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The contents of this report follow the WBS structure for Sandia's FY2002 program. Subject
matter includes compliance monitoring and repository Investigations and follows the WBS
numerically. The section on 1911194 Compliance Monitoring (1.3.5.3) Includes discussion of both
monitoring activities and analysis. The sectlone comprising Repository lnvestlgatlons (13.5.4)
are subdivided into fifth and sixth level WBS Elements. The intent of this organlzatii Is to
facilitate direct comparison between the BOE's and progress, thereby providing the CBFO with
current technical status and program tracking information.
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Executive Summary Abstract
1.0 Compliance Monitoring
Change in regional groundwater flow within the Culebra Member of the Rustler Formation has
been identified by the U. S. Department of Energy (DOE) as one of ten compliance monitoring
parameters (COMPs) considered important in the evaluation of the long-term performance of the
Waste Isolation Pilot Plant (WIPP). A monitoring program has been designed and implemented
to acquire data for this COMP as well as the other nine COMPs identified by the EPA. These
acquired data are evaluated annually against performance expectations for the disposal system.
The transmissivities used to predict regional groundwater flow in the Culebra were estimated by
calibrating the flow model used for the DOE Compliance Certification Application (CCA) to the
steady-state heads in 32 WIPP wells taking into account the inherent uncertainty or range in the
observed steady-state heads. An implication of this approach is that if the heads in the wells
exceed the range used in the CCA, then flow velocity andlor flow direction could change from
model predictions. Recent data acquired from the Culebra monitoring program indicate some
water levels fall outside the range used in the CCA prompting the need for additional
investigations. Relevant investigations include:
8

Monitoring of injection well flows and site meteorological conditions
Use of continuous water level monitoring equipment in selected wells
Recompletion of monitoring wells to nearby geologic members within the Rustler
Formation (e.g., the Magenta Member) as well as the development of hydrological
models for these members
Collection of field and drill-hole evidence to evaluate water level change scenarios
Assessment-of the impact of the changes in water levels using hydrological
modeling/analyses.

Data acquired in the investigation will necessarily consider well integrity because well integrity
influences data quality. This report presents the status of these investigations as well as plans for
future activities.

2.0 Geochemistry
2.1 Microbial Degradation: Brookhaven Abstract
Gas generation from the microbial degradation of the organic constituents of transuranic waste
under conditions expected at the WIPP repository is being investigated at Brookhaven National
Laboratory. This report summarizes progress from the period July 14,2001 -January 31,2002.
During this period, we analyzed the total gas, carbon dioxide, and methane production; microbial
degradation products of cellulose; and the diversity of microbial community in samples
incubated under inundated conditions for 9.5 years (3464 days). The total volume of gas
produced has leveled-off or diminished in anaerobic inundated cellulose samples with and
without bentonite since the last analysis at 2718 days. Carbon dioxide production generally
followed the same trend except in amended inoculated samples (2.10 pmol g-' cellulose
produced over 2 years (0.0028 pmol g-' cellulose day-')). There was a large variation in C02
produced between triplicate samples in the anaerobic amended inoculated samples containing
excess nitrate, indicating that certain treatments may be showing further activity at 3464 days.
The enhanced COz prod;ction due to the addition df bentonite remains evidentat 3464 days even
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though there was no increase in production since 2718 days. Almost all of the initially aerobic
samples showed slight increases in total gas produced at 3464 days; COz increased slightly in
amended inoculated samples (0.0066 pmol g-' cellulose day"). In general, COz production in
initially aerobic samples continued to remain at the same level. Up to 5.9 nmol methane g-l
cellulose was detected in anaerobic unamended inoculated samples, and for the first time,
methane was detected in samples that were treated with excess nitrate. The rate of methane
production in anaerobic samples was 2.5 pmol C& g-' cellulose d-' in both unamended
inoculated and amended treatments, and 3.45 pmol C& g-' cellulose 6' in samples containing
excess nitrate. Methane was also detected for the first time in initially aerobic inundated samples.
In general, unamended samples showed the greatest quantities of methane. Acetic and butyric
acids accumulated to a significant extent in anaerobic samples amended with nuhients (6.99 and
6.38 mM respectively); the accumulation of these acids was stimulated by the presence of
bentonite (38.6 and 49.8 mM respectively). The overall organic acid content was lowest in
anaerobic samples containing excess nitrate and in samples incubated under initially aerobic
conditions. These results are consistent with oxidative processes being dominant in these
samples. Microbial characterization of anaerobic inundated samples showed Halobacter
utahensis as the predominant species in unamended samples with the nutrient amended samples
dominated by Halobacterium, Halobacter, Halococcus, and the haloalkalophiles
Natranobacterium and Nutranomonas. Work in progress includes analysis of data from studies of
methane produced in humid samples and samples containing plastic and rubber materials, and
initiation of studies designed to quantify microbial gas production under conditions of MgOconstrained water activity.

2.2 Geochemistry Studies
This section consists of five parts:
*Complexation of Metal Ions With Hypochlorite
*The Test Plan titled: Complexation of Metal Ions with Hypochlorite, TPO2-01
*Abstract titled: Effect of Actinide Complexation by Organic Ligands on WIPP
Performance Assessment
*Abstract titled: The Use of Th, U, Np, Am as Oxidation State Analogs for Pu in the WIPP
Actinide Chemistry Program
*Abstracttitled: Interactions of Actinides with the Polyoxometalates [ N ~ P ~ w ~ ~ ~
and~P~
2 ~"1 7 0 a 1 1 ' ~
[ A ~ ~ w x o ~ ~P
I"z
, wI~o
The section "Complexation of Metal Ions with Hypochlorite" describes experimental work and
some results from the aforementioned study. The test plan documenting the work is provided
under the same title. The three abstracts in the above list have been submitted and accepted for
presentation to the Nuclear Chemistry and Technology Division of the American Chemical
Society (ACS) at the National Meeting of the ACS during April, 2002.
The pubmittal titled "Effect of Actinide Complexation by Organic Ligands on WIPP
Performance Assessment" will describe the influence of acetate, citrate, oxalate, and EDTA on
actinide solubility in WIPP brines. Author is D. E. Wall, Sandia National Laboratories.
The submittal titled "The Use of Th, U, Np, Am as Oxidation State Analogs for Pu in the WIPP
Actinide Chemistry Program" will describe the validity of the oxidation state analogy in
chemical behavior of plutonium. The co-authors of the abstract are N. A. Wall and L.
of Sandia#ptional Laboratories.

The submittal titled Interactions of Actinides with the Polyoxometalates [ N ~ P ~ w ~ ~ ~ ~
[ A S ~ W ~ ~[ POZ ~W~~ I~ O
~ and
~, Z ][~z~17061]'~will
~
describe the use of soluble metal oxides as
thermodynamic models for the interactions of actinide ions with colloids. The authors of the
abstract are D. Wall and G.