radionuclides. The pK, value of HOCI is 7.43 (u=1.0 NaClO,, T=
25° C), indicating that at pH relevant to WIPP conditions (pH=9-10) the conjugate base
(OCI) will be the predominant form (Martell et al. 1998). The symbol “p” indicates ionic
strength. Decomposition rate constants, determined by measurement of the kinetics of
decomposition in high ionic strength solutions, may be used together with kinetic data of
radiolytic production to calculate steady state concentrations of hypochlorite under
conditions expected to exist within the WIPP, The steady state concentrations may be used
to calculate the oxidation/reduction potentials and capacities in brines as a result of
radiolytic production of OCI".



TP 02-01
Revision 1
Page 100f43

3.3 Thermodynamic Relationships

Various thermodynamic relationships are discussed in the text of this test plan,
therefore, it is appropriate to commence with an introduction to the meanings and use of
these relationships. The Gibbs free energy (AG) of a system describes whether the reaction
under consideration is a thermodynamically favorable process. Reactions that have negative
values of AG will spontaneously proceed as written, whereas, reactions that have positive
values of AG will spontaneously proceed in the reverse direction. Oxidation/reduction
reactions may be written as half-reactions which have specific values for the associated
thermodynamic driving force, sometimes written in terms of electromotive force (e.m.f),
usually expressed in volts. The relationship between the AG of a reaction and the e.m.f is
shown by equation 9:

AG = -nFE 9)

n is the number of electrons exchanged in the reaction, F is the Faraday constant (96,4385
coulombs/mole) and E is the e.m.f., in volts, for the reaction. Equation 9 shows that a
reaction that features a positive value for the e.m.f. will have a negative value for AG, and
will proceed spontaneously as written. Conversely, a reaction with a negative e.m.f. value
will proceed in the reverse direction. Oxidation/reduction reactions with negative e.m.f.
values may be coupled with other reactions that have positive e.m.f. values, and if the
combination of the two reactions yields a positive e.m.f. value, the reaction will proceed. In
other words, a strongly favorable half-reaction may supply the thermodynamic dnving force
necessary to drive another less favorable half-reaction.

The e.m.f. potentials for many reactions may be found in tables of standard reduction
potentials, which are tabulated for standard state conditions of 25°C, a partial pressure of
one atmosphere for gas phase reactants, such as Oz, and thermodynamic activity equal to
one for all other reactants. However, the reaction potential differs under non-standard state
conditions; equation 10 is used in an example:

aA+bB=cC+dD ' (10)

In equation 10, a moles of reactant A combine with b moles of reactant B to yield ¢ moles of
product C and d moles of product D. It should be noted that the reactants, products and
coefficients in equation 10 indicate an equilibrium condition. The Nernst equation, which is
used to calculate reaction potentials for non-standard state conditions, is illustrated using the
reactants and products from equation 10. The concentrations of the reactants and products
in equation 11 are not necessarily those at equilibrium, and in fact may be far from
equilibrium. For simplicity of expression and mathematical treatment, concentrations rather
than activities are used in the present discussion.
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c d
RT _[C][D]

E=E’- ——
nF  [AJ[B]

(11)

E? is the standard state reaction potential, n is the number of electrons exchanged in the
reaction, R is the ideal gas constant (8.314 Jmol K'Y, T is the temperature in kelvins, and F
is the Faraday constant. Equation 11 may be simplified for T = 298 K, and converting to
base 10 logarithms:

c d
E=E°. 0.059 log (C] [D]b
n [A]'[B]

(12)

It is apparent that the e.m.f. for a chemical system is greatly dependent on the
concentrations of the reactants, which may be affected by other parameters, such as
solubility or presence of organic ligands. Complexation by organic ligands has a twofold
effect on the redox potential for metals; it changes the concentration of free metal in solution
and changes the electron density around the metal ion in a manner that depends on the
nature of orbital overlap and the electronic configuration of the metal and ligand. A
description of the effects on redox potentials of these two types of effects will be provided
in this test plan for Pu and Fe.

The reaction in equation 10 may also be rewritten in terms of the equilibrium
constant, K. The ratio in equation 13 should not be confused with the ratio in equation 12.
Equations 10 and 13 are for equilibrium conditions, whereas equations 11 and 12 may
indicate non-equilibrium concentrations:

c d
g = [Cror a3)
[A)'{B]
The equilibrium constant is related to the AG of the reaction thfough the following
thermodynamic relationship:

AG = -RTInK (14)

A positive value for the equilibrium constant, indicating that the reaction favors the
products, vields a negative value for AG, consistent with a thermodynamically favorable
reaction. The interconnections among the thermodynamic relationships allow determination
of parameters, such as the e.m.f. values for redox couples, by numerous and sometimes
simpler experimental means. For example, experimental measurements of equilibrium
constants are often simpler and more reliable than direct e.m.f. measurements. On the other .
hand, tables of e.m.f. values are very useful to predict states of thermodynamic equilibrium.
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3.4 HOCVOCT and H,0 Redox Behavior
HOCI and its conjugate base, OCI, are strong oxidizing reagents, and react
vigorously with many materials, The strong thermodynamic driving force for HOCI and

OCI oxidation reactions are clearly indicated by the standard reduction potentials that are
listed in Table 1:

Table 1. Standard Reduction Potentials for Reactions of HOC] and OCI”

Reaction E® (volts)
HCIO+H +¢ —1%ClL+H0 1.61
HCIO+H" +2¢° — Cl + H,O 1.48
OCl + H;O +2¢° — CI' + 20H 0.81

Values of 1.61 and 1.48 volts exceed the thermodynamic limit for the stability of water.
Both oxidation potentials are sufficiently high that solutions of HOCI in water are not stable,
and result in the oxidation of water to O,. It is useful to consult a Latimer diagram for the
standard reduction potentials of water to gain an understanding of the fundamental
thermodynamic limitations on the behavior of HOC] and OCIl" in an aqueous solution.
Simplified versions of Latimer diagrams for water adapted from Greenwood and Earmshaw
(1989a) are presented below:

1 M acid

0, +0.695 H,0 +1.776 21,0

+1.229 T

Figure 2. Latimer diagram for oxidation of water.
The data in Figure 2 may be used to prepare a Poubaix diagram that illustrates the stability

fields for water under various pH and redox conditions. The reactions for the standard
reductions that are used to generate the Poubaix diagram are provided in Table 2.
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Table 2. Oxidationfreduction reactions of water

Reaction ‘ E? (volts)
O; +4H" +4e” = 2H;0 +1.229
0, +2H" 4+ 2 = H,0, +0.695
H,0, +2H" + 2¢ = 2 H;0 +1.776
H+1le=1%H, 0.000

The stability fields, i.e. combinations of redox and pH conditions are presented in Figure 3.

2.00

1.50 1

1.00 -

@ 0.50
0.00 - H*H, O2/Hz02
0.50
'l-m T T T T T
0 2 4 6 5 10 12 14
pH

Figure 3. Poubaix diagram illustrating oxidation/reduction stability fields for water.

The line designated by the H;0,/H>O couple indicates the potential at which water is
oxidized to H»0, (or H;0; is reduced to water). Water is the more stable species at
combinations of half-cell reduction potential (E,) and pH below the line, although H>O» may
still form slowly to satisfy equilibrium conditions. When conditions are sufficiently
oxidizing, as occurs above the line, HO, is the more stable species, and water is
spontaneously oxidized to H,0». The line designated by O2/HO> delineates the equilibrium
condition at which H;0; is further oxidized to O (or O3 is reduced to H,O;). At pH =9 the
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value for the oxidation of Hy0» to O; i1s -0.16 volts, which, aithough negative, may be
coupled with a reaction in which Pu is reduced from Pu(VI) to Pu(V), where the stronger
thermodynamic driving force for the reduction of Pu is the dominant force (vide infra). The
line designated by the O»/H,O couple indicates the overall limit of thermodynamic stability
for water, which results from the combination of the reactions for the oxidation of H,O to
H;0; and further oxidation of H.0, to O,.

Some macromolecular electron transfer catalysts, such as enzymes, can catalyze the
synchronous four-electron reduction of O;. However, the reduction of O; in water occurs in
successive steps in the absence of such catalysts. The initial two-electron oxidation of water
to H;O,, with an oxidation potential of -1.776 wvolts, is very unfavorable
thermodynamically, and provides the Kinetic barrier to the rapid oxidation of water for
solution compositions that have oxidation potentials that lie in the region between the lines
established by the reactions for the four electron O/H,O couple, and the two electron
H,0,/H:0 couple. In other words, an aqueous solution of a strong oxidant may be
metastable in water, even if oxidation of water is thermodynamically favorable, due to the
high oxidation potential required by the initial oxidation of water to H0,. As a result, it is
possible to prepare solutions of OCI or H>(; that are metastable with respect to oxidation of
water.

Under acidic conditions, the reaction for the oxidation of HOCI to Cl; and H>O may
- be combined with the reaction for the oxidation of water to oxygen, as shown in Table 3.

Table 3. Reaction of hypochlorous acid in water

4HCIO + 4H" + 4e” — 2Cl; + 4H;0 1.61
2H,0 — Op+4e +4H' -1.229
4HCIO + — 2Cl; + Oz + 2H,0 0.381

The positive value for the reaction of HOCI with water indicates that a solution of
HOCI in acid is thermodynamically unstable, and that HOC] will spontaneously react with
water to produce Cl; and O,. However, the reaction may be kinetically slow due to the large
positive overvoltage for the oxidation of water to Q2. Nevertheless, the volatility and
relatively low aqueous solubility of both Cl; and O, may act as an additional driving force
for the oxidation of water by HOCI. Like HOCI, OCI is thermodynamically unstable with
respect to oxidation of water, but the reaction is also kinetically hindered due to the
overvoltage required for oxidation of water to oxygen. Consequently, it is possible to
prepare solutions containing OCI that are metastable, although such solutions do eventually
decompose.

The redox lability of OCI is well known, and has been discussed by other authors

{Greenwood and Earnshaw 1989b, Cotton et al., 1999). Both HOCI and OCI, as strong
oxidants, react very readily with numerous materials, such as metallic iron. There have also
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been reports of the observation of decomposition of OCI" in aqueous solutions (Lister 1952,
Adam et al. 1992, Church 1994, Wang and Margerum 1994, Adam and Gordon 1999).
Decomposition pathways include a reaction of HOCI with OCI in addition to reaction with
water. Additionally, HOCI and OCI" may undergo catalyzed decomposition reactions in the
presence of redox active metals, such as Fe or Pu. The generation rates of HOC] and OCI’
in NaCl brine exposed to -radiation have been studied, and generation rate constants may
be determined based upon data already existing in the chemical literature. Hence, some
statements may be made about the expected persistence of HOCI and OCl in agueous
solutions:

. HOCI is thermodynamically unstable in acid and neutral solutions, and OCI is
unstable in basic solutions

. HOCI and OCI in sclution spontaneously decompose either by reaction with each
other or with water

. HOCI and OCI" decomposition reactions act as a pathway to limit their uppermost
concentrations that may be reached under conditions of continuous generation

. Bounding conditions for upper limits of OCI' concentrations due to radiolytic
generation may be determined from knowledge of production and decomposition
rates

35 Redox Behavior of Pu

Ultimately, it is the objective of the experimental work described in this test plan to
determine whether HOCI or OCI generation in irradiated brines can produce conditions
sufficiently oxidizing to affect the oxidation state distribution of Pu. It has been previously
documented in the chemical literature that OCI” oxidizes Pu to Pu(VI) (Choppin and
Morgenstern, 2000); the question at hand is whether the process can become an important
one in the WIPP environment. It is necessary to understand the redox behavior of Pu in
order to determine the potential impact that the presence of OCI can have on Pu, both as an
oxidant, and potentially as a complexing agent. The effect of acidity and complexation may
be seen in Latimer diagrams for the reduction potentials of Pu under acidic, neutral, and
basic conditions are presented as Figure 4, which is adapted from Weigel et al., (1986). An
introductory discussion of Pu redox chemistry is based in part on these Latimer diagrams.
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1 M HCIO,

Pu0,>_0.916 _pyo,* 1170 py*t 0.982 ) py** _-2.03 | p

1.043 4
1.023
1 M HCI
Pu0,*_0.912  puo,* 1190 py# 0.970 | py>+_-2.03 | py’
1.051 4
1.024
1 M H,S0,

Neutral solution (pH 7)

PuO,(OH), O_L PuO," 111 » PuO,yH,O( -0.63 Pu3+

0.94 T

IM OH

PuO,{OH);_0:26 | PuO,(OH) _9-76_ Pu0,yH20(s) _-0-25 ) Pu(OH);xH,0

~-0.5 T

Figure 4. Latimer diagrams for oxidation/reduction behavior of plutonium.
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The Latimer diagrams illustrated in Figure 4 are based on total concentrations of Pu
at each respective oxidation state, not concentrations of the free metal ion. Since a positive
e.m.f. indicates a thermodynamically favored reaction, the voltage values indicated on the
Latimer diagrams for Pu shows that Pu* is strongly favored in acidic solutions.
Comparison of the voltage values in HCIO,, HCl, and H,80, provide an illustration of the
way that complexing and non-complexing media can affect the redox potentials. For
example, the reaction:

Pu0,* +4H +2¢ = Pu* +2H,0 (15)

has potentials that are 1.043, 1.051, and ~1.3 voits, in HCIO4, HCl, and H3S0y, respectively.
The differences among the potentials may be explained by the fact that for a given ligand
the order of strength of complexation for the four oxidation states of Pu usually is given by

Pu** > Pu0,?* > Pu** > Pu0,* (16)

The conjugate bases ClO4", Cl, and $0,% form complexes with a given oxidation
state of Pu that have relative stabilities occurring in the same order as the charge densities
on the ligands, i.e.

S0,* > Cl'> Cloy an

For this series of Lewis bases, complexation with Pu** is stronger than with PuO,*.
As a result, for the reduction of Pu(VI) to Pu(IV), the reaction that takes place in the more
complexing medium tends to stabilize Pu(IV) relative to Pu(VI), and with increasing
degrees of complexing ability further favoring the oxidation state that forms the strongest
complexes, i.e. Pu(IV). Consideration of the relative abilities of SO4 , CI' and ClOy4 leads
to the prediction that the reduction potential should be the most positive in H,SOq4, and the
least positive in HC1O,, which is confirmed by experimental measurements.

Pu(IV) has a very strong affinity for oxygen, so much so that it is capable of
displacing protons from water, even under acidic conditions. In effect, the waters of
hydration that are within the inner coordination sphere of Pu(IV) become very acidic. The
tendency of coordinated water to lose a proton, referred to as hydrolysis, may be illustrated
in the following reaction (with n = 9}:

Pu(H,0),*" = PuOH(H;O),.,”" + H* (18)

The first hydrolysis of coordinated water becomes an important mechanism at about
pH = 1, and is followed by subsequent hydrolysis reactions until, in the neutral pH region,
PuO, has formed due to the loss of four protons from two water molecules. PuQ;, which is
very insoluble, may have additional waters of coordination associated with it, and is
sometimes written as PuO, yHOy). It is the insolubility of Pu{IV) oxides, or hydrous
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oxides that shifts the reaction equilibria for Pu in neutral and basic solution to favor the
Pu(iV) oxidation state. Examination of the Latimer diagram for Pu in neutral solution
reveals that the reduction potential for the reduction of Pu(VI) to Pu(IV) is 0.94 volts, which
implies that in order to oxidize Pu(IV) to Pu(VI) in near neutral solutions it would be
necessary to employ a strong oxidant that has a rather large oxidation potential. However,
the situation is further complicated by the fact that the presence of any complexing ligand
will have an impact upon the redox couples of Pu. For example, in strongly basic media
(pH 14) Pu(VI) has about the same stability as Pu(IV), due to formation of anionic Pu(VTi)
complexes with hydroxide. It is generally true that for Pu, higher pH favors the higher
oxidation states.

There are other aspects of Pu solution chemistry that may be discerned by
examination of the Latimer diagrams for Pu. For example, it is apparent that it is not
possible to prepare a solution of PuO;" by direct oxidation of an acidic or neutral solution of
Pu(ITT) or Pu(IV). This is due to the fact that the voltage required to oxidize Pu(IV) to
Pu(V) is greater than the voltage required to oxidize Pu(IV) to Pu(VI). As a result,
application of an oxidizing condition, either chemical or electrical, invariably results in
quantitative oxidation of Pu to Pu{VI}. In order to obtain Pu(V) in solution, it is necessary
to oxidize all Pu to Pu(VI), then gently reduce the Pu(VI) to Pu(V). For that reason,
oxidizing solution conditions will usually resuit in the presence of Pu(VI), but not Pu(V).
Additionally, it should be noted that it is not possible to obtain large concentrations of Pu(V)
in acidic solutions due to the Pu(V) disproportionation reaction, as illustrated for 1 M
solutions of HC] in Table 4:

Table 4. Disproportionation of PuO;"

Reaction E°
PuO," + 4H* + le" — Pu** 1.190
PuQ," — Pu0,? + le -0.912
2Pu0," + 4H*  — Pu* + Pu0” 0.278

However, there are ways 1o exg)lore Pu(V) chemistry in acidic solutions, such as
using classic radiotracer methods with 2*Pu. The short half-life of ***Pu (87.7 years) allows
the possibility of working with very dilute solutions of Pu, effectively quenching the
disproportionation reaction by slowing the reaction kinetics.

As described earlier, Oversby has stated that (Neill 1998, Oversby 2000):
«...Pu(V} is observed as a long-lived transient in many laboratory experiments. Pu(V)
may be formed as a result of radiolysis reactions in brine, and while its total

abundance in the repository is likely to be low, it might be significant as a transient
species in some waste containers,”
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Oversby describes the possible reasons for appearance of oxidized Pu due to
radiolysis effects. It is impossible to produce Pu(V) by direct oxidation of either Pu(1ll} or
Pu(IV) in solution due to the overvoltage required to carry out the oxidation steps. Pu(VI) is
the resultant oxidation state whenever direct oxidations of Pu(lll} or Pu(IV) are carried out
in solution. Pu(V) may then be produced by gentle reduction of Pu(VI). Observations of
Pu(V) in brine solutions that are significantly affected by radiolysis may be due to initial
oxidation of Pu(IIL,IV) to Pu(VI), by OCI, followed by reduction of Pu(VI) to Pu(V) by a
reducing agent such as H,O,. Further reduction of Pu(V) to Pu(IV), or disproportionation of
Pu(V), in basic solutions is kinetically hindered by the inverse fourth power dependence
upon the hydrogen ion concentration.

This discussion is intended to introduce the reader to some of the subtleties of Pu
solution chemistry, and describe some of the difficulties inherent in experimental work with
Pu. It should be apparent that qualitative observations may be of little use when not
obtained in conjunction with careful experimental design, vigilant control of numerous
experimental variables, and judicious interpretation of data.

3.6 Redox Behavior of Fe

The corrosion of iron, present within the waste and as the waste containers, is
expected to have a significant impact on the oxidation/reduction conditions within the
WIPP. Iron corrosion under anoxic conditions should provide a source of electrochemical
reductive capacity, which is expected to maintain Pu in a reduced state, as Pu(IIl) or Pu(IV).
The standard reduction potentials for iron are presented in Table 5.

Table 5. Reduction reactions of iron

_ Reaction F° (volts)
Fe?* + 2¢” — Fe’ -0.447
Fe** + 3¢ — Fe’ -0.037
Fe** + le — Fe®* 0.77

The standard reduction potentials are for standard conditions of activity, and are not
pH dependent in the range below which hydrolysis becomes an important feature, It is
apparent that the Fe’ to Fe®* oxidation that occurs during corrosion of iron can provide a
thermodynamic driving force of +0.447 volts, which, when coupled with other redox
reactions, allows metallic iron to behave as a reducing agent. For example, coupling the
oxidation of iron with the reduction of Pu®* to Pu** in 1 M HCI solution is illustrated in
Table 6.
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Table 6. Reduction of Pu by metallic Fe

Reaction Volt-equivalent
Fe® — Fe*" +2¢ +0.447
2Pu*t + 4e” — 2Pu** +1.94
Fe’ + 2Pu* — Fe?t +2Pu’* +2.387

An equilibrium constant for the reduction of Pu** by iron can be written as

TR )
Combining equations 9 and 14 and rearranging gives
InK =nFE/RT (20)

When the volt-equivalent is used, n = 1, T = 298, equation 20 yields a value of 2.4 x
10*? for the equilibrium constant. The large value of the equilibrium constant shows that
Pu’" is much more stable that Pu** in acid solutions containing iron. It is important to note
that Fe** is the stable oxidation state of iron in acid systems, but the situation is quite
different in neutral or basic solutions. The redox behavior of iron in neuiral solutions is
affected by the strong tendency of Fe® to form insoluble hydrolysis products, which tends
1o shift the equilibrium position between Fe?* and Fe’* in favor of Fe**. The reactions for
complexation and precipitation of Fe™ and Fe™ by hydroxide may be respectively written as

Fe’* +20H  Fe(OH)y (21)
Fe’* + 30H  Fe(OH)s (22)

The solubility product constants, K, for iron hydroxide precipitates are written as (Baes
and Mesmer, 1986):

K o recomy, = [Fe*" JJOH"T* =107 o3
Ko recor; =[Fe™ JJOH ) =107 (24)

The standard reduction potential for the reduction of Fe** to Fez+, 0.77 volts, may be
used in the Nemst equation, along with the values for the solubility product constants of
terrous and ferric hydroxide precipitates to calculate a value of the reduction potential in
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neutral and basic solutions. For example, using the Nernst equatlon and the Kqp values to
solve for iron concentrations yields the reduction potential of Fe™* to Fe** at pH=9:

Ksp,Fc(OH)z
[OH T
sp,Fe(OH)3
[OH )’

E=E"-0.05910 (25)

E =0.77 —0.05910g(10'®) (26)
= -0.292 volts QN

The relatively large negative value for the reduction potential of Fe’* to Fe*
indicates that the reaction has a strong tendency to go in the reverse direction, i.e. Fe(Il) is
the stable oxidation state of iron in basic solutions, and Fe(ll) will readily give up an
electron in basic solutions. Perusal of the Latimer diagrams for Pu suggests that the
dominant oxidation state of Pu in basic sotution will probably be Pu(lll) or Pu(IV), when
coupled with the oxidation of iron from Fe(Il) to Fe(Ill), although it is clear that milder
oxidizing conditions can generate Pu(V) and Pu(VI) more easily in basic solutions than in
acidic conditions. Additionally, as has been previously noted, complexing solutes will also
affect the redox couples, and concomitantly, the redox speciation of Pu. Therefore a
complete determination of the redox couples of Pu under WIPP conditions would require
carefully designed and controlled experiments. The stability of these respective oxidation
states depends upon attainment of a state of thermodynamic equilibrium.

The previous discussion on the redox properties of Pu illustrates the effect that
ligands can have on the oxidation state distribution of Pu. In addition to affecting the redox
couples, ligands also may affect solubilities, e.g. complexation of actinide ions with organic
ligands solubilizes the metal ions, and must be quantified to make meaningful predictions of
dissolved actinide concentrations. Well-defined values for complexation constants
{commonly called stability constants) as well as solubility product constants are necessary to
calculate actinide solubilities

3.7 Complexation Behavior of OCI

3.7.1 OCI as a Ligand

The complexing ability of OCl” with actinide ions has not been systematlcal]y
studied, although Kim has reported formation of OCI" complexes with PuO,** (Pashalidis et
al. 1993). Experimentally observed OCI concentrations, and a brief summary of likely
complexation properties are discussed within this test plan. Previous reports suggest that
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OCI may be present in millimolar concentrations in the immediate vicinity of o-emitting
radioactive material.(Kim et al. 1987, Pashalidis et al. 1993) OCI- may affect solution
behavior of Pu; as an oxidant it may affect redox speciation, and as a ligand it may affect

solubility. Hypochlorite complexes with PuO%+ are illustrated in equations (28) and (29):

PuO3* +OH + OCI' = PuO,(OH)OC)) (28)

PuO3" + 20CI" = PuO,(OCl), (29)

Stability constants for reaction (28) have been reported as log 1.1 = 14.0 at pH=6.7 and log
Bi.1i = 14.5 at pH= 8.4 (u=0.55 M, T=22° C). The stability constant for reaction (29) is log
Bioz = 10.3 (u=0.55, T=22° C) (Pashalidis, 1993).

The short range of o-particles in solution can cause chemical environments that
feature greater concentrations of radiolysis products in the immediate vicinity of radioactive
sources than in the bulk solution, i.e. the actinides and ligands will occur together in close
proximity. In fact it is likely that dissolution processes in localized heterogeneous
microenvironments in a steady-state, non-equilibrium condition will be governed not by
average solution concentrations of complexing ligands, but by concentration gradients that
increase in magnitude as a function of proximity to the surface of the radiation-emitting
solid. Figure 1 demonstrates that significant amounts of hypochlorite may be generated in
NaCl solutions, especially brines. It is not necessary for multiple cunie levels to be
dispersed in brine to generate high local concentrations of hypochlorite because localized
solution conditions will be established in the environs of the o-emitiing radioactive source.

Figure 4 illustrates the steady state concentration of OCl™ generated as a function of
radioactivity in 5 molal NaCl solution. The data used to generate the data points in this
figure were taken from Kelm et al. (1999), The data points at ca. 6 and 12 Ci/L had not
reached their respective steady state concentrations, therefore, there is not enough data to
determine the type of function that correctly defines hypochlorite generation. However, the
high-radioactivity solutions are not generally representative of conditions expected to persist
within the WIPP.
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Figure 4. Generation of hypochlorite as a function of radioactivity in 5 mol/L NaCl at pH
ca. 12.

3.7.2 Prediction of log §

The actinide ions (An(IILIV,V,VI)), which behave as hard acids due to their
relatively low polarizability and high ionization potentials, interact with ligands primarily by
electrostatic interaction (Pearson, 1963). As a tesult, an extended form of the Bom
equation, which relates electrostatic attraction to the Gibbs free energy of formation, may be
used to make an approximate prediction of the magnitude of the stability constant for
trivalent actinides or lanthanide amalogs when the stability constant for another
actinide/ligand pair is known (Choppin and Rizkalla, 1994). The relationship is illustrated
by equation 30:
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2
G=""AS D% yR755.5+ S Inf(D) (30)
418.7D.d;»
where AG is the Gibbs free energy of complex formation, N4 is Avogadro’s number, € is the
fundamental unit of charge, Z, is the charge on the metal ion, Z; is the charge on the ligand,
D. is the effective dielectric constant (57 for An>* or Ln**, 40 for An*", 65 for AnO,", 55 for
AnOf*), d;; is the distance between the metal and ligand, m is the change in number of the
reacting species, and ZInf(I) is the activity coefficient term to correct for effect of ionic
strength (Choppin and Rizkalla, 1994). The relationship between the Gibbs free energy and
the stability constant, f3, is:

AG = -RTInp (€29

where R is the ideal gas constant, 8.314 J/molK and T is the absolute temperature in
kelvins. Substituting equation 31 into equation 30 gives:

2
In B _ NAC 2122

= ~VRT55.5+ Y inf(l 32
RT418.7D.dy; 2 InfD G2)

Equation 32 may be simplified for when comparing reactions that have the same number of
reacting species and are at constant ionic strength:

logP = -{%l—é +B (33)
D.dy;

A is a constant that encompasses Avogadro’s number, the elementary unit of charge, the
ideal gas constant, temperature and the proportionality constant 418.7; B is a constant that
includes the change in number of reacting species and ionic strength corrections. Equation
33 indicates that a plot of the logarithm of the stability constants vs. charge on the metal ion
for complexes of actinides with a given ligand should be linear when corrected for
variations in the effective dielectric constant and the metal-ligand distance. A useful
modification of equation 33 is given by equation 34 (Choppin, 1999)

logB.(C) = log Bu(D) x (Zc/Zp) x (Dn/DeXdpic) (34)
C and D are used to

The effective charge on the metal jon for the four common actinide oxidation states may be
summarized as (Choppin and Rao, 1984)
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Pu** > Pu0? >Pu*t > Pu0,’
Th* > UO* > Am* > NpO,*
4 >33 > 3 > 23

Figure 5. Effective charge on actinide cations,

Plutonium follows the pattern for effective charges on the metal atom as in the
corresponding oxidation states of Th**, UO,** Am®* and NpO;*. The larger effective charge
on the AnO,>* jon relative to the An”” ion often causes the magnitude of the logarithm of the
stability constants for AnO,L>™ complexes to be about 10-30% greater than the respective
complexes with An®* when steric effects to not interfere. Therefore, the magnitude of Bioz
for the Am”* (and Nd**) complexes with OCI” should be about 8-9 log units, based on the
data for the stability constant of OCI” with PuO,* (Pashalidis et al. 1993).

3.7.3 Comparable ligands

A survey of the National Institute of Standards and Technology (NIST) stability
constant database reveals a paucity of data for complexes of metals with hypochlorite.
Cyanate (OCN") may be expected to exhibit similar complexion behavior to hypochlorite
since the pseudohalogen cyanide group replaces the chlorine atom. However, since cyanate
exhibits linkage isomerism, a comparison would be valid only for coordination through the
oxygen atom of the cyanate group. HOCN has pK, = 3.48 (u=0 M, T=25° C), making it a
weaker conjugate base than OCI". Therefore OCN” complexes formed through the oxygen
atom should be weaker than corresponding complexes with OCI.  Unfortunately, the
database for complexation with cyanate is limited to Co®" and Ag', both of which may
coordinate through the nitrogen atom of cyanate, and neither of the metal ions are suitable
analogs for lanthanides or actinides.

The halate anion ClO5” may also be generated as a result of a-radiolysis in chloride
brine. Ligands with higher pK, values form stronger conjugate bases, with attendant greater
affinity for metal cations. In general, the stabilities of complexes are proportional to the pK,
values of the protonated form of a ligand. The pK, value for HCIO; is -2.7 (u=0.10 M
NaCl0,, T=298 K), making ClO;™ a rather weak base. Most ligands, with pK,<2 (including
ClO;) form only outer sphere complexes with actinides, and it has been shown that
LaClOs*" and UO,CIOs* conform to this behavioral model (Choppin et al. 1988). In
contrast, OCY most likely forms inner-sphere complexes with actinides; with the
accompanying differences in the nature of the enthalpy and entropy driving forces of the
complexation reaction. As a result, halates do not make useful analogs for hypochalite
anions.
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3.7.4 Effect of Complexing Agents on Actinide Solubility

The effect of ligand complexation upon actinides under WIPP conditions causes an
increase of actinide solubility and mobility. Actinide solubility is controlled by the extent of
complexation and by the solubility product constant of actinide precipitates, or actinide
bearing solids in which actinides are co-precipitated as members in a non-actinide host
phase. The dissolution of actinide precipitates may be generally described by the equation:

(Anp*By); = pAn"" +sB' (35)

where np = st, An represents an actinide cation with overall charge of n+, and B is a
counter-ion that participates in formation of a precipitate.

The solubility product constant is generally expressed as
K, = {An"*P{BI7) (36)

where the braces indicate thermodynamic activities.

Complexation of the actinide ion in solution will cause further dissolution of the
solid phase to compensate for perturbation of the equilibrium expressed in equation (35).
Formation of actinide/ligand complexes is described by equation (37), where charges on the
metal and ligand are omitted for simplicity:

pAn +Hi L, = An,H/L, 37
The thermodynamic stability constant for such a complex is defined as

{AanqL, }

= 38
(AnJ{H,LY 9

quf

The relationship between the solubility product constant of an actinide bearing solid and the
solubilizing effect of complexation is illustrated by substituting equation (38) into equation
(36):

Ko {An H/L.}

: (39)
{BCF B (HLY

The total solubility of an actinide ion is the sum of the free metal ion concentration and the
concentrations of all other soluble species. The sum of concentrations of all soluble species
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is described by
An™ + iE[AanLr] (40)

q:(] r=]

where @ and 1’ are the maximum possible values of q and r, and L is the only ligand in the
system. Accordingly, addition of complexing ligands will lead to greater total solubility of
metal ions.

3.8 Extraction Method for Determination of Stability Constants

Liquid/liquid extraction is a well-developed method and has been extensively used in
support of the WIPP actinide science program to determine the stability constants of actinide
metal ions and other metal cations with numerous different ligands (Chen et al. 1999,
Bronikowski et al. 1999, Choppin and Pokrovsky 1997, Bronikowski et al. 1998, Borkowski
et al. 1999, Borkowski et al. 1996, Borkowski et al. 2000). The distribution of a metal ion
between two immiscible phases in the presence of an organophilic extractant is described by
a distribution coefficient:

D = 2 Morg] @1)
Y Myl

where 2[M,] is the sum of the concentrations of all metal species in the organic phase and

Z[M,,] is the sum of the concentrations of all metal species in the aqueous phase. An
aquophilic complexing agent may exert a competitive influence on the metal distribution
that is described by equation 42:

Do - $pigaLr” 42)
D 1

where Dy is the distribution coefficient in the absence of the complexing ligand, B’jon are the
successive apparent stability constants, and [L] is the ligand concentration. The apparent
stability constant is related to the true stability constant as expressed by equation 43:

Bior =B /1 + 3.6 (oH )" + 3188 (BT @3)
1 1
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where BgH is the n™ hydrolysis constant, BE is the n™ stability constant of the metal

with the buffer, [OH] is the hydroxide concentration and [B7] is the free buffer
concentration.

In solvent extraction determination of stability constants, it is necessary that the complexing
ligand and the metal/ligand complex are much more soluble in the aqueous phase than in the
organic phase. This condition is often fulfilled when the metal ligand complex is charged,
solvated with water molecules, or has ligands that exhibit aquophilicity through hydrogen
bonding. Metal/hypochlorite complexes are expected to satisfy these conditions.

3.9 Use of Analogs

The trivalent lanthanide Nd(III) will be used for stability constant determinations due
to its redox stability and to its similarity in charge density to Am(III) and Pu(III). The use of
lanthanide cations as analogs for the trivalent actinides is a widely accepted practice, and
has been documented elsewhere (Choppin, 1999). Initial determination of the stability
constant of OCI” with Nd is expected to be advantageous because the +3 oxidation state is
the only stable oxidation state of Nd. Lack of other accessible oxidation states obviates the
necessity of oxidation state control of the metal ion and ensures that it is not possible for the
metal ion to cause catalytic decomposition of OCI. Moreover, Nd is not a radioactive
material, does not present notable toxicity hazards, and may be conveniently handled in
experimental work as an ordinary chemical component.

3.10 Brine Compositions

Compositions of WIPP Brine A and ERDA-6 and GWB are given in Table 7. The
ionic strengths were calculated from data in Table IV with the equation

n=1/2Yc;z” (44)

(151
1

where | represents the ionic strength, ¢; is the concentration of component *“1”, and z is the
charge on the ion. In this case, ionic strength is given in concentration units, rather than
activities. The higher ionic strength of Brine A is predominantly due to the higher Mg**
content.
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Table 7. Chemical Components of WIPP Brines

Ton or Chemical

Property Brine A (a) ERDA-6(a) GWB (b)
B** (mM) 63 20 156
Br' (mM) 11 10 27
Ca®** (mM) 12 20 14
Cl" (mM) 4800 5350 5610
K* (mM) 97 770 467
Mgt (mM) 19 1440 1020
Na* (mM) 4870 1830 3570
50.* 170 40 178
ionic strength (M) 5.57 7.07 6.0

(a) data from Table SOTERM-1, DOE (1996}
(b) data taken from Zhang et al. (1999}

Other metals, such as Fe, Co, Ni, and Mn, will be present in the WIPP as a result of
corrosion of waste containers. Steel, composed primarily of iron, with smaller amounts
(usually less than 1%) of other components such as Co, Ni and Mn, will provide masses of
Fe that far exceed the amounts of the other transition metals. As a result, it is expected that
the primary transition metal component in the WIPP environment that can affect the stability
of OCI” will be Fe. It is not anticipated that transition metals other than Fe will exhibit a
greater influence than that of Fe.

3.11 Objectives

The objectives of the studies proposed in this test plan are to:

. Determine the rate of decomposition of OCI in WIPP-representative brines,
including the influence of waste components, such as iron , on decomposition.

. Determine and measure solution conditions that have an impact on complex
formation of metal ions with OCI’

. Determine the stability constants for complex formation of OCI” with metal ions

Intended use of the data:

Actinide sclubility affects the magnitude of the contribution of the direct brine release to the
generation of a Complementary Cumulative Distribution Fanction (CCDF), which is used as
an EPA mandated evaluation of regulatory compliance.
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The results of this study will be used to:

. Determine OCI" decomposition rates in order to calculate whether OCI™ generation
will be sufficient to affect oxidation/reduction conditions within the repository
. Determine whether complexation by radiolysis products, such as OCI, will

contribute to increased actinide solubility in the WIPP.

Additionally, of equal importance is a demonstration that processes that are deemed
to be significant to repository behavior are quantitatively understood.

4.0 EXPERIMENTAL PROCESS DESCRIPTION
4.1 Sample and Data Control

4.1.1 Critical Variables to be Measured and Controlled

Variables that must be controlled in the types of experiments described within this
test plan include:
*pH
stemperature
esample volume
esample composition

The decomposition of HOCI or OCI” may have an effect on the pH of the host
solution. Reactions of HOCI and OCI, which may affect solution pH values, are listed in
Table 1. HOC! is a weak acid, with a pKa = 7.5 in low ionic strength solutions, and will
probably exhibit an increase of 0.5 to 1 pK unit in high ionic strength solution. There will
be some buffering of pH by the acid/base pair of HOCVOCI', although the self-buffering
capability will depend upon decomposition pathways and kinetics, which must be
experimentally determined. Initially, an attempt will be made to use the seli-buffering
capacity of the HOCOCI pair because it is also unknown whether other buffers, such as
boric acid/borate will react with either HOCI or OCI". The kinetics of decomposition with
and without added buffer may be compared to determine whether there is an effect. The
representative WIPP brines, ERDA-6, GWB, and WIPP Brine A all contain boric
acid/borate, which makes an initial determination of kinetics in a non-boron bearing brine an
important first step in the overall examination of the behavior of HOCI and OCI" in WIPP
brines. Solution pH will be controlled by adding small amounts of non-interfering acid or
base, such as HC1 or NaOH solution. Solution pcH (pcH is the negative logarithm of the
hydrogen ion concentration) will be measured with a standard, calibrated pH meter equipped
with a combination glass electrode. Any adjustments to solution pH at the beginning or
during the course of the experimental work will be recorded in the scientific notebook, along
with the measured pH values.
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The solution temperatures will be controlled during titrations by performing the
experiments in sample vessels immersed in a constant temperature water bath. Refer to the
section describing measuring and test equipment for a description of temperature control
apparatus.

Sample volumes will be measured with standardized volumetric glassware and
calibrated Class A pipets, or calibrated autopipets. Refer to the section describing
measuring and test equipment for a description of calibration and control of volumetric
glassware and pipets.

Sample composition will be determined by solution preparation using standard
laboratory techniques with calibrated equipment. Concentration of HOCI and OCI  in the
decomposition kinetics experiments will be determined by UV-Vis spectroscopy.
Concentrations of Nd will be determined by complexometric titration and analysis by
atomic emission Speciroscopy.

Deviations from these standards, such as allowing sample temperature to
equilibrate with ambient temperature rather than remaining under controlled conditions, will
be noted in the laboratory notebook, along with descriptions of the acceptability of such
deviations and the impact upon the experiment.

4.1.2 Coordination with Organizations Providing Inputs or Using the Results

There are no other organizations providing inputs in terms of data, experimental
design, sample analysis, data compilation or interpretation of results. No coordination
activities for inputs are planned at the time of the writing of this test plan.

The outcome of the experimental work described herein is unknown at the time of
the writing of this test plan, although it may be anticipated that the data will be used to
further evaluate the long-term effects of radiolytic generation of oxidants. The results of the
experimental work will be provided to the DOE CBFO for further evaluation with regard to
screening as a feature, event, or process that may affect the long-term performance of the
WIPP.

4.1.3 Procedures to be Used/Developed

1t is not necessary to develop new procedures to accomplish the tasks described in
this test plan. The procedures that will be used are part of commonly practiced standard
laboratory techniques such as titrations and spectrophotometry. The procedures that will be
employed are generally described in the section describing reagents and procedures,
although specific procedures as applied to a particular experiment will be completely
documented in the scientific notebook.

No prerequisites or special controls are specified at the time of the writing of this test
plan. No unusual procedures to control specific environmental conditions, such as storage
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under controlled atmosphere, are necessary. Controls over other relevant conditions will be
recorded in the laboratory notebooks. No unusual processes are anticipated to be employed.
The skills developed during the course of work in an analytical or inorganic chemistry
laboratory are anticipated to be sufficient to successfully perform the work.

4.1.4 Known Sources of Error and Uncertainty

Sources of error include:
*pH measurement
svolume measurement
eweighing error
eimpure reagents

edata transcription error

Errors of pH measurement will be minimized by calibration of measuring equipment with
standard buffer solutions and by titration with standardized acid and base solutions.
Standard procedures for instrumental pH measurement are widely practiced and published in
peer reviewed literature. Procedures will be described in the laboratory notebook and
relevant procedural references provided. Volume and weighing measurement error will be
minimized by calibration of all volumetric and weighing equipment with accompanying
documentation in the laboratory notebooks. All reagents will be A.C.S. reagent grade or
better. If necessary, reagents will be purified by standard, documented procedures. Data
transcription error will be minimized, and can be traced by attaching hardcopies of
instrumental data output within the laboratory notebook.

4.1.5 Data Processing and Mathematical Models

Data processing may be done by hand calculation with the aid of an electronic calculator, or
with a standard spreadsheet program, such as Microsoft Excel. Data processing more
complicated than simple algebraic manipulations are not anticipated at the time of the
writing of this test plan.

4.1.6 Documents to be Maintained as QA Records

Scientific notebooks and hardcopies of instrumental output will be maintained as QA
records. Instrument output in electronic format will be preserved on a computer disk or
other suitable media, and will be submitted to the Sandia National Laboratories records
center along with other QA records.
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4.1.7 Sample Handling and Control Requirements

Standard procedures for sample identification, handling, storage, shipping, archiving and
disposition have been described in Sandia National Laboratories Nuclear Waste
Management Program Procedure NP 13-1. Sample handling will be performed under the
guidance of NP 13-1.

Samples will be labeled with unique identification numbers, date, and will be
referenced within the laboratory notebook. Solutions, such as standardized stock metal
solutions, will be handled and stored in accordance with documented procedures.

Samples will be stored within the working area of the Chemistry and Geochemistry
research area at the laboratory of Sandia National Laboratories, Carlsbad. No special
precautions are planned to secure the samples.

4.1.8 Sample Disposal

Aqueous solutions of HOC] and OCI  in brines are non-hazardous, and may be disposed of
directly into the sewer, without any special precautions. Organic solutions will be disposed
of in accordance with standard operating procedures in place at the Sandia National
Laboratories Carlsbad laboratory. Hazardous waste generation is not anticipated at the time
of this writing.

4.1.9 Data Acquisition System

Calibrations and calibration checks will be performed on instruments in the manner
described in the Measuring and Test Equipment section. Analytical instruments and
laboratory equipment will be considered to be exhibiting acceptable performance when the
following criteria are met:

. Calibrations for the ICP-OES instrument will be considered successful if initial
calibration data exhibit linearity within tolerances established by the instrument
manufacturer.

. Initial or continuing calibration of analytical balances will be considered as

indicating fitness for use when the instrument indicates that all standard calibration
check weights conform within 0.1% of the nominal value.

. Volumetric equipment must exhibit less than 1% relative standard deviation error in
order to be considered acceptable for use.
. Calibration of pH measuring apparatus will be considered acceptable if the data

exhibit linearity, and the instrument response is greater than 90% efficient (i.e. >
53.1 mV/pH unit).

. Wavelength and percent transmittance calibration of the Cary-300 UV-Vis
spectrophotometer will be performed upon instrument start-up, at least one time per
day that the instrument is used.
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4.1.10 Commercial Software, Not Modified

The commercial software that will be used in the work described in this test plan
includes the software that is used to operate the analytical instruments, and spreadsheet
software for performing routine calculations.

The IPC-OES is operated by the system software supplied by the instrument
manufacturer.

The Cary-300 UV-Vis spectrophotometer is operated by the system software
supplied by the instrument manufacturer.

Routine spreadsheet calculations will be performed with Microsoft® Excel 2000 run on a
Dell Precision 620 desktop P.C., or equivalent. Use of any other spreadsheet programs will
be described and documented in the scientific notebook.

4.1.11 Other Software

No software other than commercial, off-the-shelf software, not modified, will be
used in this work.

4.1.12 Methods of justification, evaluation, approval, and documentation of any
deviations from test standards

Significant departures from procedures documented in the open scientific literature
will require revision of this test plan.

4.1.13 Experimental Controls

Each experimental determination of decomposition rate constants will be repeated in
order to reduce likelihood of inadvertent introduction of indeterminate errors. The use of
blank spikes, matrix spikes, internal or surrogate standards are not necessary or compatible
with the experimental methods used in the kinetics experiments proposed in this test plan.

Each experimental determination of the metal/ligand stability constant will be
performed at least three times, with no less than two nominally identical samples used to
determine values for each data point. Known quantities of reagents will be introduced into
each sample, so mass balances may be calculated from the amount recovered from each
phase, making internal and surrogate standard spikes generally unnecessary. It should be
noted that experimental procedures may be altered such that spikes are included in
experimental procedures if it is necessary to account for variations in instrumental response.

4.1.14 Control and Characterization of Test Media

Test media and samples will be characterized by the analytical methods described
elsewhere in this test plan.
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4.1.15 Data Ildentification and Use

Data that is amenable to writien recording will be inscribed by hand in appropriate
laboratory notebooks. Such information includes, but is not limited to:

sreagent and solution preparation and purification procedures and results

ssample preparation procedures

esample composition and conditions e.g. pH, reagent volume, reagent concentration,
temperature

esample handling

esample analysis procedures and results

Instrumental data output, such as tabulated values and parameters, will be stored in a data
binder, and appropriate reference to the data location will be made within the laboratory
notebook.

4.1.16 Data Transfer and Reduction Controls

Typical data transfer is from instrumental output to laboratory notebook and from
laboratory notebook to a spreadsheet program. Printed copies of spreadsheets with full
explanations of spreadsheet calculations will be permanently attached to the laboratory
notebook or within a data binder specifically designated for the purpose. Data that is stored
separately from the laboratory notebook, e.g. in a designated three ring binder, will be
appropriately referenced and described with respect to location, within the laboratory
notebook.

4.1.17 ldentification, Segregation, Disposal of Erroneous Data

Data that is suspected to be erroneous will be tested by comparison to replicate
samples or replicate experiments. Statistical justification for rejection of erroneous data will
be provided within the laboratory notebook.

4.2 Reagents and Procedures

4.2.1 Measuring and Test Equipment

Measuring and test equipment, including but not limited to, the Sandia National
Laboratories Carlsbad laboratory ICP-OES, balance, pipets, pH meter, UV-VIS
spectrophotometer will be used in accordance with the Sandia National Laboratories
Nuclear Waste Management Program Procedure NP 12-1, Control of Measuring and Test

Equipment.

The ICP-OES is an inductively coupled plasma atomic emission spectrometer.
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Liquid samples are introduced into the instrument through an autosampler. The samples are
aspirated into a plasma ionization chamber, which destroys the sample matrix, atomizes and
ionizes the component atoms. Photons of discreet energies are emitted upon transition from
the quantized excited to ground electronic states for each component element, which allows
quantification by wavelength dispersive analysis of the intensities of the light given off
during the de-excitation process. The spectrometer is calibrated by using the measurement
of instrument response to plot a calibration curve for a series of samples containing
standardized amounts of the analyte of interest. Under ordinary circumstances the
instrument has a dynamic range of several orders of magnitude, and features linear response
to sample concentration. Second (parabolic) or higher order response in analytical
instruments often indicates detector saturation, matrix interference, or other concentration
dependent instrumental responses.  Evaluation and documentation of calibration, and
calibration data will be recorded in the scientific notebook. No use of internal standards is
anticipated. Use of surrogate standards, blank spikes, matrix spikes, or other methods of
batch control will be documented in the scientific notebook.

Analytical balances will be calibrated before use on a daily basis, at a minimurm.
Certified, traceable calibration standard weights will be used as calibration standards,
continuing calibration check standards, or both.

Solution volumes will be measured either with Class A glass pipets, or autopipets
equipped with disposable tips. Calibration of all pipets will be confirmed before use by
measuring the volume of water dispensed, which will be determined by mass, as indicated
by a calibrated analytical balance. Density conversion factors for water as a function of
temperature will be taken from the Handbook of Chemistry and Physics, published by CRC
Press, or another reliable, documented source. Atmospheric buoyancy corrections for
calibration of volumetric glassware are not required.

Instrument response of potentiometric pH measurement instrumentation will be
checked by calibration against traceable standard buffer solutions, or by titration of
standardized acid and base solutions. Identity of the calibration solutions will be recorded in
the scientific notebook. Constant temperature and atmosphere conditions will be maintained
during titrations, if necessary, by immersion of the titration vessel in a thermostated water
bath, the temperature of which will be monitored with a thermometer that will be calibrated
against a certified, traceable standard thermometer. If necessary, inert atmosphere will be
maintained by purging the titration vessel with N;. Temperature and atmosphere control
and conditions will be recorded in the scientific notebook.

The UV-VIS spectrophotometer is a Cary 300 Ultraviolet-Visible
Spectrophotometer, equipped with D; and tungsten filament lamps. The instrument
performs an internal wavelength calibration upon start-up, using emission lines generated by
the D; lamp. The 100% transmittance calibration is performed by placing a cuvette
containing the solvent without the chromophore, and scanning the instrument through the
analytical wavelengths. The 0% transmittance calibration is performed by blocking the
sample path with an opaqgue object, such as black painted sheet metal, and scanning the
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instrument through the same wavelength region as used in the 100% transmittance
measurement. The instrument responses are assigned to the respective 0 and 100%
transmittance measurements at each wavelength.

4.2.2 Reagents

Deionized water will be used to prepare all aqueous solutions. All aqueous and
organic solutions will be filtered through 0.20 or 0.45 mm pore size membrane filters, as

necessary.

High purity OCI" will be synthesized by one of several methods documented in peer-
reviewed literature, or obtained from documented commercial sources. Possible methods
include bubbling g Cl; gas through carbonate free 0.6 M aqueous NaOH or passing Cl gas
through an HgO slurry with subsequent reduced pressure distillation into aqueous NaOH
(Adam and Gordon, 1999). Concentration of OClIT may be determined
spectrophotometrically (& = 350 M’ cm™ at 292 nm), by potentiometric titratjon, or by
other appropriate, documented methods (Vogel 1989, Adam and Gordon 1999).

4.2.3 Metal Solutions

Lanthanide solutions will be standardized by published procedures, such as
complexometric titration with volumetric standard EDTA solution and xylenol orange
indicator (Vogel, 1989).

4.2.4 Electrolyte Solution Compositions

The proposed work will be conducted in solutions of four different general
composition types: -
1. NaCl at 5 molal ionic strength
2. Modified WIPP Brine A
3. Modified WIPP ERDA-6
4. Modified GWB

Brine A, ERDA-6 and GWB are saturated solutions, so loss of small amounts of
water, (e.g. by evaporation), causes precipitation, and possible formation of lanthanide-
bearing solids, either as co-precipitates, or as adsorbates onto the crystal surfaces of solids.
Using a diluted form of the brine in order to remain below saturation most easily mitigates
the potential for manifestation of such an uncontrolled variable. Consequently, modified
forms of Brine A, ERDA-6, and GWB will be prepared that are diluted by 5% on the molar
scale. It is possible that preparation of pcH standards will require further modification of
the brine compositions. All brine compositions will be documented in the laboratory
notebooks, along with explanations for use of a particular brine composition.
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4.2.,5 Experimental Procedures

4.2.5.1 General Conditions

Sample preparation and analysis procedures, (weighing, pipetting, etc.} are parts of
standard laboratory analytical procedures. Instrumental analyses, such as ICP-AES and UV-
Vis spectroscopy will be performed in accordance with written procedures that have been
supplied by the instrument manufacturer, or other documented procedures that have been
demonstrated to be appropriate. Atmospheric components, such as N3, O,, Ar and CO; have
not been reported to affect the decomposition of HOCI/OCT, and there is no current
evidence that such control is necessary, therefore, controlled atmospheric conditions for
complexation and decomposition experiments will not be used.  Calibration of pcH
measurement instrumentation will be performed under inert (N;) atmosphere with
temperature control. Design of experimental apparatus and method of control of parameters
(temperature, atmosphere, etc.) will be fully described in the laboratory notebooks.
Temperatures of samples will be monitored and recorded.

4.2.5.2 Decomposition Kinetics

Samples of HOCI and/or OCI will be prepared under various conditions of
concentration, pcH, brine composition, and added components. A general description of
sample preparation will be given here, but complete, detailed, and documented descriptions
of sample preparation will be provided in the laboratory notebooks.

Samples of HOCVOCI will be prepared by diluting a stock solution, (either
synthesized or obtained from a commercial source) into solutions of various pcH and brine
compositions. Samples of specific composition will be large enough (e.g. 250 ml) for
repeated sampling and analysis by UV-Vis examination of the HOCI/OCI" absotbance
peaks. Approximately 5-10 ml aliquots will be removed for each analysis, allowing as
many as 25 to 50 analyses per sample. Upon preparation, a spectrum of each sample will be
obtained. The intensities of the absorbance maxima associated with the electronic
transitions attributable to HOCl and OCl" may be used to determine the respective
concentrations of each moiety. The UV-Vis spectra of the samples will be repeatedly
obtained over measured time intervals in order to determine the change in concentration of
HOCI and OCI as a function of time. The time dependence of the change in concentration
may be used to derive rate constants that quantitatively describe the kinetic behavior of the
decomposition pathways, and their dependence on pcH and solution composition.

There have not been reports of the dependence of the decomposition of HOC! or
OCI on exposure to light, therefore, some samples will be stored in the dark, and others
exposed to room light in order to establish whether exposure to light affects the systems.
The appropriate number and type of samples held in the dark and exposed to light will be
experimentally determined.
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HOCI and OCI concentrations will be varied to measure the rate dependence on the
concentration of these components. The pcH dependence of decomposition rates will also
be determined by preparing samples adjusted to different initial pcH conditions, and
measuring change in HOCI/OCI concentration as a function of time and acidity in order to
develop a predictive model that would be useful under a vanety of pcH COﬂdlthIlS It is
unknown at this time whether brine components, such as 50, or B407 will affect
decomposition behavmr therefore initial measurements will be made in solutions, both
with and without S04 or B4O+”".

The effect of brine composition on kinetics of decomposition of HOCI/OCI™ will be
determined by measuring the changes in concentration over time in a variety of solution
matrices. Redox active transition metals, such as iron, may affect decomposition rates,
therefore samples will be prepared that include iron, added in metallic and oxidized form
(e.g. FeSO,).

4.2.5.3 Stabhility Constant Determination

The theory of the method has been described in Section 3.8. A general description
of the experimental process is supplied here, but it will be necessary to experimentally
determine specific parameters, such as appropriate reagent concentrations. In a typical
experiment, a series of glass liquid scintillation vials (or other appropriate sample vessels),
(=20 ml) will be filled with 5 ml of the aqueous phase and 5 ml of the organic phase. The
aqueous phases will contain varying concentrations of the complexing ligand. Other
variables, such as pH, ionic strength, temperature, extractant concentration and volumes of
the phases, will be monitored. ~ The vials will be mechanically shaken long enough to
ensure equilibration of complex formation and interphase transfer reactions. The length of
equilibration time must be experimentally determined, but it usually ranges between 15
minutes and several hours. After equilibrium has been reached, the sample containers may
be centrifuged to assist in phase separation, then an aliquot removed from each phase for
measurement of distribution ratios of the metal ion. Metal ion concentrations in the sample
aliquots may be measured by a variety of techniques, such as UV-VIS spectroscopy, or ICP-
OES. ICP-OES or another documented technique will be employed to measure phase
distribution of Nd, and other metals that will be systematically added to the solutions, such
as Fe, Co, and Ni. UV-VIS spectroscopy will be used to determine whether decomposition
of solution components occurs during the course of the experiment.

5.0 TRAINING AND OTHER STANDARD PROCEDURES

5.1 Training

All personnel participating in the work described in this Test Plan will be trained and
qualified for the assigned tasks. This requirement will be implemented in accordance with
NWMP procedure NP 2-1, “Qualification and Training.”
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5.2 Standard Procedures

The following NWMFP Procedures and Project Specific Procedures are applicable:

SOP-C001: “Standard Operating Procedure for Activities in the SNL/Carlsbad Laboratory
Facility.”

SP 13-1 “Chain of Custody

NP 6-1 “Document Review Process”

NP 13-1 “Sample Control”

NP 12-1 “Control of Measuring and Test Equipment”

NP 20-1 “Scientific Notebooks™

NP 2-1 “Qualification and Training

NP 17-1 “Records

6.0 HEALTH & SAFETY

There are no unusual health and safety requirements for the work described in this
test plan. The health and safety requirements relevant to the tasks for work in this test plan
are described in SOP-C001

7.0 PERMITTING/LICENSING

There are no special licenses or permitting requirements for the work described in this test
plan.
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Abstract

The stability constants of the Am®* complexes of humic, fulvic and citri¢c acids (HA, FA and Cit)
were determined as a function of ionic strength (NaCl) using a solvent extraction technique. Ata
HA degree of ionization of 0.7 for the carboxylate groups, the Am-HA binding constant, logf};
varies from 8.3 at [=0.2m to 7.2 at I = 6.0 m. The logP; of Am-Cit varies from 5.9 at I=0.3 m
to 5.10 at I=5.0 m. Comparison of the binding constants of Am with HA, FA and Cit shows
that, at high ionic strength, logB;(AmCit) = logP;(AmFA) = {logB:{AmHA)}—1}. Comparison
of the values of other metals indicate that the logf, values for Cit can serve to estimate HA and
FA.

Introduction

Knowledge of the speciation and solubility of dissolved actinide species is required to predict
actinide release from the Waste Isolation Pilot Plant (WIPP) repository, and this research has
provided fundamental thermodynamic parameters for use in modeling such behavior. In the
Performance Assessment (PA) calculations described in the Compliance Certification
Application (CCA), the US Department of Energy (USDOE) relied on literature and
experimental data, and a consideration of the reducing conditions expected in the repository, to
assess the likely oxidation states of the actinides of interest. Th, U, Np, Pu and Am were
expected to be present as Th(IV), U(IV) or U(VI), Np(IV) or Np(V), Pu(Ill) or Pu(IV) and
Am(IiI) in all brines present in the WIPP disposal rooms [1). The actinides Am(III) and Th(IV}
were used to predict the behavior of Pu(Ill} and Pu(IV); the stability constants of the complexes
formed between Am(IIT)*" and Th(IV)*" and a ligand, can be used, after applying suitable small
correction, to model the behavior of plutonium in the III and IV oxidation states [2].

Citric acid will be present in WIPP brines, at an estimated amount of 1110 kg [1], when WIPP is
filled. Humic and fulvic acids (HA and FA) may also be present in the WIPP from materials
placed in the repository, such as soils, and from degradation of cellulosic materials [3]. These
ligands can increase the An mobility by forming soluble An complexes. Moreover, the behavior
of citrate (Cit) and humic materials towards metals are interesting to compare, as Cit has been
considered as a model for certain properties of humic substances associated with their carboxylic
groups [4,5].

The stability constants of HA, FA and Cit with actinides such as Th*' [6,7], UO.*" [8,9], NpO;”
[8,10,11] bave been measured as a function of ionic strength. The stability constants of HA with
Am®" have been measured at low ionic strength [12,13,14].

In this study the binding constants of HA from Lake Bradford in Florida (designated as LBHA),

" This work was supported at Sandia National Laboratories (a multiprogram laboratory operated by Sandia
Corporation, a Lockheed Martin Company) by US DGE under contract DEACQO4-94AL85000, and at FSU under
subcontract AH5590, under a Sandia-approved quality assurance program.

2 Present address: Sandia National Laboratories, 4100 National Parks Highway, Carlsbad, NM 88220, USA

3 Present address: Argonne National Laboratory, 9700 8. Cass Avenue, Argonne, [L 60439, USA
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FA from Suwannee River (designated as SRFA) and Cit with Am’* were measured using a
solvent extraction technique over a range of ionic strengths (NaCl). The results from this work
were used to investigate correlations between the binding constants of HA, FA and Cit.

Experimental

Solutions of NaCl (Fisher ACS grade reagent) were prepared at specific ionic strengths. LBHA and SRFA stock
solutions were prepared in NaCl solutions; the characteristics (purity, NMR, pKa and H" capacity values) of the
LBHA and SRFA are described in reference [9]. The stock solution of Cit was prepared by dissolution of sodium
citrate (Aldrich, ACS) in NaCl solutions. *lAm was obtained from Qak Ridge National Laboratory and used to
prepare a stock solution in 0.001 M HCL The radioactive purity of the **' Am was confirmed by y-ray spectroscopy

with a Ge(Li) detector connected to a multichannel analyzer. Stock solutions of 5.0 x 10° M HDEHP (di(2-
ethylhexyl) phosphate) (Sigma) in n-heptane (Fisher, ACS) and 10° M HDEHP (Sigma) in toluene (Fisher, ACS)
were prepared for use as the organic phase in extraction experiments of **' Am, respectively for the Cit experiments
and for the HA and FA experiments; these solutions were pre-equilibrated with the aqueous NaCl solutions, prepared
at the ionic strengths to be studied.
All aqueous solutions, except the LBHA and SRFA solutions, were filtered with a 0.2 pm pore size Nalgene
Disposable Filter to minimize the possible adsorption of the radioactive tracers by suspended particles. The LBHA
and SRFA solutions were not filtered, but the NaCl solutions used to prepare them were.
The solvent extraction experiments were conducted in 20 mL glass vials, previously silamized to minimize metal
sorption on the walls [15] Aqueous solutions were prepared from the pre-equilibrated NaCl solution, and contained
*'Am (10° M) plus LBHA, SRFA or Cit. For the HA and FA experiments, acetate buffer (Fisher, ACS grade) at
10 M was added to control the pcH (= -log H' concentration) to 5.0-5.1. The vials were shaken overnight for the
HA and FA experimients and for 3-6 hrs for the Cit experiments at constant temperature (25 °C). Thesg times were
determined in separate experiments to be sufficient to obtain equilibrium for all the systems. After equilibration, the
vials were centrifuged for 3-5 minutes. For the LBHA experiments, the aqueous phase was separated and rapidly
filtered through glass wool, to remove a thin film of coagulated HA which formed between the two phases.
Duplicate samples, 1.0 mL, were taken from both phases. The count rates of the **'Am in the samples were
measured with an ISOFLEX automatic y counter over an energy window width of 10-70 keV. The LBHA and SRFA
concentrations at the end of the experiments were determined by spectrophotometry with a CARY 14
spectrophotometer (with an OLIS Spectroscopy Operating System) at 238 nm based on a calibration curve obtained
from freshly prepared LBHA and SRFA solutions at controlled ionic strength and pcH. The pH-meter reading (i.e.,
pHr) of all the aqueous samples was measured after the extraction using a Corning Semi-Micro Combination glass
electrode attached to an Accumet 250 pH/ion Meter. The pHr were converted to pcH values by the equation:

ch ZpHr +0.255 - myact (1)
where miy, is the molality of NaCl [16].

Data Treatment

The solvent extraction results were interpreted by a modified Schubert method [17]. The general equation of the
complexation of a ligand with a meial is:

mM** +hH* +nLY" > M_H, L™ (2)
and the stability constant of the complex is defined as:
[M mHh Ln mx+h—ny ]

ﬁmhn [NIX"'Jm ,[H"'Jh ,[LY—]“ (3)
Thus, for m = 1 and h = 0, the complex ML, is designated with a stability constant designated simply as B,
For HA and FA, we assume a binding reaction between the carboxylate groups present on the humic substances
(RCOy) and the metals. The concentration of deprotonated carboxylate sites, expressed in eq/l, is calculated as the
product of the final fulvic or humic concentration in the aqueous phase determined by spectrophotometry, the proton
capacity and the degree of ionization (04, or o4), that are determined by potentiometric titration, as detailed in [9].

In the case of Cit, [1.7] is the free ligand concentration calculated from the measured peH (after reaching extraction
equilibrium), the total ligand concentrations and the protonation constants [18].
The distributicn coefficient is defined by:



M])
M] o) (4)

where [M],, is the metal concentrationt in the organic phase and [M]y, is the metal concentration in the aqueous

phase, 'When necessary, the measured D value of individual samples have been corrected to a constant peH value
accerding to Eq. (5)

D=

log Deor = log D - nx (peH,y, - peH) (3)
where nis 3 in 0.1 m NaCl, 2 in 1 m NaCl and 0 in 3 m NaCi and above.
Defining Dy as the distribution coefficient in the absence of ligand, Dey, is calculated by:

Do, = /+L§]B. . /uMJ ®)

The value o4y accounts for the hydrolysis and the complexation by carbonate and buffer ion (B) of the metal ion:
_h : 1 _lk
aM=]+}:0HBi><[OH } +):CO3BJ-><[C032 ] +EBka[B ] (7
i i k

The values of B, and B; are determined from the slope of the linear section of the plots (Dy/Deor - 1) vs. [L] and
(Dy/Degr - 1)/ [L7] vs. [L]; the slopes of these plots are respectively Bi/oy and By/ogy. Cm(I1) hydrolysis data [19]
was used to account for Am(II) hydrolysis. The data necessary for the calculation of the binding constants are
presented in Table 1. In the experiments the D values were measured for 10 values of [L'] and were performed at
least twice. The stability constants were calculated as the average values of the data from these separate
experiments. Examples of solvent extraction data are presented in Table 2 and the binding constants of Am’" with
LBHA, SRFA and Cit are listed in Table 3.

Table 1. Values necessary for stability constant calculations.

Tonic strength (NaCl)
0.lm 03m 10m 20m 30m 40m 50m 60m

pK., [20] 13.83 13.71 13.70 13.78 13.93 14.12 1430 14.47
Acetic acid pKa [20] 456 4.51 452 4.62 477 495 513 531
log B(Am™*/acetic acid) [21] 1.87 173 151 144 1.62 183 220 244
log B(Am(OH)Y") [19] 576 554 56 606 624 642 6.60 670
log B(Am(OH),") [19] 11.10 11.12 1115 12.19 1257 12.81 13.47 13.89
Cam, at pcH 5.1 buffered with 102 M acetic acid 1.58 143 126 121 128 140 177 262
Oam ', at pcH 5.0, without buffer 1.00 1.00 100 100 100 1.00 1.00 1.00
LBHA [9]:
Dissociation coefficient o pya, at pcH 5.1 0.65 - 670 070 070 - - 0.64

COOH capacity = 3.69 meq/g
SRFA [9]:
Dissociation coefficient 0L ggra, at pcH 5.1 - - - - 091 - - 0.84

COOH capacity = 6.55 meg/g
Citric acid pKa, [18] 293 292 287 284 279 293 296 3.60
Citric acid pKa, [18] 436 425 411 409 412 424 432 441
Citric acid pKa; [18] 563 546 518 508 508 520 522 551

3.5



Table 2. Examples of solvent extraction data

A. Am’"-LBHA, pcH 5.1 I= 3m (NaCl)

Final [RCO,7] (eq/L) D

: 2771 Regression:
5.46E-06 74 :
5.80E-06 } ;8? (D/D-1)=3.07 - 10" - [RCO, - 19.13.
6:90E-06 1 .087 Correlation 0.98
8.71E-06 0.578 Log [3; = 6.60 % 0.01
8.92E-06 0.284

9.97E-06 0.229

1.23E-05 0.168

1.53E-05 0.093

2.07E-05 0.059

B. Am**-SRFA, pcH 5.1 I= 3m (NaCl)

Final [RCO; 7 (eq/L) D

0 2.336 ~ Regression:

I.19E-05 1.729 (Dy/D-1)=3.88 - 10™ - [RCO;] - 0.10.
1.79E-05 1.967 Correlation 0.95

2.38E-05 1.484 orrelation 0.

2.98E-05 1.420 Log B =4.71%0.02

5.96E-05 1.017

7.15E-05 0.739

8.34E-05 0.647

C. Am*'-Cit, pcH 5.0, I= 3 m (NaCl)

(L] (M) D

! 0.e43928 Regression:

1.18E-06 0.631773 : o
2.38E-06 0.523004 (DyD-1)=7.15 - 10 * L] -0.04.
2.38E-06 0.522881 Correlation 0.95

6.01E-06 0.460779 log Bi =4.85+0.04

4.94E-06 0.489911

6.01E-06 0.473413

8.27E-06 0.434401

8§.27E-06 0.39075




Table 3. Am>"-LBHA, Am**-SRFA and Am*"-Cit binding constants, pcH 5.1

lonic strength log B, log B2 Ref.
LBHA 0.1 m (NaCl) 98+£20 134+1.3 f13]
LBHA 0.1 m (NaCl) 99+1.8 14.0+0.2 [14]
LBHA 0.2 m (NaCl) 827+0.04 - present work
LBHA 1 m (NaCl) 6.2+0.2 11.51 £ 0.04 present work
LBHA 2 m (NaCli) 6.13 +£0.01 10.97 £ 0.01 present work
LBHA 3 m (NaCl) 6.6+0.2 11.4+0.3 present work
LBHA 6 m (NaCl) 7.2+£04 123+0.3 present work
LBFA 0.1 m (KCl),pcH4.5 6.83+1.0 - [12]
SRFA 3 m (NaCl) 47+0.1 - present work
SRFA 6 m (NaCl) 6.0+0.7 - present work
Cit 0.3 (NaCl) 59 0.1 - present work
Cit 1.0 (NaCl) 52 +0.1 - present work
Cit 2.0 (NaCD 50 0.1 - present work
Cit 3.0 (NaCl) 484 +0.04 - present work
Cit 4.0 (NaCl) 5.38+£0.06 - present work
Cit 5.0 (NaCl) 5.10+0.15 - present work

Results and Discussion

Only one binding constant was obtained for Am-FA while two were calculated for Am-HA.
Fig. 1 shows the influence of the ionic strength on the binding constants of LBHA, SRFA and Cit
with Am™. A value for P2 for AmCit, formation was not observed, as the free citrate ion
concentrations used in the experiments were too small.

13 1
11
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Fig. 1. First stability constant of Am** with HA (¢), FA (X)and Cit (+).



A variety of models can be applied to determine humic substances binding constants with metals
[22,23]. The influence of ionic strength (maintained by NaClO4) on HA binding constants has
been determined using the Charge Neutralization Model [25] in a study conducted with much
larger concentrations of Am(IIl) than the present work (10‘6M versus 10 M), while the HA
concentration was similar in both works (107 eq/L). Unlike the results of the present work, the
values from [24] show very little influence of the ionic strength on the values of B;. Such
differences for the two models have been discussed in references [25,26]. The data presented in
Fig. 1 show that log B, values for AmHA are about one order of magnitude higher than the
corresponding values for AmFA and AmCit, at high ionic strength (1 m NaCl and above).

Data for UO,”" complexation with HA are available in the literature [9]1 while the stability
constants of UQ,*'-Cit complexation have been calculated from published apparent stability

constants [8], (i.e. Papp, calculated as Bxcwo,2t) using the Specific Interaction Theory (SIT)

approach {27]. Only the stability constants between ionic strengths 0.1-2.0 m have been treated
by the SIT model as above 2 m SIT overestimates stability constants [28]. The calculated values

of owo,2+ and the uranyl binding constants are presented in Table 4 and the associated plot is

presented in Fig. 2. Unlike for Am®** complexation, the uranyl binding constants with HA are
smaller than those with Cit. This difference in binding nature may reflect the greater role of
steric effects in the binding to HA.

Table 4. Stability constants of uranium with HA and Cit as a function of ionic strength.

LBHA * Cit®
pcH 4.9, oy = 0.6 (£ 0.1) pcH 3.3
lonic strength (m, NaCl)  log B, log B:
0.1 64102 7.4
0.3 - 7.30+0.3
0.5 59£0.1 -
1.0 5.86 £ 0.06 7.08+0.3
1.5 5.93+0.1 -
2.0 5.90+0.03 721203
* From reference [9]
* From references [29,8]
3.5-¢



8 T
AX% %
41
!
6- I 5 1t %
0 1 2 3
I (NaCl, m)

Fig. 2. First stability constant of UO,*" with HA (¢) and Cit (x).

The ionic nature of the binding has been demonstrated by using a modified Born calculation [30],
using the following equation [2]:

toglp ) Mgy M)

0g LML .8 d 7

M) dMpp M(2)

where By gy is the binding constant of the complex ML, Zu, is the effective charge of the
metal ion M, (+2.2 for Np(V)O;", +3 for Am™", +3.3 for UO;”" and +4 for Th*") [2], &, is the
effective diclectric constant for the metal ion M and dy ;s is the distance between the centers of
the metal ion and the complexing ligand site.
For complexation of a wvariety of metal jons with the same ligand, plots of
logBumi-em/Evo, dmi/duo,L versus Zy should provide a linear correlation if the ligand and the
metals have a predominant ionic bonding. The parameters necessary to calculate Eq. 8 are
presented elsewhere [2]. The binding constants of different organic ligands (acetate, oxalate, Cit
and HA) with actinides, in low ionic strength solutions are presented in Table 5; the values
obtained from ({29] did not provide any error range. Figure 3 is a plot of
logBmr -em/€uo, dmi/dyo,1. versus Zy, for acetate, oxalate, Cit and HA. The expected linear
regressions occur for acetate, oxalate, Cit, with the slopes 1.2, 1.4, 2.4 respectively, values close
to the theoretical values of log[fmuozy_/zuc,2 (respectively 0.8, 1.9 and 2.2), but the value for HA

does not fit this lincar regression, which we suggest is due to the greater steric effects in the HA
bonding.

= 1Dg([51,M(2)L)'



Table 5. Stability constants (logf;) at 0.1 m ionic strength.

Am>*

HA
Cit
Oxalate
Acetate

Th** U0, NpO,"

- 6.4+02(@=0.6)[9] -

10.08 +0.07[6] 7.4 [29] 2.97 £0.01[8]
8.8 [29] 6.36 [29] 3.40 +0.04 [10]
4,70 +0.05 [31] 2.61 [29] 1.20 £ 0.05[31]

9.8+2 (0= 0.6)[13]
5.25 [29]
2.0+0.1[21]
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Fig. 3. Correlation between logByr-eym /€uo, dmi/duo,L and Zy, for acetate (O), oxalate (&), Cit

() and HA (X)

Conclusion

The numerical values of Cit binding constant can be used as an estimate of the binding to HA
and in particular, at pcH = 5 and ionic strengths higher than 1 m NaCl, where the correlation is

logB{AmCit) = logB(AmFA) = {logB;(AmHA) - 1},
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Introduction.

The Waste Isolation Pilot Plant (WIPP)

¢  WIPP has been open since March 1999 as a permanent TRU waste repository.
« First certified deep nuclear geological repository in the world.
¢ Excavated in a Permian bedded-salt formation.

Performance Assessment

For the Compliance Certification Application performance assessment (CCA PA) (US DOE,
1996), the DOE concluded that Th, U, Np, and Am will speciate in brines present in WIPP
disposal rooms as:

Th(IV), U (IV or VI), Np (IV or V), Pu (Il or IV), and Am (TII).

The DOE also asserted that, because conditions in WIPP disposal rooms will be strongly
reducing and the mildly reducing conditions predominant in the Culebra Formation (a fractured
dolomite within the Rustler Formation), these elements will also speciate as Th(IV), U(IV or VI),
Np(IV) or Np(V), Pu(Ill) or Pu(IV), Am(III} in the Culebra, which is the most transmissive unit
at the WIPP site.

For Performance Assessment, DOE (US DOE, 1996) used:

¢ ecxperimental data (Pitzer ion-interaction parameters) obtained with Am(Il) and the
oxidation-state analogy to predict the solubility of Pu(IIl), and

» experimental data (Pitzer ion-interaction parameters) obtained with Th(IV) and the oxidation-
state analogy to predict the solubilities of U(IV), Np(IV), and Pu(IV).

The DOE used literature data to develop a Pitzer-based solubility model for Np(V), but did not
use this model for elements other than Np because it maintained that none of the actinides that
could affect the long-term performance of the WIPP would speciate in the +V oxidation state.

Reviewers criticize the use of oxidation states analogy

The Environmental Evaluation Group (EEG) provides independent technical review of the Waste
Isolation Pilot Plant (WIPP) to ensure the protection of public health and safety, and the
environment of New Mexico. EEG (Neill et al. 1998, Oversby 2000) criticized the DOE’s use of
experimental data for Am(III), and especially Th(IV), and the oxidation-state analogy to predict



the speciation and solubilities of Pu(Ill} and Pu(IV), respectively. EEG proposes, instead of
using the oxidation state analogy, to conduct experiments “using U and Pu at redox conditions
that were in the range of those possible for WIPP” (Oversby 2000).

Purpose of this work

The experiments proposed by EEG would be technically difficult and time consuming, as Pu may
exist at different oxidation states simultaneously. This work presents an evaluation of the
conservatism of using Am(IIl) to predict the solubility of Pu(Ill} and of using Th(IV} to predict
the solubility of U(IV), Np{IV), and Pu(IV).

Conservatism is viewed by DOE as desirable in the sense that the Th and Am analogies would
provide upper bounds for solubility of the An(IV) and An(Ill) species, respectively.
Determination of bounding conditions for use in PA eliminates the need to determine values that
lie within the boundaries. The DOE considers determination of values that lie within the
boundary conditions established by the use of the oxidation state analogs to be an unnecessary
expenditure of resources.

Objectives and Method

The program FMT (SNL, 1997), which is a computer code developed at SNL for calculating
actinide concentration limits based on thermodynamic parameters, was used to calculate the
solubility of Th(IV) and Am(IIT) in two different brines: ERDA 6, which is representative of a
brine in the Castile Formation and Brine A, which is representative of a brine in the Salado
Formation. The composition of the brines are described elsewhere (Brush, 1990). The input data
necessary for these calculations were taken from published experimental data.

Similar calculations were performed to determine the solubility of Pu(IIl), U(IV), Np(IV} and
Pu(IV). The Ksp values of the actinide solid phases were taken from published data and the
stability constants of the actinides with the ligands of interest were estimated by using a modified
Born equation.

The actinide solubilities were compared for each oxidation state.

The present work is intended only to make an evaluation of the utility of Th(IV) and Am(III)
as analogs for the respective oxidation states of Pu, in order to establish boundary conditions
Jor the behavior of Pu. It should not be concluded that the solubilities in the present work will
be representative of actual WIPP conditions.

Input data

Table 1. Estimated concentrations of the organic ligands that could influence the performance of
the repository (US DOE 1996: Appendix SOTERM)

acetate oxalate citrate EDTA

1.1x10-3M 4.7 x 10-4 M 74 %10-3 M 42 x10-6 M




Table 2. Solubility products (0 ionic strength) of the solids controlling An solubility.

log Kspo ! Reference
Pu(OH); . -26.2 Felmy et al., 1989
Pu(OH); 4m -22.6 Katz et al., 1986
Pu(OH)CO; . unknown
Am(OH); i -24.5 Rai et al., 1983
Am{OH)YCO; -22.5 Felmy et al., 1990
ThO3 am -45.5 Felmy et al., 1991
U032 am -54.5 Neck et al., 2001
NpO3z am -56.7 Neck et al., 2001
PuO; am -58.5 Neck et al., 2001

b Kspz (An(OH)n) = Kspu ¢AnOm) = [AHM]X[O?]HX’YMX Yonn and
K anomcos = [ADTIX[OH] X[CO5™] XyanX You X YCO3
(where ¥; is the activity coefficient of i )

Table 3. Stability constants of the relevant complexes for WIPP, for Th(IV) and Am(III) (0 ionic

strength)
Complex Log [30 reference
Th,(acetate), 7.36 Choppin et al., 2001
Th,(citrate), 15.24 Choppin et al., 2001
Th,(oxalate), 11.39 Borkowski et al., 2001
Th,(EDTA), 23.73 Calc. from Choppin et al., 2001
Th(CH), CO; 38.28 Felmy et al., 1997
Th(CO,)," 27.11 Felmy et al., 1997
Am(acetate) 2.74 Calc. from Choppin et al., 2001
Am(citrate) 8.80 Choppin et al., 2001
Am(oxalate) 6.16 Borkowski et al., 2001
Am(EDTA) 18.97 Choppin et al., 2001
Am(OH), 14.9% Rai et al., 1983
Am(OH),” 10.89 Rai et al., 1983
Am(OH)* 5.80 Rai et al., 1983
AmCO," 7.57 Felmy et al., 1990
Am(CO,), 12.29 Felmy et al., 1990
Am(CO3);+ 15.17 Felmy et al., 1990




Table 4. Bond length An-O* (Shannon 1976, David 1986)

d(An-O) (A)

Th{IV) 240
uav) 235
Np (IV) 2.33
Pu(Ill) 2.47
Pu (IV) 231
Am(TID) 244

* Coordination number 8
The stability constants of U(IV), Np(I1V), and Pu(IIl and 1V) with acetate, citrate, oxalate, EDTA,
OH and CO; can be estimated from a modified Born equation (Choppin, 1999), using the data of
Table 3 and 4:
d Aniy-0
log Ang) )2 log Anga, ) d—(Z)_
An(l)—O

Where An(1) and An(2) are different actinides in the same oxidation state.

Other considerations: MgO is placed in WIPP as a backfill. pH and fco, are expected to be

controlled by the Mg solid phases brucite [Mg(OH);] and hydromagnesite
[Mg4 (CO3)3 (OH).. 3 HXO].

Results

Table 5: Brine A (Salado brine) parameters:
pH (pcH) I (m) log (fCO2 g)
8.69 (9.37) 742 -5.39

Table 6: ERDA 6 (Castile brine) parameters:
pH (pcH) 1(m) log (fCO2 g)
9.21 (9.87) 6.68 -5.39
An(lll)

Calculations showed that the solid phase controlling the solubility is AnOH(COj3),,, but no
experimental data exist on K, of PuOH(CQ3). Our calculations were run only for AmOH(COj3).
For comparison between Am(IIl) and Pu(Ill) solubilities, the solid phase controlling the
solubility of An(IIl) was set as An(OH);z 4,



Table 7: An(IIl) solubilities in Brine A (Salado brine):

Solid phase An(III) solubility (m) Most soluble species (m)

AmOH(CO,), 10-10° (Am),(EDTA),: 6.9 10"
Am(OH),": 3.2- 107

Am(OH); ,,, 15-10" Am(OH),": 1.4 - 10™
(Am),(citrate);: 1.0 - 10”

Pu(OH), , . 43-10° (Pu),(EDTA),: 2.1 - 10°

based on Felmy (1989) K, Pu(OH),": 2.0 - 10°¢

Pu(OH), ,, 9.0-10” Po(OH),” 82 - 10°

based on Katz (1986) Ky (Pu),(citratc),: 6.0 - 1 o

Table 8: An(llI) solubiiities in ERDA 6 (Castile brine):

Solid phase An(ID) solubility {m) Most soluble species (m)

AmOH(CO;), 22-107 (Am),(EDTA),: 1.7 10
Am(OH),": 4.0 - 10°

Am(OH); 22107 Am(OH),": 1.6 - 10”
(Am),(EDTA),: 40 - 10"

Pu(OH), ,,, 9.8-10" (Pu),(EDTA): 7.2 10"

based on Felmy (1989) K, Pu(OH),": 2.3 - 107

Pu(OH), ., 11-10° Pu(OH),": 9.0 - 10"

based on Katz (1980) K,

An(IV)

Table 9: An(1V) solubilities in Brine A (Salado brine):

Solid phase An(IV) solubility (m) Most soluble species (m)

ThO, ,py 16-10° Th(OH),(CO,): 1.6 - 10

U0, 4, 1110 U(OH),(CO,): 1.1 -107°

NpO, 4 1.5-10™ Np(OH),(CO,): 1.5+ 107"

PuO, ., 5.1-10™ Pu(OH){(CO,): 5.1 - 10




Table 10: An(IV) solubilities in ERDA 6 (Castile brine):

Solid phase An(IV) solubility (m) Most soluble species (m)
ThO, 4, 56-10° Th(OH),(CO,): 5.6 - 10°
U0, 37-107° U(OH),(CO,):3.7-10"°
NPO; am 50-107"° Np(OH),(CO,): 5.0 - 10™
PUO, 4, 1.7-10"° Pu(OH),(CO,): 1.7+ 107
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4.1 Carbonation of Magnesium Oxide'

Anna C. Snider and Yongliang Xiong
Sandia National Laboratories, MS 1395
4100 National Parks Highway
Carlsbad, NM USA 88220

Abstract

Sandia National Laboratories’ (SNL’s) Carlsbad Programs Group is currently
investigating several issues with respect to the efficacy of magnesium oxide (MgO) under
expected repository conditions. Characterization of Premier Chemicals MgO, with
respect to both mineralogy and composition, and its ability to absorb water (H;0) and
carbon dioxide (CO,) under repository conditions continues. Previous work has been
described in SNL’s (2001a, 2001b, 2002) progress repotts to the US Department of
Energy (DOE). This section of the status report concentrates on the ability of MgO to
sequester CO;.

MgO carbonation rates are being measured at a CO; partial pressure ( Pco, Yof
about 10 atm (ambient atmospheric Pcg, ) and at 5% CO, (5x10” atm). In
experiments using Premier MgO as the starting material at atmospheric Pcg, ,

carbonation continues at a slow rate. After 264 days hydromagnesite was identified.
(Hydromagnesite can have various compositions; the composition of hydromagnesite
formed in these experiments has not been determined yet.) At 5% CO,, carbonation
occurs at a faster rate. Several different carbonation pathways have been identified.

In experiments started with brucite (Mg(OH),), the hydration product of periclase
(MgO), and carried out at Pog, = 10°* atm and 25°C, hydromagnesite was formed

about 1100 hours after initiation of the nns. Chemical speciation modeling based on
experimentally determined solution composttions indicates that solutions are
supersaturated with respect to hydromagnesite soon after initiation {after about

500 hours). The modeling also indicates that the tendency to precipitate nesquehonite
(MgCO53H,0) is not favored, especially in high ionic strength solutions. Therefore, the
reaction path, periclase — brucite — nesquehonite — hydromagnesite, proposed before
based upon the previous experimental results at a relatively high Pco, of 1 atm, should

not be applicable to more realistic levels of Pco, (e, Poo, = 107 atm or lower).

Instead, the reaction path should be periclase — (magnesium chloride hydroxide hydrate)
— brucite — hydromagnesite at low Pco, - This reaction path is well supported by field

observations on the carbonation of magnesian lime owing to the exposure to atmospheric
CO,.

! This work is covered by WBS #1.3.5.4.3.1
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The conversion rate from brucite to hydromagnesite in de-ionized (D1) water is
tentatively determined to be on the order of 10° hour”. Based upon this tentative
conversion rate, the time required for the full carbonation of brucite in DI water wouid be
expected to be on the order of a few decades. When more data become available, this
conversion rate will be refined, and conversion rates in other solutions will also be
obtained. When such conversion rates are available, these in combination with hydration
rates of MgQO established previously in various solutions (SNL, 2001a; 2001b; 2002) will
allow estimation of the time required for the full carbonation of MgO in various
solutions.

Introduction and Objectives

In the Compliance Certification Application (CCA), the DOE asserted (US DOE,
1996) that MgO, along with panel closures, shaft seals, and borehole plugs, would help
meet the requirement for multiple natural and engineered barriers, one of the assurance
requirements in the regulations for the radioactive constituents of transuranic waste
(US EPA, 1993). In May 1998, the EPA certified that the WIPP complies with these
regulations (US EPA, 1998). In its certification, the EPA ruled that MgQ is the only
engineered barrier in the WIPP disposal system, and that MgO will prevent or delay the
movement of radionuclides toward the accessible environment by consuming the CO,
generated by possible microbial degradation of organic materials in the waste.
Furthermore, hydration of MgO will reduce the amount of brine in the repository.
Finally, the reaction products of MgO will maintain the CO: fugacity (i, ) and pH in

the repository within optimal ranges, in which actinide solubilities in brine are at a
minimum.

Experimental work carried out previously at Sandia has shown that MgO 13
effective at absorbing H>O and CO» (Papenguth et al., 1997; 1999). Currently, more
MgO will be emplaced in the WIPP than calculations suggest will be necessary to absorb

CO; generated through microbial degradation of organic materials. At low pressures, the

partial pressure of CO; equals to the fugacity of CO,. At high pressures, the partial
pressure of CO; needs to be corrected by fugacity coefficients to give the fugacity of
CO;, similar to correcting concentrations by activity coefficients to give activities in high
ionic strength solutions. In total, about 70,000 metric tons of MgO will be emplaced in
the WIPP to absorb CO,.

Although the work done to date on MgO is sufficient to show that it will be an
effective engineered barrier by consuming CO,, buffering repository conditions, and
limiting actinide solubilities, Sandia is currently examining several additional issues, as
discussed in SNL (2001a). Experimental programs are cvaluating the ability of MgO
obtained from a new vendor (Premier Chemicals) to consume H,Q and CO;, and are

determining the hydration and carbonation pathways that Premier MgO will follow under

WIPP-relevant conditions. The fc,, predicted by chemical speciation calculations

performed for the CCA results from the assumption of equilibrium with brucite and
magnetite (MgCO3). However, during its evaluation of the CCA, the EPA asserted that
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metastable hydromagnesite is more likely than magnesite to form and persist throughout
the 10,000-year period of performance of the WIPP and will have higher solubilities than

magnesite. Furthermore, the EPA assumed that hydromagnesite will buffer f, at

values higher than those calculated for the CCA. Previous work with MgQ has been
criticized for failing to consider the potential effect of metastable hydroxycarbonates such
as hydromagnesite on repository chemistry. Sandia is currently working to identify the
hydroxycarbonate phase(s) that might form.

To our knowledge, there are no previous experimental studies on the carbonation
rates of MgO or its hydration product brucite under conditions relevant to the WIPP.
Most of the previous experiments on the carbonation of periclase or brucite were
conducted by engineers because hydromagnesite, one of the carbonation products of
periclase or brucite, has several useful applications, including its use in pharmaceuticals
as an inert vehicle and an adsorbent (Botha and Strydom, 2001). In these previous
carbonation experiments, the partial pressures of CO, were at least 0.5 atm and as high as
7 atm (Fernandez et al., 1999; Botha and Strydom, 2001; and references therein). In
addition, these experiments were conducted in solutions with low ionic strength
(DI water, I = 0 M) (Fermandez et al., 1999; Botha and Strydom, 2001; and references
therein). Clearly, such experimental conditions are irrelevant to the WIPP, in which very
low partial pressures of CO, (at least as low as 107 atm) and solutions with high ionic
strengths (1= 7.2 M for GWB, or 5.2 M for ERDA-6) are expected. Consequently, the
results from such experiments conducted under conditions irrelevant to the WIPP cannot
be used for the performance assessment of the WIPP. Therefore, carbonation
experiments under conditions relevant to the WIPP must be conducted. Although there
were preliminary carbonation experiments conducted at Sandia in Albuquerque

(Papenguth et al., 1997), these experiments were also conducted at relatively high Pco,
(1 atm).

The objectives of current experiments are multifold: (1) continued
characterization of a new batch of Premier Chemicals MgO; (2) determination of
hydration rates and pathways; (3) quantification of carbonation rates and identification of
the metastable mineral(s) produced; (4) quantification of the effect(s) of possible
lithification on hydration and carbonation rates and pathways. These experiments are
described by Wang et al. (2001). All of these experiments are being run using MgO from
Premier Chemicals, the new vendor supplying the repository, and pure MgO and brucite
purchased from Fisher Scientific.

MgO Hydration Experiments

All hydration experiments are continuing. Since January 2002, a large amount of
data has been collected. New inundated hydration experiments have been initiated to
determine possible phases of magnesium chloride hydroxide hydrate forms at higher
temperatures in GWB. However, samples collected to date have not been thoroughly
analyzed yet. The results of the hydration experiments have been submitted as an
abstract to the Material Research Society for the Fall 2002 conference.
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Little space has been dedicated to the status of these experiments since the resuits
to date have not brought forth interpretations fundamentally different than before.
Instead it is the goal of this status report to concentrate primarily on what has been
occurring with respect to carbonation experiments, for there is a great deal of new data to
report.

Carbonation Rate Experiments

Reaction of MgO with CO; can produce a series of Mg-carbonate minerals with
magnesite as the most stable phase (Konigsberger et al., 1999). Different Mg-carbonate
and hydroxycarbonate minerals impose different values of the CO; fugacity and possibly
on brine pH. In the WIPP CCA, it was assumed that metastable Mg-carbonate minerals
would ultimately be converted to magnesite. However, the EPA assumed that
hydromagnesite would persist throughout the 10,000-year period of performance. The
objectives of current experiments are to gain a more mechanistic understanding of MgO
carbonation and determine which Mg-carbonate phase will control the f,, . These

experiments will help determine: (1) how solution chemistry affects Mg-carbonate
formation; which in turn will control brine f..;,, and possibly pH; (2) the carbonation

rates of Premier Chemicals MgO and brucite under various conditions.

The design of carbonation experiments has been described in detail by Wang et al.
(2001). Therefore, only a brief summary of these experimental designs is presented here.

Prior to carbonation, periclase hydrates to brucite or (in the case of inundated
experiments with GWB) magnesium chloride hydroxide followed by brucite (SNL, 2002)
as follows:

MgO (s) + H,O (aq. or gas) = Mg(OH), 5) (1)

Hydration rates can be obtained from hydration experiments described in detail by
SNL (2002). The carbonation experiments will provide rates of conversion of brucite to
Mg-carbonate in various solutions. Using hydromagnesite as an example, the
carbonation of brucite can be expressed as the following reaction,

5Mg(OH); (s) + 4CO; (aq. or gas) = Mgs;(CO3)4(OH)»:4H.0  (2)

In order to investigate the overall carbonation rates (MgO conversion to Mg-
carbonate), additional experiments are being conducted using periclase as a starting
material. The net reaction corresponds to the combination of Reactions 1 and 2.

As suggested by Reaction 2, carbonation can take place in both aqueous
(inundated) and gaseous (humid} media. In carbonation experiments using brucite as
starting matertal, experiments are designed to investigate carbonation rates in both
aqueous and gaseous media. Most inundated experiments are conducted at Peg, = 1073
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atm. Some inundated experiments are conducted at lower Pcp, by utilizing the

diffusivity of CO; dissolved in aqueous medium into polyethylene bottles containing
brucite and solutions of interest. The amounts of dissolved CO; diffused into these
polyethylene bottles are dictated by the saturation equilibrium of the carbonate phase that
is forming. Then, from Henry's Law, the partial pressure of CO, can be obtained
according to the concentration of the dissolved CO,. In the carbonation experiments
started with MgO, experiments are designed to investigate the carbonation rates in
aqueous media only (inundated experiments) at Pcg, of 5x10? and 1077 atm.

In the following, preliminary results from inundated experiments using both
Premier MgO and Fisher brucite as starting materials are reported.

EXPERIMENTS USING MGO AS STARTING MATERIAL

The first set of carbonation rate experiments are run at two different partial
pressures of CO;, under atmospheric conditions (&«10'3'5 atm) and 5% CO; (SXIO’Z). in
the future experiments may be run under other partial pressures, such as 1/10"
atmospheric CO..

Experiments At Atmospheric Peo, (1(}'3'5atm)

Experimental Setup

The experiment running under atmospheric Pco, conditions is using four

different solutions: DI water, 4 M NaCl, ERDA-6, and GWB. Each sample bottle
includes 5 g Premier Chemicals MgO and 100 ml of electrolyte. Room air is bubbled
continuously through the samples using a gas manifoid. Each manifold holds 24
samples. To minimize evaporation, the air is humidified by bubbling through water prior
to entering the manifold.

Samples were collected at weekly intervals and are now collected on a monthly to
bimonthly interval. Samples are measured for pH, filtered, and the solid dried and
crushed. Carbonate identification and conversion rates are ascertained by using a UIC
carbon coulometer, x-ray diffractometer (XRD), and scanning electron microscope
(SEM) to analyze the solid phase, and an inductively coupled plasma optical emission
spectrometer (ICP-OES) to analyze the filtrate. The carbon coulometer determines the
percent C in the solid, whereas the XRD identifies the carbonate phase present. The
SEM gqualifies what elements constitute the mineral phases and shows the physical
attributes of each mineral. The ICP-OES quantifies concentrations of elements of interest
in sampled brines to help in the interpretation of the carbonation pathway(s).
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Experimental Resuits

Carbonate conversion. Carbon coulometer results (corrected for mole percent
carbonation) from atmospheric Pco, conditions are displayed in Figure 1. The data points

represent a minimum mole percent carbonation. Calculations used a one to one ratio of
moles of C to moles of Mg. If the Mg-carbonate phase were solely hydromagnesite, then
the maximum value calculated would be approximately 20% higher than the results
reported below. These results show that carbonation is proceeding slowly in both of the
WIPP brines (ERDA-6 and GWB). Analysis of samples from ERDA-6 indicates over

7 mol % conversion, whereas samples with GWB have converted approximately 5 mol %
Mg. However, these results are not surprising in view of the fact that this expertment is
being run at a low P, in order to simulate the very slow rates at which microbial

activity will produce CO; in the repository. (Experiments carried out at high CO;
pressures result in faster carbonation rates, but could produce metastable Mg-
hydroxycarbonates different from those that will form in the repository. These phases
could in turn buffer the Pco, and pH at a value different from that expected in the

repository.) In view of the uncertainties associated with these data (see error bars in
Figure 1), it is not believed that the decrease in the C content of the ERDA-6 samples
from 264 to 327 days represents de-carbonation, or even a cessation of carbonation, of
these samples. Rather, it is likely that the overall upward trend exhibited by the ERDA-6
samples - and the samples from the other three solutions - will continue, albeit slowly.
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Figure 1. Results from the atmospheric Pcp, experiment.
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XRD results. Carbonates were not detected by XRD analysis until 264 days after
the experiment had been initiated. The XRD has a detection limit of several percent. If
carbonates were present before, they would constitute only a few percent of the total
sample. At 264 days, 4 M NaCl was the only sample to display peaks representative of
hydromagnesite and calcite (CaCO;). After 327 days all four samples (DI water, 4 M
NaCl, ERDA-6, and GWB) exhibited hydromagnesite and calcite peaks (Figure 2).

2500
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Hydromagnisite - H ——GWB
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Figure 2. XRD patterns from atmospheric PCQ2 experiments after 327 days.

Note hydromagnesite (5:4:2:4; H) peaks. Hydromagnesite was confirmed
using Rietveld refinement.

SEM results. After 141 days, the SEM showed the first evidence of carbonates.
Ca-rich carbonates, determined using energy-dispersive x-ray spectrometry (EDS), were
seen in both samples that had reacted in DI water and ERDA-6 (Figure 3). An SEM
phase identification program was used to identify the carbonate phase(s) present. To
identify a mineral, it must have a flat crystal surface that faces towards the detector. A
pattern can then be produced as seen in Figure 4. The pattern produced did not have an
exact phase ID match. The pattern most closely corresponded to a monoclinic
Ca carbonate and, to a lesser degree, a Ca-Mg carbonate.

Although SEM analysis did not provide direct evidence for the conversion of
brucite to a Mg carbonate, carbonate conversion calculations provided indirect evidence
for carbonation of brucite. Calculations show that 1.7 mol % conversion of the total solid
(ERDA-6 at 141 days) is equivalent to the conversion of ~5.7 mol % of Mg or
~7.9 mol % of Ca. However, as stated in SNL (2001), Premier Chemicals MgO contains
<1 wt % Ca0Q. Therefore, there is not enough CaQO in this material to have reacted with
all of the CO; consumed by 141 days in ERDA-6. Assuming that there were 1 wt % CaO
in the Premier Chemicals MgO, there would only be enough CaQ to react with 12.7 % of
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the CO; in the ERDA-6 sample after 141 days. This calculation suggests that other
carbonate-bearing minerals must be present, most likely Mg-carbonate minerals.

o W h

Figure 3. SEM images of Ca-carbonates (white) surrounded by brucite (gray) after
141 days.

Fauly Vemsies

Iy

Figure 4. SEM image showing the crystal face (from a DI water sample) that was
analyzed to find the accompanying pattern (right) using a SEM Phase ID
program. The red lines superimposed on the pattern are a match that the
computer found, identifying the mineral as a monoclinic calcium carbonate.
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As suspected, after 264 days samples examined under the SEM using EDS
confirmed the presence of Mg carbonates in all four solutions (Figure 5). The gray
reaction mineral is most likely the Mg-carbonate mineral identified by the XRD as
hydromagnesite.

Figure 5. SEM images of Mg-carbonate minerals (gray) covered with halite (white)
after 264 days.

ICP-OES results. Brine has been collected at each sampling from the atmospheric
CO; experiments since the ninth sampling (264 days after experiment was initiated). The
ICP-QES will be used to analyze the concentrations of Mg and Ca in each sample. The
results will hopefully give additional information into deciphering the carbonate reaction
pathway(s). To date only one set of samples has been analyzed. Consequently not
enough data have been collected to make an interpretive statement. The other sets will be
analyzed in the near future.

Summary

After 264 days, the SEM coupled with the XRD demonstrated that all solutions were
forming a Mg-carbonate under atmospheric Peco, conditions. To date samples are

continuing to carbonate, although slowly. MgO carbonates in ERDA-6 at a faster rate
than GWB. The carbonates have been identified as calcite and hydromagnesite. Due to
the high reactivity of lime (CaQ), calcite forms first followed by hydromagnesite, a
product from the reaction of periclase with CO,. There has been no evidence to support
the formation of nesquehonite.

4.1-9



Experiments at 5% CO, (5x10*"atm)

Experimental Setup

The 5% CO, experiment will quantify carbonation in two brines, GWB and
ERDA-6. The matrix of this experiment differs from that used for the atmospheric
P002 experiment. There are 64 samples (two brines x four solids x eight samples each).

Each 125 ml polypropylene bottle contains 5 g of one of the following solids: Premier
Chemicals MgO; Fisher Scientific MgO; “pre-hydrated”, crushed Premier Chemicals
MgO; and “pre-hydrated” Fisher MgO. Hydrated samples are prepared by adding 5 g of
either crushed Premier Chemicals MgO, or Fisher MgO to 100 ml of brine. The bottles
are placed in a 90°C oven for approximately three to four weeks. Before the “pre-
hydrated” samples are added to the manifold, a small portion of the sample was analyzed
for brucite. The experiment with 5% CO, is sampled at a higher frequency than the
experiment with atmospheric Pcp, due to the anticipated accelerated reactions. New

sets of samples will be added periodically to extend the life of the experiment. Samples
are subject to the same analyses as the atmospheric Pco, samples.

All 5% CO, samples are placed in a glovebox with a controlled atmosphere. The
5% CO7 is controlled by pumping pre-mixed 5% CO; mixed with N; into the glovebox at
500 ml/min. To bring the glovebox up to 5% CO; in a timely manner after the box is
opened for sampling, ditute sulfuric acid is mixed with sodium bicarbonate within the
glovebox, which releases a pre-determined amount of CO; to the atmosphere. The
atmosphere is monitored frequently with a Bacharach CQ, analyzer.

Experimental Results

Carbonate Conversion. Carbon coulometer results (corrected for conversion of
moles of Mg} for all four solids in both ERDA-6 and GWB are shown in Figures 6 and 7.
Note that the data points represent a minimum mole percent carbonation. As expected all
samples are reacting at a much faster rate than samples subjected to atmospheric partial
pressures of CO;. After only 91 days, ERDA-6 Fisher MgO has converted over
27 mol % of Mg to carbonate, and Fisher “pre-hydrated” MgO, Premier MgO, and
Premier “pre-hydrated” MgO have not yet reached over 19% carbonation.

Data collected from GWB samples display more scatter. This may result from the
difficulty in keeping all samples bubbling continuously. A cessation in bubbling may
cause a CO, stratification within the liquid, thus preventing the sample from continuously
being in full contact with 5% CO,. “Pre-hydrated Fisher MgO shows the most scatter.
What can be determined is that some hydrated Fisher MgO samples have converted over
18 mol % of Mg to carbonate, Fisher MgO has converted over 14 mol %, and the Premier
products have converted between 6 and 11 mol %.
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Figure 7. Results from 5% CO2 samples inundated in GWB.

XRD Resuits. The XRD results within the 5% CO2 experiment suggest
carbonation reaction pathways are dependent on the combination of solids, and/or brine
used. ERDA-6 samples with Fisher Scientific products converted to nesquehonite first.
Between seven and 21 days, Fisher “pre-hydrated” MgO converted to hydromagnesite
(Figure 8). After 91 days Fisher MgO still has strong nesquehonite peaks with a possible,
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poorly developed hydromagnesite peak starting to form. ERDA-6 samples with Premier
Chemicals MgO behave somewhat differently. Premier “pre-hydrated” MgO forms
nesquehonite first. Between 36 and 64 days nesquehonite converts to hydromagnesite.
Hydromagnesite is the first Mg-carbonate mineral to show strong peaks in Premier MgO
at 21 days (Figure 9). However, there also appears to be a poorly developed
nesquehonite peak in the same XRD pattern, but by 36 days this peak disappeared.
Samples from the GWB react at a slower rate compared to the ERDA-6 samples.
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Figure 8. XRD patterns of Fisher pre-hydrated MgO inundated in ERDA-6 brine
displayed sequentially through time. Note the nesquehonite (N) and
hydromagnesite (5:4:2:4; H) peaks. Hydromagnesite was confirmed using
Reitveld refinement. CPS- counts per second.
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Figure 9. XRD patterns of Premier Chemicals MgO inundated in ERDA-6 displayed
sequentially through time. Note hydromagnesite (5:4:2:4; H) peaks.
Hydromagnesite was confirmed using Reitveld refinement.

Additionally, the GWB samples appear to skip the step of nesquehonite formation
and instead form hydromagnesite. However, the hydromagnesite peak is not well
developed, even after 91 days. In the Fisher products the small peak begins to appear
after 21 days, whereas the hydromagnesite peak is first noted at 91 days in the samples
that contained Premier Chemicals’ products (Figure 10).
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Figure 10. XRD pattemns of Premier Chemicals MgQ inundated in GWB displayed
sequentially through time. Note hydromagnesite (5:4:2:4, H) peaks.
Hydromagnesite was confirmed using Reitveld refinement.
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SEM Results. The 5 % CO, samples taken after 91 days were analyzed on the
SEM. With the aid of EDS, all samples show evidence of carbonation. The reaction
products are Ca- and Mg-carbonates. All samples, except Fisher MgO in ERDA-6 brine,
appear to have formed similar carbonate minerals (Figure 11), the reaction products most
likely being Ca-carbonate and hydromagnesite. Fisher MgO in ERDA-6 shows a Mg-
carbonate mineral, which exhibits a different crystal structure (Figure 12). Based on the
data from XRD, the mineral is nesquehonite.

ICP-OES Results. Brine has been collected from every 5% CO, sampling. The
ICP-OES will be used to analyze the dissolved concentration of Mg and Ca in each
sample. The results will give additional information regarding the carbonate reaction
pathway(s). To date the brine has not been analyzed.

Figure 11. SEM images of Mg-carbonates (gray) found in ERDA-6 and GWB samples
containing pre-hydrated Premier Chemicals MgO after 91 days.

s

Figure 12. SEM image of nesquehonite (elongate gray crystals) present in the sample that
contained Fisher MgO inundated in ERDA-6 brine after 91 days.Summary
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Samples from the 5% CO, experiment show that carbonation is occurring at a
faster rate than in the atmospheric Pcg, experiment. Data exhibit more scatter in GWB,

but all solids are continuing to carbonate. Carbonation pathways seem to be dependent
on the solution and solid used. All solids in ERDA-6, except Fisher MgO, were
converted to nesquehonite before eventually forming hydromagnesite. After 91 days,
Fisher MgO has produced only nesquehonite. Solids inundated in GWB appear to have
converted directly to hydromagnesite; however, the XRD peaks are not well developed.

EXPERIMENTS USING BRUCITE AS STARTING MATERIAL

In the following, results from inundated carbonation experiments using Fisher
brucite in powder form as the starting material are presented in two parts. The first part
covers the solution chemistry owing to carbonation processes. The second part describes
the amounts of carbon incorporated in solid phases. Analysis of solution chemistry has
been conducted on samples from DI H,O and 4 M NaCl experiments. Analysis of solid
phase chemistry has been conducted on samples from DI H;O, 4 M NaCl, ERDA-6, and
GWB experiments. Runs using brucite as starting material are compared to runs using
uncrushed Premier MgO directly from the vender and Fisher MgQ in powder form as
starting material.

Solution Chemistry

In inundated experiments, solutions are sampled periodically and analyzed for
Mg, Ca, K, Na, and pH. Afier the termination of runs, reaction products are filtered,
dried and analyzed by a carbon coulometer for the amounts of C that have been
incorporated into solid phase(s), and the carbonate phase(s) is determined by XRD and
SEM. The advantage in analyzing dissolved chemical elements is that the carbonation
processes can also be documented by changes in solution chemistry.

Figure 13 shows the change in pH with time at ionic strength close to zero (DI
water) in runs using Premier MgO, Fisher MgO, and brucite. The decrease in pH in all
three runs prior to 1500 hours suggests carbonation of starting materials, because it has
been well established that carbonation decreases the pH (Butler, 1982). The initial pH in
the run with Premier MgO is higher than initial pH in runs with Fisher MgO and brucite.
After about 1500 hours, the pH values from these three runs are similar to each other and
become stable. The initially higher pH in the run using Premier MgO is related to the
buffering capacity of Ca(OH),, produced by the hydration of CaQ:

Ca0 (s) + H,O (1) =Ca(OH): (s) (3)
Comparison of the initial pH in the experiment using Fisher MgO with that in the

run using brucite also indicates that the initially higher pH in the run using Fisher MgO is
initial dissolution of periclase. The pH values in the runs using Fisher MgO and brucite
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are very close to each other after about 800 hours, implying the solution in the run using
Fisher MgO as starting material reaches saturation with brucite. This will be
quantitatively demonstrated in the following saturation calculations.

The negative logarithm of hydrogen ion concentration (pcH) is plotted versus
time for 4 M NaCl experiments in Figure 14. It can be seen from Figure 14 that changes
in pcH with time in 4 M NaCl solutions have the same trends as in the runs in DI water.
Accordingly, explanations for the behavior in DI water should also be true for behavior in
4 M NaCl solution. Notice that pcH instead of pH is used in these runs in 4 M NaCl
solution. The relation between the pH electrode reading (pH,p) and pcH can be expressed
as (Rai et al., 1995):

pcH=pHop + A (4)
In Eq. (4), A is defined as:
A =log v+ + (F/2.303RT) AE;, (5)

in which vy, is the conventional activity coefficient of H', and AE; 1s the difference in
liquid junction potential between standards and solution. Both terms on the right-hand
side of Equation 5 are not individually measurable, but the combination can be measured.
Rai et al. {1995) have already obtained A values for NaCl solutions up to 6.0 m.
Therefore, the experimentally measured pH values in this study (pHgp) are corrected with
the A value at the corresponding ionic strength to obtain pcH.

In Figures 15 and 16, concentrations of Ca in DI water and 4 M NaCl started with
Premier MgO are shown. The steady-state concentrations of Ca are attained after about
1800 hours. The initial concentrations of Ca in these two runs are close. However, the
steady state concentrations in 4 M NaCl solution (~2x10™ m) are about four times as high
as those in DI water (~5x10°° m).
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In Figure 17, concentrations of Mg in DI water are shown. The concentrations of
Mg from the run started with uncrushed Premier MgO are lower than those from the runs
using Fisher MgO and brucite in powder form. The lower concentrations in the run using
uncrushed Premier MgO may be due to the larger size of MgO or the steady state
concentrations have not been reached yet. In the runs using Fisher MgO and brucite as
starting materials, the steady-state concentrations were attained after about 1100 hours,
and the concentrations of Mg from these two runs using different starting materials are
almost the same, implying the formation of the same solid phase(s).

In Figure 18, concentrations of Mg in 4 M NaCl solution are presented. Again,
the Mg concentrations from the run using uncrushed Premier MgO are lower than those
from the runs using Fisher MgQ and brucite in powder form, which is consistent with the
results in DI water (Figure 17). The steady-state Mg concentrations are attained after
1500 hours. The Mg concentrations from the runs using Fisher MgO and brucite are very
close, implying the formation of the same solid phase(s).

On the basis of these results, the saturation states of various Mg-containing phases
were calculated with the computer code EQ3NR, Version 7.2¢ (Wolery, 1992). Although
XRD can determine whether the carbonation product(s) of interest is present when the
amount of that phase exceeds a few percent, it cannot provide information regarding the
onset of the formation of a particular phase. On the other hand, the saturation states
would indicate the onset of the carbonation processes if the kinetics were favorable.

The saturation index (SI) is defined as:
SI=log (Q/Ksp), (6)

in which Q is ion activity product and K;, is the solubility product for a phase of interest.
When the SI of a solid phase of interest is positive in a solution, it means that the solution
is supersaturated with that phase, implying that the phase has a tendency to precipitate.
When the SI is negative, the solution is undersaturated with that phase, suggesting that
the phase has a tendency to dissolve. When the SI is zero, the solution is in saturation
equilibrium with that phase. Therefore, the SI for the following Mg-containing phases

can be calculated for the following solubility reactions to infer their respective saturation
states:

MgO (s) + H;0=Mg > +20H (7)
Mg(OH); (s) =Mg™ + 20H"  (8)
Mgs(CO3)4(OH)»:4H,0 (5) = SMg™ +4C0:7 +20H + 4 H,O  (9)
Mg4(CO3)3(0OH)2:3H20 (s) =4Mg™ +3C0:7 +20H +3H,0  (10)

MgCO3:3H,0 (s) = Mg™ + CO; 2+ 3H,0  (11)

4.1-19



1.E-02
A (% ) B a a 4
JANRN o
A
1.E-03 -
O o 0O
S O O L
E O
1.E-04 -
H O 0
O Premier MgO as starting material
259G, Pers = 10%5 atm. 1= 0 o Fisher MgO as starting material
L oo ’ ABrucite as starting material
1 E_()5 L] L] Ll L} L] L} L L L]
o 200 400 600 800 1000 1200 1400 1600 1800 2000
Time, Hours

Figure [7. Mg concentration in DI water as a function of time. Uncertainty is less than
the size of symbols.

~Ar BaB00 B°
AT O O O

Bo a

1,00E-04 { ]

1.00E-02

1.00E-03 4

m Mg

25°C, Poge = 1028 atm, 1= 4.0

&1 Premier MgO as starting material ‘

l___] oFisher MgO as starting material
A Brucite as starting material
1 .OOE‘OS L ¥ L] L] L
0 500 1000 1500 2000 2500 3000

Time, Hours

Figure 18. Mg concentration in 4 M NaCl as a function of time. Uncertainty is less than
the size of symbols.

4.1-20



Reactions 7, 8, 9, 10, and 11 depict the solubility equilibria for periclase, brucite,
hydromagnesite (5:4:2:4), hydromagnesite (4:3:2:3), and nesquehonite, respectively.

In Figure 19, SIs for the above Mg-containing phases are calculated for the results
from the run in DI water started with Fisher MgO. 1t is shown that brucite reaches
saturation after about 250 hours. This is in excellent agreement with previous hydration
experiments of MgO in which hydration rates of MgO in DI water are found to be very
fast (SNL, 2002). After about 500 hours, the solution becomes supersaturated with
hydromagnesite (both 5:4:2:4 and 4:3:2:3), implying that hydromagnesite could
precipitate because hydromagnesite is supersaturated by a few orders of magnitude, The
inference that hydromagnesite is forming from the solution according to the SI of
hydromagnesite is further supported by the identification of hydromagnesite in similar
experiments described below. It appears from Figure 19 that the precipitation of
nesquehonite is not favored. In other words, nesquehonite would not be formed under the

experimental condition (Pco, = 10° atm).

In Figure 20, SIs are shown for a run using brucite as starting material in D1 water
(Fisher Mg(OH),-0Cl). In contrast to the SIs described above, hydromagnesite reaches
supersaturation very early in the run (after about 100 hours), suggesting that
hydromagnesite could form from the solution soon after the start of the run. That
hydromagnesite forms is supported by results from an almost identical run (Mg{OH);-
25/AQ-1) in which hydromagnesite was positively identified using XRD (Figure 21).

The run Mg(OH),-25/AQ-1 was terminated after about 1100 hours.

Figures 22 and 23 illustrate SIs for expermments in 4 M NaCl solution starting
with Fisher MgO and brucite. In the run using pure MgO, hydromagnesite (5:4:2:4)
reaches saturation after about 1100 hours. In contrast, in the run using brucite as starting
material, hydromagnesite (both varieties) reaches saturation after about 500 hours. In
both runs, nesquehonite is more clearly undersaturated (SI less than or equal to -1) than in
the DI water runs. Another difference between the experimental runs in DI water and
those in 4 M NaCl is that brucite seems slightly undersaturated in the latter.

An important conclusion from these results and EQ3NR modeling of experiments
started with brucite is that the tendency to form nesquehonite is not thermodynamically
favored in the DI water runs, and especially in 4 M NaCl runs, at Pco, = 1072 atm.

Therefore, we are confident that the reaction path periclase — brucite — nesquehonite —
hydromagnesite, inferred from previous experimental results at high Pco, (1 atm) at

SNL in Albuquerque (Papenguth et al., 1997), is not applicable to the WIPP, in which
low Pcg, is expected. Instead, the reaction path in the repository and other low Peq,

environments will be periclase — (magnesium chloride hydroxide hydrate) — brucite —
hydromagnesite. The reaction path from periclase to brucite and from magnesium
chloride hydroxide hydrate to brucite has been well documented in Papenguth et al.
(1997) and SNL (2002). The reaction path from brucite to hydromagnesite is clearly
demonsirated in the runs using brucite as starting material.
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In fact, Papenguth et al. (1997) were aware that nesquehonite would not be formed in low
Peo, environments and favored the metastable phase hydromagnesite in these

environments.

The above reaction path periclase — (magnesium chloride hydroxide hydrate) —
brucite — hydromagnesite is well supported by field observations on the carbonation of
magnesian lime exposed to atmospheric CO, (Bruni et al. 1998; Dheilly et al., 1999). For
example, the carbonation products of historical mortars containing magnesian lime in the
northern Italy exposed to air have hydromagnesite but no nesquehonite (Bruni et al.,
1998).

Solid Phase Chemistry

After filtration and drying, reaction products in inundated experiments are
analyzed for C using a carbon coulometer. Then, the quantities of brucite converted to
hydromagnesite are calculated. In Figure 24, preliminary data for the conversion of
brucite to hydromagnesite are plotted against run time. Based on preliminary data, the
carbonation rate in DI water is faster than those in 4 M NaCl and ERDA-6. The
carbonation rates in 4 M NaCl and ERDA-6 are similar, which may be due to the ionic
strength effect. (The ionic strength of 4 M NaCl is similar to that of ERDA-6.) The C
contents in the runs in GWB terminated so far are below the detection limit of the carbon
coulometer. In the future, when more data, especially the data in 0.01 M, 0.1 M and
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1.0 M NaCl solutions, become available, the effect of the ionic strength on the
carbonation rate will be quantitatively addressed.

0.016
0.014 -
9
» 0.012 1
&
£,0.010 -
1}
£ 0.008 -
o
}.} 0.006 - .
5, 0-004 1
0.002 - O

0.000 ——— s —

0 500 1000 1500 2000

O DI Water
A4 M NacCl
OERDA-6

Fraction of Mg(OH):: converted
L]

Time, Hours

Figure 24. Brucite converted to hydromagnesite as a function of time.

The conversion rate for the experimental data in DI water obtained so far is
tentatively determined to be 1.1x10” hour™. Using this rate, the time required for the full
carbonation of brucite (i.¢., 100% conversion) in DI water is on the order of 10° hours.
Therefore, brucite should carbonate completely in a few decades. When more data
become available, this rate constant of carbonation in DI water will be refined, and rate
constants of carbonation in other solutions will also be determined. Then, we will be able
to quantify the time required for the full carbonation of the engineered barrier.

Summary

In runs using Premier MgO as starting material at Pco, = 10™*° atm (atmospheric

CO,), hydromagnesite has been positively identified in the experiment in 4 M NaCl after
264 days. After 327 days of run time, hydromagnesite has been identified in all
experiments in DI water, 4 M NaCl, ERDA-6 and GWB. No nesquehonite has been

observed in any experiments at Pco, = 1072 atm. However, nesquehonite is observed
in the experiments at higher Pco, (5x107% atm), about 160 times the partial pressure of

CO; 1n the atmosphere. In most experiments, nesquehonite was eventually converted to
hydromagnesite, implying that hydromagnesite is more stable than nesquehonite even at
P, =5x107 atm.
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In experiments using brucite (the hydration product of MgO) as starting material
at Pop, = 10 atm and 25°C, hydromagnesite was formed after about 1100 hours of the

initiation of the runs. EQ3NR modeling using experimental results indicate that solutions
are supersaturated with respect to hydromagnesite soon after the initiation (after about
500 hours). The modeling aiso indicates that nesquehonite remains undersaturated.

Based upon the above experimental results at Pcp, = 107 atm using Premier

MgO and brucite as starting materials and corresponding EQ3NR modeling, it is
concluded that the reaction path, periclase — brucite — nesquehonite —
hydromagnesite, proposed before based upon the preliminary experimental results at high
Pco, (1 atm) generated at SNL in Albuquerque (Papenguth et al., 1997), is not

applicable to low PCO2 environments such as the WIPP (i.c., PC02 =107 atm or
lower). Instead, the reaction path in the repository and other low-Pcg, environments

will be periclase — (magnesium chloride hydroxide hydrate} — brucite —
hydromagnesite. This reaction path is well supported by field observations on the
carbonation of magnesian lime exposed to atmospheric CO;.

The conversion rate of brucite to hydromagnesite in DI water was tentatively
determined to be in the order of 10 hour”. Based on this rate, the time for the fuil
carbonation of brucite in DI water will be in the order of a few decades. When more data
become available, this conversion rate will be refined, and conversion rates in other
solutions will be obtained. When such conversion rates are available, in conjunction with
hydration rates of MgO already determined (SNL, 2001a; 2001b; and 2002), the time
required for complete carbonation of MgO in various solutions will be estimated.
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4.2 Experimental Work to Develop a Model for Cement-Brine Interactions’

Charles R. Bryan
Sandia National Laboratories, MS 1395
4100 National Parks Highway
Carlsbad, NM USA 88220

Abstract

Sandia National Laboratories/Carlsbad (SNL) is currently performing research to develop
a model for cement-brine interactions relevant to performance assessment (PA) calculations for
recertification of the Waste Isolation Pilot Plant (WIPP). Several laboratory experiments are
currently in progress. In the first, the kinetics of cement-brine reactions are being examined by
long-term equilibration of powdered cement-brine systems, with periodic sampling to monitor
changes in brine chemistry. In the second, alteration reactions and reaction products are being
imvestigated by long-term equilibration of cement-brine systems with varying solid:solution
ratios. Both the brine and the solid are being sampled. Solids are being analyzed by X-ray
diffraction (XRD), scanning electron microscopy (SEM), and chemical analysis to determine the
phase composition. In the third experiment, cement wafers are being aged in WIPP-relevant
brines, and are sampled periodically to monitor the effects of non-equilibrium processes, which
through limiting or enhancing transport, may affect the cement degradation rate. These include
precipitation of low-porosity mineral coatings or pore-filling phases, selective dissolution of
certain cement phases, and fracturing due to the formation of expansive alteration phases. These
experiments, together with core-column experiments and solbility experiments to determine
Pitzer parameters for Al (aluminum) and Si (silicon), will be used to develop and validate a
thermodynamic model for cement-brine interactions, and a degradation rate model for cement
borehole plugs.

Introduction and Objectives

An understanding of cement-brine interactions is important in evaluating the future
performance of the WIPP repository. In 1996, the National Academy of Sciences Committee on
the WIPP stated that the only credible scenarios resulting in release of radionuclides from the
repository are those involving human intrusion, such as drilling for potash or oil (NRC, 1996).
Calculated releases during and after intrusion are dependent upon the predicted integrity of
cement borehole plugs. These directly control brine flow into and out of the repository,
determining the Culebra source term and indirectly affecting other important parameters such as
gas generation rates and spallings releases. In addition, cementitious waste forms are a
significant fraction of the waste inventory, and cement-brine reactions will affect repository
chemistry. Dissolution of cement components could result in high-pH microenvironments, while
calcium released during cement degradation will serve as an additional sink (with MgQ) for
carbon dioxide released by microbial degradation of organic compaonents in the waste.

' This work is covered by WBS #1.3.5.4.3.2



A primary goal of the cementitious materials work at SNL/Carlsbad is to develop a model
for the degradation and failure of cement borehole plugs. Although this 1s inherently a kinetic
model, extrapolating data from laboratory-scale experiments to WIPP relevant spatial and
temporal scales will require development of a thermodynamic model for cement-brine
interactions, which can also be used to evaluate the potential effects of cement on repository
chemistry.

The degradation of borehole plugs is being examined both by laboratory investigations
and by opportunistic sampling of downhole cement and casing corrosion products during
plugging and abandonment (P&A), recompletion, and general maintenance of water monitoring
wells in and around the WIPP site. The test plans for these activities are, respectively, Bryan and
Wang (2000) and Bryan and Martell (2000).

Opportunities for meaningful borehole sampling are few, and have not occurred since
SNL (2002). However, considerable laboratory work has been carried out in the last six months,
and the results to date are summarized here. In the first experiment, the kinetics of cement-brine
reactions are being examined by long-term equilibration of powdered cement-brine systems, with
periodic sampling monitor changes in brine chemistry. In the second, alteration reactions and
reaction products are being investigated by long-term equilibration of cement-brine systems with
varying solid:solution ratios. Both the brine and the solid are being sampled. Brine chemistry is
being monitored, while solids are being analyzed by XRD, SEM, and chemical analysis to
determine the phase composition. In addition to determining the equilibrium mineral
assemblages present in cement-WIPP brine (Castile and Salado) systems, the compositional data
for the brines and solids in these experiments will also be used to validate the thermodynamic
model. In the third experiment, cement wafers are being aged in simulated Castile and Salado
brines, and are sampled periodically to evaluate rates of cement degradation (by monitoring
development of cement alteration products and/or dissolution of cement phases) and of diffusion
of brine components into the cement, and to evaluate the effects of non-equilibrium processes,
which through limiting or enhancing transport, may affect the cement degradation rate. These
include precipitation of low-porosity mineral coatings or pore-filling phases, selective
dissolution of certain cement phases, and fracturing due to the formation of expansive alteration
phases.

The data generated from these experiments and other planned expeniments, including
cement core flow-through experiments for evaluating the kinetics of cement degradation in a
system in which the cement is continuously being exposed to fresh brine, will be used to develop
and calibrate a thermodynamic model for cement-brine interactions, and a degradation rate
model] for borehole plugs.



General Experimental Procedures

All data generated in these experiments is recorded in laboratory notebooks and binders.
Each notebook will be submitted upon completion to SNL’s Nuclear Waste Management
Program Records Center, in accordance with Allan (2001).

CEMENT PREPARATION

Three types of cement were prepared for use in these experiments. These are: (1) Type
C oil field SO42ﬁ(sulfate)-resistant) cement, mixed with halite- (NaCl)-saturated H,O (water);
{2) Type C oil field cement, mixed with deionized (D1) water only; (3) ordinary Portland cement
(OPC). The first two types are relevant to borehole plug degradation studies, and the third, to
repository chemistry. The rationale for using these cements and mixing and preparation
procedures are given in SNL (2002). The cements were mixed under atmospheric Pco,
conditions, since cement for borehole plugs or in cementitious waste forms would be mixed
under those conditions. After curing, fractions of each were prepared for different experiments.
One fraction was crushed to <150 pm, for powdered cement-brine equilibration experiments. A
second fraction was cut into 25-mm-square x 3-mm-wide wafers, for brine/wafer experiments.
For the oil-ficld cements, 25-mm-diameter cores were extracted from a third fraction for column
transport studies.

ATMOSPHERIC CONDITIONS

The experiments currently in progress are being carried out in sealed polycarbonate or
polypropylene tubes or bottles, stored inside Plexiglas glove boxes. To minimize CO; (carbon
dioxide) inflow, which might affect system pH, N, (nitrogen) is being pumped into the glove
boxes at a rate of 50 ml/min, and the atmosphere inside is being sparged through a 0.1 M NaOH-
(sodium hydroxide)-0.05 M BaCl; (barium chloride) solution at a rate of 2000 ml/min to remove
COs.

Cement-Brine Equilibration-Rate Experiment

This experiment has several goals, but primary among them is to determine, by
monitoring changes in electrolyte chemistry, the time scale necessary for long-term equilibration
experiments to be run in order to see significant formation of reaction products. Different
cement:brine ratios are being used (1g/110ml and 5g/110ml). The cement:brine ratio may affect
the reaction products formed and reaction rates, by influencing the pH and the brine chemistry as
Ca (calcium) and OH (hydroxide) are released by dissolution of cement phases. The mitial
experiment was sampled several times over 3.5 months; a second, longer term experiment, is
being initiated.

In general, the type of cement used in the rate experiment has very little effect on brine

chemistry, while the cement:brine ratio has a much greater effect. The variation in measured pH
with equilibration time is shown in Figure 1. In Genetic Weep Brine (GWB), a Salado-

4.2-3



Formation brine, the systems with 5 g of cement had initial pH values of ~8.5, and drifted
downwards to a final pH, after 3.5 months, to about 8.0. Systems with 1 g of cement initially
had a pH of about 8.0, and this did not change. Systems containing ERDA-6, a Castile-Fm.
brine, had higher pH values; the 5g systems had imtial pH values of 11.8 to 12, and these did not
change, while the | g systems initially had lower pH values, of about 10, which rose with time to
approximately 11.5.

The pH buffering capacity of the two systems, and the final pH, 1s largely a function of
the Mg (magnesium) content of the two brines, and of the borate content. Both act to buffer pH
to moderate values, by formation of the aquecous species Mg(OH)' and precipitation of brucite
(Mg(OH),) in the case of Mg, and by deprotonation in the case of borate. Both processes are
much more important in the simulated GWB, as it contains over 50 times as much Mg, and 2.5
times as much borate as ERDA-6. The relative importance of the two processes has not been
evaluated.

The compositional changes in GWB are shown in Figures 2a and 2b, for the 5 g cement
and | g cement systems, respectively. In the 5 g systems, there are sharp drops in Mg and SOq4
concentrations with time, while the Ca concentration rises. In the 1 g systems, the Mg and 504
concentrations drop slightly with time, while the Ca remains constant, at about 700 pg/ml. It
seems probable that, as Ca(OH); (calcium hydroxide) is leached from the cement, magnesium
hydroxide and gypsum are precipitating, and the Ca concentration is being determined by the
solubility of gypsum (CaSQy).

In ERDA-6 (Figure 3), both 5 g and 1 g systems behave very similarly. Mg drops from
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Figure 1. The change in the measured pH values in cement/brine systems
with equilibration time. C-Type C cement; CS-Type C cement, salt
saturated; OPC—ordinary Poriland cement.
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Figure 2. Variation in GW brine chemistry with equilibration time, in
systems with a cement/brine ratio of a) 5g/110ml, and b} 1g/100ml.

500 pg/ml to below detection limits very quickly, while Ca rises very rapidly from 500 ng/ml to
~ 875 ng/ml and does not change over time. Similarly, SO4 drops from 5250 pg/ml to ~ 4400
pg/ml, and then does not change further. In these systems, there is too little magnesium to act as
a sink for the hydroxide, so the pH rises, and portlandite (Ca(OH),) is the solubility-limiting
phase for Ca.

Long-Term Cement-Brine Equilibration Experiment

In this experiment, powdered cement was equilibrated with brine at varying cement/brine
ratios, and both the solid and liquid were sampled for analysis. All three cement types were
used, and both GWB and ERDA-6. Cement/brine ratios covered the range from 0.1g/30ml to
5g/30ml. Samples were collected and analyzed after 3.5 months. Once again, cement type had
little or no effect on the results. Measured pH values for the Type C cement samples are shown



in Figure 4; in ERDA-6, the pH rises rapidly with the mass of cement added, and reaches a
platean at a value of ~12. In GWB, the pH rises with the mass of cement added, but at a much
slower rate that in the ERDA-6. This is due to the high Mg content of the brine — precipitation
of brucite is controlling the pH. However, as more cement is added to the sysiem and the Mg
content of the brine drops, a progressively higher pH is possible. In the absence of a higher Pco,,

the Mg in solution and the presence of a brucite solid phase are insufficient to buffer the pH.
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Figure 3. Variation in ERDA-6 brine chemistry with equilibration
time, in systems with a cement/brine ratios of 5g/110m! and 1g/100ml.
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The variation in the major element compositton of GWB with solid:electrolyte ratio, after
an equilibration time of 3.5 months, is shown in Figure 5. The dominant effect of the cement is
to act as a source of Ca and OH. With increasing cement content, the Mg content of the brine
drops as brucite is precipitated, and the SO4 concentration drops as gypsum is precipitated.

The addition of small amounts of cement has a large effect on the chemistry of ERDA-6,
causing large changes in pH, and precipitating out the Mg as brucite. In addition, there are
significant drops in SOy content and rises in Ca content. However, adding more cement actually
results in a reversal of these trends, presumably because the pH rises and portlandite becomes the
solubility-limiting phase for Ca.

Analysis of the solids from each system has not been completed. XRD analysis indicates
that gypsum is a dominant phase in all samples. Results for one set of samples, those run using
Type C cement in GWB, are shown in Figure 6a. All patterns are identical; gypsum 1s the only
identifiable phase. In some of the cement-rich ERDA-6 systems, portlandite was also identified.
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Figure 6. XRD patterns for the solid phases recovered from the cement/
brine equilibration experiment, before (a) and after (b} treatment with 0.1 M
EDTA.

In order to examine the silica/alumina phases present, an aliguot of each solid (0.1 to 2.0 g) was
mixed with 50 ml 0.1 M Na,EDTA, and agitated for one hour. This dissolved the gypsum and
the portlandite, removing from 25 to >90% of the total material (the less cement in the system,
the more of the total solid that was removed by EDTA washing). The remaining material was re-
analyzed by XRD. Results are shown in Figure 6b. The gypsum and portlandite have been
removed, and the remaining materials show a strong variation in crystallinity with the
cement/brine ratio. Samples from the cement-rich systems were largely amorphous or poorly
crystalline, with only a few broad diffraction peaks visible, corresponding to atomic d-spacings
of 2.65 10 2.74 A (32° to 34° 20). However, in the systems with little cement, several sharp
diffraction peaks, representing as-yet unidentified crystalline phases, are present. The XRD
spectra do not vary with cement type used, but do vary with the brine type. The solid phases
sampled from the ERDA-6 systems are largely amorphous at all cement/brine ratios. The few
broad peaks that are present do not correspond to any found in the GWB samples.



Although none of the phases has been identified yet, preliminary analysis by SEM
indicates that several different Mg, Ca, and Mg-Ca oxides and hydroxides, silicates, and
aluminosilicates are present in the samples. Identification of these phases is currently in
progress. It must be noted here that the EDTA treatment may have digested or reacted with
some silicate minerals, as well as gypsum and portlandite. Thus, it is not clear that all phases
initially present in the samples are being observed in the EDTA-washed aliquot.

Cement Wafer Experiments

In order to examine non-equilibrium processes, especially transport-limiting processes,
cement wafers have been immersed in GWB and EDRA-6 and allowed to age for several
months. All three types of cement — Type C, salt-saturated Type C, and OPC — were used.
The wafers are 3-mm-thick by 25-mm-square, and small sample clips hold them upright (on
edge) in the brines. The samples are not being agitated, as surface mineral precipitates may play
a significant role in inhibiting cement-brine interactions, and agitation could prevent such layers
from forming. Samples of both brine and wafers are being collected on a monthly schedule. The
brine samples are analyzed for chemical composition, and the wafers are impregnated with
epoxy and polished for SEM analysis.

Initial results suggest that cement type has little or no effect on alteration rate or
alteration pathway. This is unexpected, as OPC is not sulfate resistant, and was anticipated to be
less stable in the SO4-rich WIPP brines due to formation of ettringite (Havlica and Sahu, 1992;
Xie and Beaudoin, 1992; Poole et al., 1994). However, no significant differences have been
observed to date (after five months) between the OPC and Type C cement systems, either in

Figure 7. Photographs of Type C cement wafers aged for 5 months in a) GW
brine, and b) ERDA-6 brine. Wafers are 25 mm square.

4.2-9



terms of chemistry, mineral phases present, or observed alteration pathways.

The only significant factor affecting the cement-brine systems is brine type. Visually,
cements 1n the two brines showed variations in the development of mineral coatings and
alteration within a few days of immersion. After five months, these differences are very
apparent (see Figure 7). Cement wafers immersed in GWB have heavy growths of gypsum
dendrites on otherwise relatively clean surfaces, while those in ERDA-6 are heavily coated with
a gelatinous precipitate of brucite and gypsum, and display little growth of gypsum dendrites.
This is counterintuitive, as the SO, concentrations of the two brines are very similar, and as it is
the GWB that contains much higher concentrations of Mg.

Because the samples were not agitated, significant stratification occurred in the brine in
the containers. This resulted in the gypsum dendrites “growing” upwards, into brine that was not
depleted in SOy, and in general was responsible for the development of thicker mineral coatings
on the lower parts of each wafer relative to the top. This is most apparent in the ERDA-6
samples, but occurs on the GWB samples as well. This was at least in part due to precipitation
of brucite as a gelatinous mass on the surface of the wafer, and subsequent gravity-driven
slumping to the bottom of the container.

SEM examination of wafers removed from the brines and impregnated with epoxy
reveals that there are both similarities and differences between the GWB and ERDA-6 cement-
brine systems. One such wafer, removed from ERDA-6 after two months, is pictured in Figures
8 and 9. Figure 8 is a backscattered electron image of the entire wafer, showing several zones
within it. Figure 9 is a close-up of two areas on the wafer, one near the top, where there is only
minor precipitated mineral coating, and one near the bottom, where the coating is heavy. X-ray
element maps, showing the distribution of Mg, 5i, S, and Ca in each image, are also shown.

The schematic drawing in Figure 8 illustrates several features that are common to all of
the wafers examined. Going from the edge to the center, these consist of:

I. A coating of precipitated minerals. Only gypsum and brucite have been observed to
date. This coating is much thicker on samples immersed in ERDA-6, and is invariably
thicker towards the bottom of the wafer. The brucite in the coating is not visible in
Figure 8, but is readily discerned in Figure 9 by examination of the Mg element maps.

2. A zone of Mg alteration, in which Mg has infiltrated the cement, and reacted with the Ca-
silicate cement phase (CSH), replacing the Ca and forming Mg silicate hydrate (MSH).
This zone is commonly very thin, and is invariably most pronounced towards the top of
the wafer, where the mineral coatings are thin or absent. This zone is readily observed in
Figure 9, in the Mg, Si, and Ca element maps.

3. A zone of Ca depletion, which has been interpreted as a zone from which portlandite has
been leached. This zone can readily distinguished in Figure 8, but is difficult to see in the
Ca maps in Figure 9. This zone is thinner where minerals thickly coat the surface of the
wafer. Though this zone is initially more porous than the original cement, it has
commonly been partially or completely infiltrated with gypsum. This can be seen in the
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Mg replaces Ca
in cement
silicate phases

Unaltered core

Ca(OH), leached
out of cement

Brucite + Gypsum
mineral growth on
wafer surface

Figure 8. SEM backscattered electron image of the polished cross section of a Type
C oilfield cement wafer after immersion in ERDA-6 brine for 2 months (fractures in
the wafer are an artifact of epoxy impregnation). The schematic drawing on the
right identifies important features, and squares A and B indicate the locations of the
close-up images shown in Figure 9. Wafer cross-section is 25 mm long.
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Figure 9. Magnified images and X-ray element maps of areas A and B in Figure 8.
Field of view is 1 mm.

S maps for image A, in Figure 9. The depth to which SO, has diffused into the leach
zone is also affected by the mineral coatings — it is virtually nonexistent in area B,
where a thick mineral coating 1s present.

4. A core of apparently unaltered cement, readily visible in Figure 8. This core is wider
towards the bottom of the wafer, and at any location where heavy mineral coatings are
present. The core shrinks with immersion time, and is absent in some samples.

All three cements exhibited identical behavior in the two brines; this is illustrated for salt-

free Type C cement in Figure 10. In GWB, portlandite 1s readily leached from the wafer, and
after three months, no core remains. Although gypsum dendrites grow abundantly on the surface
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of the wafer, little of the surface is actually covered with precipitated minerals. In ERDA-6, the
core shrinks, but is still present after five months. The wafers develop a heavy brucite and
gypsum coating with time, and after ~ four months sparse gypsum dendrites start to form. In
neither brine is there a clear correlation between the thickness of the Mg alteration layer and
time, nor is there a correlation between the depth to which SO, has precipitated and time.
However, in both cases, the presence of a mineral coating appears to significantly inhibit or slow
the formation of these features.

Several potentially important processes are occurring in this experiment. The
development of the Ca-leached zone results in an increase in the porosity and permeability of the
cement. However, this is offset by the diffusion of SO, into the cement and precipitation of
gypsum in the pore space. Ultimate failure of the cement may perhaps be best defined by the
replacement of CSH with MSH, as the cement shrinks and cracks, and crumbles as this well-
known (Bonen, 1992; Bonen and Cohen, 1992; Poole et al., 1994) degradation reaction occurs
(see Figures 8 and 9A). In addition, the reaction does not seem to be inhibited by the presence of
gypsum in the cement pore space; all Ca, including that in the gypsum, is removed from the
alteration zone (see Figure 9A). However this alteration zone develops very slowly, and does
appear to be inhibited by the presence of a coating of precipitated minerals on the cement
surface. In fact, mineral precipitates seem to inhibit all reactions between the cement and brine,
at least over the time scale of these experiments. It is not clear if the same is true over longer
time intervals.

Month1l Month2 Month3 Month4 Month35

: I I I I

Figure 10. Sketch showing the development of mineral precipitation and
alteration zones in Type C oilfield cement wafers immersed in GW and ERDA-
6 brines for 1 to 5 months. Zones are delineated as in Figure 8.

ERDA-6
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As stated earlier, the lack of any significant magnesium hydroxide precipitate in the
GWB systems was unexpected. It is evident from the rapid development of the Ca-leach zone,
the disappearance of the unreacted cement core, and the relatively low measured pH values
(around 9) in these systems that some phase is acting as a sink for OH. Given that there is not
enough OH-bearing alteration mineral present to account for the observed effects, that phase 1s
probably an aqueous one. Wang (pers. comm.) states that Mg(OH)" is an important aqueous
species at these pH values; it seems reasonable to assume that this is the OH™ sink in the GWB
systems. Thermodynamic modeling will be carried out to test this hypothesis.

Future Work

Several experiments will be continued in the next 6 months, including the wafer
experiment, and an extended cement/brine equilibration experiment. The solid phases present in
the completed experiment will be identified, and the brine samples collected from all
experiments still must be analyzed for Si and Al. Finally, cement core column experiments will
be run with Type C oilfield cement and simulated ERDA-6/GW brines. However, it is probable
that flow through such an experiment will cease very rapidly due to formation of mineral surface
precipitates, and that any leng-term predictions of cement borehole plug longevity will be
ultimately be based upon the results of the wafer and powdered cement studies, and upon
reaction rates based on estimated brine delivery rates and mass balance considerations.
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5 ROCK MECHANICS
5.1 Fracture Analyses’

D. M. Chapin, Jr. and F. D. Hansen
Sandia National Laboratories, MS 1395
4100 National Parks Highway
Carlsbad, NM USA 88220

Abstract

The disturbed rock zone (DRZ) surrounding underground openings in salt provides a path
of increased permeability, which could bypass seals or closure systems installed in geologic
radioactive waste repositories such as the Waste Isolation Pilot Plant (WIPP). Compliance
application performance assessiment calculations for salt repositories include characteristics and
parameters of the DRZ that model brine influx into the disposal room and influence important
evolutionary processes. Quantification of spatial and temporal characteristics of the DRZ plays a
vital role in verification and validation of calculational and predictive methodologies. This paper
presents petrophysical evidence of DRZ development derived from the analysis of US and
German repository salt cores drilled from the DRZ/EDZ (excavation disturbed zone).

Introduction

This work is a continuation of ongoing studies of the DRZ/EDZ in halite at the Waste
Isolation Pilot Plant and in German salt repositories, and supports the DRZ observational study
published in the January 30, 2000, Sandia National Laboratories DOE Milestone (Bryan et al.,
2000). Planning documents and the scientific notebook supporting the petrographic structural
analysis performed in this paper are:

1. TP99-04; WBS No. 1.2.01.09.03 (08/05/99): “Disturbed rock zone characterization
program.”

2. TP00-04; WBS No. 1.2.01.09.03.02 (04/20/00): “Laboratory analysis of samples collected
from the disturbed rock zone.”

3.  Laboratory notebook WIPP-DRZ-Lab3.

In addition to WIPP reposttory salt core, this current work investigates two salt cores
procured from the German TSDE Test Field. The TSDE (Thermal and Structural Demonstration
Experiment) was conducted at the Asse Mine, near Braunschweig, Germany, by GRS
(Gesellshaften Rohstoffe und Sicherheit). BAMBUS I1 is the post-facto evaluation of the TSDE.
BAMBUS 11 addresses the behavior of the EDZ, as well as backfill material within a geologic
repository for heat generating radioactive waste in rock salt. Its objective is to increase the
knowledge of important processes occurring in salt repository drifts and to strengthen the
scientific knowledge required for repository design and performance assessment. A
comprehensive introduction to laboratory approaches undertaken to characterize damage in
repository rock salt is provided in the above-mentioned milestone (Bryan et al., 2000). This stage

' This work is covered by WBS #1.3.5.4.4.1
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of the DRZ/EDZ observational study focuses on microstructural analyses (petrographic fracture
mapping) of three cores: (1} WIPP core QGU39 (2.25 m),( 2) TSDE core A (0.72 m), and (3)
TSDE core D1 {(0.77 m). The dimensions in parentheses indicate the length of the cores
referenced from the opening or drift face in which the cores were recovered. Fracture mapping
entails the creation of thin sections of repository salt core to investigate fracture densities,
apertures, angles and spatial distributions to help add to our knowledge of the geometry of the
DRZ/EDZ and to delineate damage within this zone. Information gathered from these three
cores will be plotted with data previously obtained on salt from WIPP and sait from a different
site at the Asse Mine (Wieczorek and Zimmer, 1999).

CORE SAMPLES

WIPP core QGU39 was recovered from a horizontal borehole drilled into the rib of the
Q-Room access drift as shown in Figure 1. The recovered core, with an approximate coring axis
angle of 45-50° to the inside rib face (see Powers et al., 2001), extended through the DRZ and
into the intact Salado Formation. Observations from the Q-Room alcove have necessitated the
drilling of orthogonal paths through the DRZ to describe the anisotropy of fracturing within the
zone (Holcomb and Hardy, 2001). Holcomb and Hardy have used ultrasonic wave velocities to
delineate the DRZ as a function of depth from the drift wall and as a function of the varying
stress-state that surrounds the approximately rectangular drift cross-section.
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Figure 1. Layout of holes found in the Q-Room alcove; WIPP core QGU3Y was
recovered from the area shown in the lower left region of the figure. The 12
large holes, including hole QGU39, are used for ultrasound analyses. The 3
small holes were drilled for hydrologic analyses (from test plan TP99-04; WBS
No. 1.2.01.09.03; “Disturbed rock zone characterization program.”)
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Understanding the time-dependent changes in damage, a proxy for permeability, as the
DRZ develops is important because these changes can strongly affect the sealing of underground
openings at WIPP (Holcomb and Hardy, 2001). GRS provided the two TSDE cores, for the
purpose of performing the same petrographic microstructural analyses. Both TSDE cores were
obtained from the Asse Mine’s Northern Drift B, at the 800 m level (Figures 2 and 3).

LSl
=

4.5
r
Ref. Paini 1

26.6 55 ;304 55 30, 55 16.3

E1

o |5

B+1

<

Drift B | ] + * Core Drilling K3 (19.5 m)

45

10.0

ortA I EEm .

Figure 2. Plan view showing the drilling positions of EDZ sampling holes and surrounding host
rock in the Northern Drift B of the TSDE Test Field. This investigation focuses, in
part, on cores A and D1 drilled from the Northern Drift at a depth of 800 m.
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Figure 3. North drift cross-section showing the core A and core D1 recovery locations. Core A
and core D1 were recovered from positions between locations 4 and 5 at horizontal
distances 0of 0.72 m and 0.77 m, respectively.

METHODS

All core samples were sawed lengthwise into halves. Subsequently, one half was cut in
half again to produce a one-quarter core billet from which thick sections (approximately 1 mm in
thickness) could be fabricated. A diamond-impregnated wire-line saw was employed to cut these
billets to the appropriate thickness. Quartered billets were subsequently impregnated with
fluorescent dyed Epo-thin epoxy, ground flat, mounted on 2x6-inch glass plates, then cut and
polished as thick sections. Measurements of the fracture distributions, fracture apertures, and
fracture spacing (distance from the inside rib face or wall) were taken across the centerline of
each thick section (parallel to the core axis), which would intersect fractures oriented parallel to
the drift axis and cross-cutting the core hole. In addition, fracture angles (the angle each fracture
makes with respect to the core axis) were measured for the WIPP QGU39 core.

RESULTS

Results of the fracture analyses of the WIPP and TSDE repository salt cores are presented
in Figures 4-8. In WIPP QGU39, 454 fractures were observed filled with yellow-dyed epoxy,
each indicating the presence of a permeable pathway, in the first 2.25 m of the core (2.0
fractures/cm; Figure 4). The thinnest fracture aperture measured is 2.5 pm, the widest measured
1s 545 um, and the mean fracture aperture is 46.6 um. Mean fracture apertures are wider
proximal to the rib face (at approximately 0.1 m and 1.25 m)} as compared to apertures measured
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farther from the rib face. Measured fracture angles range between 12°-146° from the core axis
(as shown in Figure 5), which itself is oriented approximately 45-50° to the rib face. Fracture
angles closest to the rib face lie at approximately 50° to the core axis, or sub-parallel to the rib
face. At approximately 2 m, the fracture angles have rotated normal to the core axis.

Disturbed Rock Zone Fracture Analyses
WIPP, USA Repository Core QGU 39

600 T T T

* WIPP Core QGU 30

500 & ............... :x ................. “ ................. ‘:\. ................. :. .............. -

T T

400 [
300

Fracture Aperture (microns)

Distance from Rib Face (m)

Figure 4. Plot showing the distribution of fractures and fracture apertures in WIPP core QGU39.

In the 0.72 m of TSDE core A, 103 fractures were measured (1.4 fractures/cm; minimum
aperture = 2.5 um; maximum aperture = 105 um; mean aperture = 15 pm; Figure 6). Inthe 0.77
m of TSDE core D1, 122 fractures were measured (1.6 fractures/cm; minimum aperture = 2.5
Um; maximum aperture = 147.5 pm; mean aperture = 20 pm; Figure 6). The highest density of
fractures in both cores occurs in the first 0.5 m of the core. A comparison of the fracture
distribution and fracture apertures for all core investigated is presented in Figure 7. The highest
density of fractures is observed closest to the rib walls and the predominant fracture apertures are
< 100 pm wide.
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Disturbed Rock Zone Fracture Analyses
WIPP, USA Repository Core QGU 39

- .

150

Fracture Angle to Core Axis (degrees)

—* — WIPP Core QGU 39

v} 0.5 1 .5 2z 5

Distance from Rib Face (m)

Figure 5. Plot showing the distribution of fracture angles in the first 2.25 m of WIPP core
QGU39.

Fracture Analyses of TSDE Cores A and D1
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Figure 6. Plot showing the distribution of fractures and fracture apertures observed in the first
meter of cores A and D1, TSDE Test Field, Germany.
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DRZ and EDZ Fracture Analyses
Repository Cores from WIPP, USA and
the TSDE Test Field, German
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Figure 7. Plot comparing the distribution of fractures and fracture apertures found in the first
meter of the TSDE cores and the first 2.25 meters of WIPP core QGU39.

Results of the fracture analyses of WIPP core QGU39, TSDE core A, and TSDE core D1,
are presented in Figure 8 together with results obtained from previous studies of other WIPP and
Asse salt cores (Bryan et al., 2000; Powers et al., 2001). Altogether, three WIPP cores and four
German cores (all from the Asse Mine) have been investigated to date. Of particular interest are
the WIPP fractures. Of the 744 fractures measured in the WIPP core {QGU14 = 164 fractures;
QGU36 = 126 fractures; QGU39 = 454 fractures), only two fractures found at a distance of
greater than 2 m have apertures wider than 125 pm (~0.3% of all fractures measured). Four
fractures have apertures wider than 100 pm (~0.5% of all fractures measured) and 10 fractures
observed have apertures wider than 50 wm (~1.0% of all fractures measured) at a distance greater
than 2 m from the inside rib face (Figure 8).

DISCUSSION

The microstructural analyses performed on WIPP core QGU39, TSDE core A and TSDE
core D1 reveal that the distribution of fractures is higher and that the fracture apertures are wider
closer to the repository rib face. This has been observed in other WIPP cores and in the Asse
Mine cores. Investigation of fracture angles in WIPP core QGU39 reveals that the fractures
closest to the rib wall trend parallel to the excavated inside face. As the fractures are mapped
further out into the DRZ and into the host rock, these angles tend to increase and trend
perpendicular or normal to the core axis.
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DRZ and EDZ Fracture Analyses
US and German Repository Core
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Figure 8. Plot showing the distribution of fractures and fracture apertures in core drilled from
the WIPP, USA, the Asse Mine, Germany and the TSDE Test Field, Germany.
Fracture distributions and apertures are plotted as a function of distance from the inside
of the repository rib wall (face). Original plots of fracture distributions and fracture
apertures as a function of distance from the rib face for cores WIPP QGU!14, Asse
DJ-V, and HD-V are found in Bryan et al. (2000); the original plot of this fracture
analyses for WIPP core QGU36 can be found in Powers, et al. (2001).

FUTURE WORK

In addition to the fracture analyses discussed in this paper, subsamples of WIPP core
QGU36 and QGU39 and German TSDE cores A and D1 will be disaggregated and individual
halite crystals cleaved, then etched using a PbCls-saturated methanol solution and butanol to
investigate substructural features within the salt. Qualitative and quantitative analyses will
compare subgrain sizes and dislocation density distributions between both repository salts. The
methods employed for this investigation will include use of the SEM, petrographic microscepe,
and image analysis software. Free dislocations and structural features can be used as a
correlative tool, where a higher defect density correlates with strain magnitudes and structural
features provide evidence of deformation processes.
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Ultimately, all data will be assembled, analyzed and reported in reference documents
(either proceedings or SAND reports). In addition, the fracture studies will be made available to
our German partners (GRS) and to the BAMBUS 1 consortium for their EU reports.
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Abstract

Crushed salt studies are fundamental to WIPP applications in sealing systems and rock
mechanics and crushed salt properties are of great interest to international collaborators. An
understanding of the compaction behavior of crushed salt is necessary to perform engineering
calculations, to model convergence effects, to quantify backfill consolidation, and, currently, to
assess a panel closure system redesign for WIPP. These investigations examine crushed salt
cores and similar materials using scanning electron microscopy to characterize porosity,
mineralogy and structural features. The permeability of each salt sample was measured in the
laboratory prior to impregnation. Compositional, structural, textural, diagenetic (compactional)
and hydrologic features are documented. Characteristics of crushed salt and similar materiats
from the USA, Germany and Canada are compared.

Introduction

Sandia National Laboratories is the science advisor for the Waste [solation Pilot Plant
(WIPP), a nuclear waste repository situated in the bedded salt of the Permian Salado Formation.
The US Department of Energy, represented by the Carlsbad Field Office (CBFO), is the
government agency responsible for WIPP, The CBFO has signed a contract with the European
Union research centers to investigate several issues specific to salt repositories. The consortium
of ten research centers is called BAMBUS [ (Backfill and Material Behavior in Underground
Salt). Between the years 1985-93, the TSDE (Thermal and Structural Demonstration
Experiment) was conducted at the Asse Mine, near Braunschweig, Germany, by GRS
(Geselischaft fiir Anlagen und Reacktorsicherhiet). BAMBUS 11 is the post-facto evaluation of
the TSDE. Partners in the BAMBUS II consortium are evaluating ten research topics, whereas
the CBFO is concentrating on three specific topics: 1. re-consolidation of crushed salt, 2. the
excavation damage zone (EDZ or DRZ) and modeling. This status report summarizes progress
on our crushed salt work which includes samples from Germany, Canada and the USA.

The US-WIPP-CBFQ, through its scientific advisor, Sandia, is performing ongoing
research emphasizing crushed salt backfill, as well as the disturbed rock zone (DRZ; EDZ in
Europe) and modeling. Consolidation characteristics of crushed salt are needed for the design
and analysis of seal systems, an increased knowledge of the structural integrity of salt
repositories, as well as the performance assessment of WIPP. To add to the fundamental
understanding of these consolidation characteristics, this study provides permeability, porosity,
mineralogical and structural analysis of several representative reconsolidated and dynamically
compacted, US, German and Canadian salt samples. Data obtained from this study will be used
to calibrate and refine constitutive equations developed to predict the mechanical and hydraulic

" This work is covered by WBS #1.2.2.2.2
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behavior of both backfill material and host rock in the vicinity of emplacement drifts (Bechthold,
(1). All crushed salt samples analyzed in this study were examined as either recovered core,
sawn or exfracted block specimens or as plugs, employing scanning electron microscopy and
other petrographic methods to qualitatively and quantitatively characterize all representative
thick sections and freshly broken sample surfaces. Planning documents and the scientific
notebooks supporting the petrographic structural analysis performed in this paper are:
1.) TP00-04; WBS No. 1.2.01.09.03.02 (04/20/00): “Laboratory analysis of samples
collected from the disturbed rock zone.”
2.) Laboratory notebook ALOHA II: Bulkhead Drift.
3.) German, US and Canadian Reconsolidated and Dynamically Compacted Salt
Investigation: A Correlative Analysis with BAMBUS II; Sandia National
Laboratories in house progress presentation, July, 2001.

Materials

The reconsolidated backfill analysis tncludes the characterization of several uniquely
compacted salt samples, two of which were obtained from the BAMBUS II:

A. German BAMBUS II Block: extracted from the TSDE drift during a site visit.
B. German BAMBUS 1I Core: provided by the German collaborator Bundesanstalt fiir
Geowissenschaften und Rohstoffe (BGR).

The BAMBUS II salt consolidation characteristics were then compared and contrasted
with other similar materials. Materials studied are identified as follows:

US Dynamically-Compacted: from WIPP’s dynamic compaction demonstration — specified
compacted energy was approximately 168,600 fi-lbs/ft.

US Reconsolidated: WIPP’s dynamically-compacted sample after hydrostatic consolidation.
Canadian K2: natural backfill recovered from the Canadian K2 Mine.

Canadian Reconsolidated: naturally reconsolidated backfill material.

German Kali und Salz: from reconsolidated backfill within the K&S operations.

German SVV Self-Sealing Plug: provided by Wemnt Brewitz.

Termo 0

Methods

MODAIL ANALYSIS

Modal analysis was performed on thick sections (< 1 mm) fabricated from the US,
German and Canadian reconsolidated salt samples. Each thick section was impregnated with
yellow-fluorescent dyed resin epoxy to differentiate true porosity from relic pore spaces created
during section preparation. Thick sections were coated with gold to perform two-dimensional,
qualitative, back-scattered electron (BSE) mineralogic analysis and to determine total
macroporosity. Analysis was performed on a JEOL scanning electron microscope and a
petrographic microscope, both operated by the Sandia National Laboratory’s Carisbad
Operations Group, Carlsbad, New Mexico. Macroporosity features quantified in the analysis
include intergranular and intragranular primary, secondary and fracture porosity.
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PERMEABILITY

A multisupport gas permeameter (MSP) was recently developed at Sandia National
Laboratories, Albuquerque, New Mexico, for the purpose of: 1) rapidly and inexpensively
collecting extensive permeability data sets from the flat surfaces of different lithologic samples
(sandstones, tuffs, carbonates, evaporites) in a nondestructive matter, and 2) investigating
permeability upscaling in a laboratory setting (Tidwell and Wilson, 1997). Although the MSP
was employed to perform this analysis, the permeameter was not implicitly developed with DOE
funds for this investigation. The MSP (Figure 1) comprises five main components: 1) an
electronic permeameter, 2) an x-y positioning system, 3) a computer control system, 4) a tip seal,
and 5) a pneumatic piston capable of compressing the tip seal. Automation of this apparatus is
achieved by integrating the electronic permeameter with the X-y positioning system through
specially adapted, PC-based software. Automation also allows for the unattended operation of
the MSP (the system has the capability of collecting over 400 permeability measurements from a
sample rock face in an eight hour period). The x-y positioner has a bi-directional repeatability of
+ 0.1 mm over a 1.5 by 1.5 m sampling area; its carriage is coupled with a pneumatic piston,
which has also been automated for positioning and compressing the permeameter tip seals
against the rock surface,

Figure 1. Photograph of the multisupport permeameter (MSP), the x-y positioner and computer
control system. Permeability measurements are acquired by compressing a selected tip
seal squarely against the flat, lithologic sample surface while injecting laboratory grade
nitrogen into the rock at a constant pressure. Measurements are made following a user-
designed sampling grid programmed into the x-y positioner. Automation of the MSP
is achieved by the integration of two stepper motors and three belt drives on the

52-3



positioner. The positioning system is affixed to a rigid table supported by a unistrut
frame, the height of which may be adjusted over a 1.5 m distance to accommodate
differences in sample sizes. Sample blocks are placed under the positioning system
where they remain stationary during sampling by virtue of their own weight (after
Tidwell and Wilson, 1997).

Gas permeant penetrates the sample surface with a predetermined injection pressure.
Instrumentation on the permeameter measures the injection pressure, the resultant steady state
gas flow rate and gas temperature within each lithologic sample. Four mass-flow meters {0-50,
0-500, 0-2000 and 0-20,000 sccm), two pressure transducers (0-100 and 0-350 KPa gauge), a
barometer and a temperature sensor are connected to a regulated source of compressed nitrogen
on the MSP. Subsequently, the gas flow rate is measured as laboratory grade nitrogen is directed
into the sample via a series of distinctly sized, spring loaded tip seals {(Figure 2). The diameter of
each tip seal defines the scale of measurement and 1s used to establish a known boundary
condition on the lithologic surface. By changing the size of the tip seal, the permeameter
interrogates volumes of rock ranging in scale from tenths to thousandths of cubic centimeters.
The employment and exchange of these tip seals with the computer controlled, electronic gas
permeameter allows for the exhaustive collection of permeability data from the rock sample on
multiple scales.

Figure 2. Photograph of five of the six tip seals currently employed by the MSP. Tip seals
shown have inner radii of 0.15, 0.31, 1.27, 2.54 and 7.62 cm and outer radii measuring
twice that of the inner radii. These specifically designed tip seals investigate a known
boundary condition on a specific rock surface. A thin seal (0.5 cm thick) constructed of
hard silicone rubber is used to create the 0.15 and 0.31 c¢m inner radii tip seals used in
this investigation (after Tidwell and Wilson, 1997).
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Permeability is calculated directly from information on the specific tip seal geometry, the
measured nitrogen flow rate, the injection pressure, the barometric pressure and the gas
temperature (Tidwell and Wilson, 1997). Permeability is a measure of the capacity of a porous
medium to transmit fluids and is a function of pore aperture and tortuosity.

Permeability measurements made with the MSP relate the cross-sectional area, pressure gradient,
viscosity and total recharge of a rock fluid system to a property intrinsic to the porous medium.
For this investigation, permeability estimates were derived using a modified form of Darcy’s
Law developed by Goggin et al. (1988):

k (Q1, Py, Po, 13, 19) = Q Py p(T) / (0.5) 1, Gy (ro/ 1)[P1° - P¢’]

where k (Q,, P, Py, 1, 1) is permeability, Q. is gas flow rate, P, is atmospheric pressure, Py is the
gas injection pressure, W(T) is gas viscosity (a function of temperature) and

Go{ro/ 13} is a geometric factor that varies according to the ratio of the outer tip seal radius, 1q to
the 1nner tip seal radius, r; (Tidwell and Wilson, 1977).

SUBSTRUCTURE

Photomicrographs were shot on fresh faces from each salt sample. Samples were broken
to an appropriate size and then the exposed fresh faces were gold coated to perform structural
analysis. Analysis was performed using a JEOL scanning electron microscope to examine: 1)
compaction, 2) grain-to-grain contacts, 3) fractures and 4) the possible existence of pressure
solution. Images were collected and analyzed for structural integrity and heterogeneity.

BULK SAMPLE MINERALOGY

Polished and coated thick sections were examined using the scanning electron
microscope for: 1) mineralogy; 2) any evidence of secondary mineral precipitation; and 3)
charactenzation of overgrowth textures along fractures.

Results

Photomicrographs presenting grain-to-grain contacts and porosities (typical void space)
for the US, German and Canadian backfill material samples were captured for qualitative and
quantitative comparison (Figures 3-17). Compaction terms are qualified in Figure 18.
Permeability, porosity, mineralogy and structural characteristics and measurements are
subsequently summarized in Table 1. Mean permeability was plotted against mean porosity for
all reconsolidated and dynamically compacted salt samples analyzed (Figure 19).

The BAMBUS II Block (Figures 3 and 4), Canadian K2 (Figures 5 and 6) and BAMBUS
1 Core (Figures 7 and 8) samples exhibit the highest mean permeabilities (2.54e-11 m’, 1.38¢-12
m’, and 4.17¢-13 mz, respectively; Table 1) and the highest mean porosities (28.9%, 24.2%, and
20.7%, respectively, Table 1). Visual inspection of grain-to-grain contacts in the BAMBUS 11
samples reveals that these reconsolidated salts have undergone the lowest degree of compaction
when compared to all samples. The salt grains predominately exhibit tangential and long
contacts, floating grains are prevalent and the degree of grain sorting is poor (Figure 18). Pores
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or voids are large and well connected. The Canadian K2 samples reveal an increasing
compaction state compared to that of the BAMBUS 11 samples. Although long and tangential
contacts are still prevalent, concavo-convex contacts are present. Large, connected pores
separate the salt grains, supporting the relatively high permeability and porosity measurements.

Porosity standard deviation percentages for these three samples are rather large, and are
most likely explained by addressing the textural issue. These samples are poor to very poorly
sorted with large voids juxtaposing large halite and anhydrite grains. Measured porosities for the
BAMBUS II Block range between 7.8% and 42.1%. Canadian K2 porosities range between
17.7% and 38.7%. As for the BAMBUS II Core samples, measured porosities fall between
17.1% and 25.1%.

The US Dynamically Compacted (WIPP Mine Run; Figures 9 and 10) samples reveal a
marked increase in the compaction state as compared to the BAMBUS 11 and Canadian K2
samples. The measured mean permeability of these samples is 3.85e-14 m” and the mean
porosity was determined to be 11.5% (Table 1). Although sutured contacts do not appear to be
prevalent, concavo-convex and long grain contacts are ubiquitous. Pores are much smaller and
more isolated than those found in the higher permeability and porosity samples.

The Kali und Salz (Figures 11 and 12), Canadian Reconsolidated (Figures 13 and 14}, SVV Self-
Sealing Plug (Figures 15 and 16) and the US Reconsolidated (Figure 17) samples exhibit the
lowest measured mean permeabilities {7.60e-15 mz, 1.08e-15 mz, 2.6%9¢-16 m*, 1.00e-20 m°,
respectively; Table 1) and the lowest mean porosities (1.4%, 1.7%, 5.1%, and 0.78%,
respectively; Tablel). All grain contacts (if grains can be discerned) are sutured; otherwise the
samples are amalgamated. Porosity is isolated in the form of singular vugs and fractures.
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Figure 3. Scanning electron image of BAMBUS II Block grain-to-grain contacts. The mean
permeability measured by the MSP is 2.54e-11 m® and the mean porosity derived from
image analysis is 28.9%. The predominant mineralogic phases exhibited within the
BAMBUS II Block include halite and anhydrite.

Figure 4. Scanning electron image of a portion of a BAMBUS 11 Block thick section. Porosity
was derived using the image analysis software package ‘Image Pro Plus 4.0’ (mean
porosity = 28.9%).

52-7



A e

Figure 5. Scanning electron image of Canadian K2 grain-to-grain contacts. The mean
permeability measured by the MSP is 1.38e-12 m” and the mean porosity derived from
image analysis is 24.2%. The predominant mineralogic phases exhibited within the
Canadian K2 salt include halite and magnesium and calcium rich aluminosilicates or
clay minerals.
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i

Figure 6. Scanning electron image of a portion of a Canadian K2 sample thick section. Porosity
was derived using the image analysis software package ‘Image Pro Plus 4.0’ (mean
porosity = 24.2%).
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Figure 7. Scanning electron image of BAMBUS II Core grain-to-grain contacts. The mean
permeability measured by the MSP is 4.17e-13 m® and the mean porosity derived from
image analysis is 20.7%. The predominant mineralogic phases exhibited within the
BAMBUS II Core include halite and anhydrite.

Figure 8. Scanning electron image of a portion of a BAMBUS II Core thick section. Porosity
was derived using the image analysis software package ‘Image Pro Plus 4.0° (mean
porosity = 20.7%).
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Figure 9. Scanning electron image of the dynamically compacted WIPP mine run salt, USA. The
mean permeability measured by the MSP is 3.85e-14 m” and the mean porosity derived
from image analysis is 11.5%. The predominant mineralogic phases exhibited within
the WIPP salt include halite and quartz.

Figure 10. Scanning electron image of a portion of a dynamically compacted WIPP mine run
salt sample thick section. Porosity was derived using the image analysis software
package ‘Image Pro Plus 4.0° (mean porosity = 11.5%).
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Figure 11. Scanning electron image Kali und Salz sample grain-to-grain contacts. The mean
permeability measured by the MSP is 7.60e-15 m” and the mean porosity derived
from image analysis is 1.4%. The predominant mineralogic phases exhibited within
the Kali und Salz include halite, sylvite, anhydrite and quartz.

Figure 12. Scanning electron image of a portion of a Kali und Salz sample thick section.
Porosity was derived using the image analysis software package ‘Image Pro Plus 4.0°
(mean porosity = 1.4%).
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Figure 13. Scanning electron image of the Canadian Reconsolidated grain-to-grain contacts. The
mean permeability measured by the MSP is 1.08e-15 m’ and the mean porosity
derived from image analysis is 1.7%. The predominant mineralogic phase exhibited
within the Canadian Reconsolidated sample is halite.

Figure 14. Scanning electron image of a portion of a Canadian Reconsolidated sample thick
section. Porosity was derived using the image analysis software package ‘Image Pro
Plus 4.0’ (mean porosity = 1.7%).
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Figure 15. Scanning electron image of the SVV Self-sealing plug. The mean permeability
measured by the MSP is 2.69¢-16 m” and the mean porosity derived from image
analysis is 5.1%. The predominant mineralogic phases exhibited within the SVV Self-
sealing plug include magnesium sulfate, halite, anhydrite and sylvite.
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Figure 16. Scanning electron image of a portion of an SVV Self-sealing salt plug sample thick

section. Porosity was derived using the image analysis software package ‘Image Pro
Plus 4.0° (mean porosity = 5.1%).
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Figure 17. Scanning electron image of a portion of a US Reconsoiidated sample thick section.
Porosity was derived using the image analysis software package ‘Image Pro Plus 4.0
(mean porosity = 0.8%).
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Figure 18. Cartoon presenting relative grain-to-grain contact states as a function of increasing

compaction {from Mozley, 1997).
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Permeability vs. Porosity Plot for BAMBUS II
and other Naturally Occurring German, US and
Canadian Reconsolidated and Dynamically

Compacted Salts
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Figure 19. Plot showing the relationship between mean, laboratory measured permeability and
porosity values observed in US, German and Canadian reconsolidated and
dynamically compacted salt samples. Analysis was performed at Sandia National
Laboratory, Albuquerque and Carlsbad, NM, USA.

Porosity standard deviation percentages for these three samples are rather large, and are
most likely explained by addressing the textural issue. These samples are poor to very poorly
sorted with large voids juxtaposing large halite and anhydrite grains. Measured porosities for the
BAMBUS Il Block range between 7.8% and 42.1%. Canadian K2 porosities range between
17.7% and 38.7%. As for the BAMBUS II Core samples, measured porosities fall between
17.1% and 25.1%.

The US Dynamically Compacted (WIPP Mine Run; Figures 9 and [0) samples reveal a
marked increase in the compaction state as compared to the BAMBUS II and Canadian K2
samples. The measured mean permeability of these samples is 3.85e-14 m” and the mean
porosity was determined to be 11.5% (Table 1). Although sutured contacts do not appear to be
prevalent, concavo-convex and long grain contacts are ubiquitous. Pores are much smaller and
more isolated than those found in the higher permeability and porosity samples.
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Future Work

Gathering basic data for various crushed salt samples is nearing completion. A more in
depth analysis will be compiled for the BAMBUS II consortium and its final report. The
BAMBUS Il group has two more meetings before the project is completed (approximately June
2003). The consortium will meet in Peine, Germany in September 2002 and plans to meet in
Carlsbad NM in February 2003, for the last meeting before the final report is due.
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Salt Sample Mean Permeability Number of St. Dev. Mean Porosity Number of St. Dev. Mineralogy
(m"2) Measurements (m"2} (%) Meastrements (%)

BAMBUS 11 Block 254E-11 7 1.30E-11 289 5 13.5 Halite, Anhydrite, Fe, Zn

Canadian K2 1.38E-12 7 1.08E-12 242 5 8.4 Halite, Mg and Ca rich
Aluminosilicates (clays)

BAMBUS It Core 417E-13 2 5.59E-14 20,7 5 33 Halite, Anhydrite, B, Zn

US Dynamically 3.83E-14 4 1.11E-14 11.5 5 0.8 Halite, Quartz, Mg

Compacted*

Kali und Salz 7.60E-15 2 5.37E-15 1.4 5 1.3 Halite, Sylvite, Silica,
Anhvdrite

Canadian Reconsolidated 1.08E-15 2 9.19E-16 1.7 4 2.5 Halite

SVV Self-Sealing Plug 2.69E-16 1 N/A b 5 1.7 Magnesium Sulfate,

Halite, Anhydrite, Sylvite

US Reconsolidated* 1.00E-20 1 N/A 0.8 5 1.1 Halite, Quartz, Mg

* WIPP Mine Run Salt

Data presented in this table is recorded in the following sources:
1.) Laboratory notebook ALOHA [1: Bulkhead Drift.
2.) German, US and Canadian Reconsolidated and Dynamically Compacted Salt Investigation: A Correlative Analysis
with BAMBUS 11; Sandia National Laboratories in house progress presentation, July, 2001.
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5.3 Observational Studies of Halite Salt Cores Extracted from
A Disturbed Rock Zone/Excavation Damage Zone
At the Waste Isolation Pilot Plant’'

Charles R. Bryan, Dennis W. Powers, D. Michael Chapin, and Francis D. Hansen
Sandia National Laboratories, MS 1395
4100 National Parks Highway
Carlsbad, NM 88220 USA

This paper summarizes and updates observations of features of WIPP cores
associated with the disturbed rock zone. A special workshop was conducted at the North
American Rock Mechanics Symposium, which was held in Toronto, Ontario Canada.
Unfortunately, nobody from Sandia was authorized to attend the workshop.
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Observational Studies of Halite Salt Cores Extracted From a Disturbed
Rock Zone/Excavation Damage Zone at the Waste Isolation Pilot Plant

Charles R. Bryan ', Dennis W. Powers', D. Michael Chapin’, and Francis D. Hansen™

*Sandia National Laboratories, Carlsbad, NM
T140 Hemley Road, Anthony, TX 79821

ABSTRACT: The disturbed rock zone (DRZ) surrounding underground openings in salt provides a path of increased permeability,
which couid permit fluids to bypass seals or closure systems. Waste Isolation Pilot Plant performance assessment calculations in-
clude characteristics and parameters of the DRZ that influence brine flux into and gas flow out of the disposal room and other im-
portant repository processes. Quantification of spatial and temporal characteristics plays a vital role in verification and validation of
calculational and predictive methodologies. This paper presents petrophysical evidence obtained from laboratory observations of
core retrieved from the underground. Fracture widths and orientations determine DRZ porosity and permeability, and were meas-
ured on oriented petrographic thin sections. DRZ properties determined by fracture analysis are consistent with measured borehole
sonic velocity results. Atomic defect densities and distributions in salt grains provide signatures of deformational processes, and
were evaluated by scanning electron microscopy (SEM) and digital image analysis of etched cleavage fragments. Dislocation densi-
ties do not vary significantly with depth into the DRZ. SEM evaluation of sample mineralogy indicates that brine evaporation and
mineral precipitation are not important processes for sealing fractures in the DRZ. This work and related studies, when completed,

will provide a damage profile for model validation,

1. INTRODUCTION

Several laboratory approaches have been used to
evaluate damage in rock salt. In this paper, we dis-
cuss the use of observational studies of core samples
to characterize the damage zone, or disturbed rock
zone (DRZ), surrounding excavations at the Waste
Isolation Pilot Plant (WIPP). Properties of the dam-
age zone have significant consequences in terms of
performance assessment and operation of the WIPP,
and are relevant to cavern storage research programs
and to several German waste isolation programs,
which engage in complementary research to charac-
terize and model salt damage evolution. During the
waste disposal {operational) period, rock mechanics
research continues in the WIPP underground, in the
laboratory, and in model development. Rock me-
chanics research played a fundamental role in regu-
latory compliance certification by the EPA and
opening of WIPP, a milestone of national and intet-
natjonal interest.

Disposal room excavation creates stress states that
induce fracture. The disturbance is manifested by di-
lation of formerly competent rock, altering its mtact
properties. The DRZ enhances permeability in
proximal rock and evolves spatially and temporally.

Creation, evolution and enginee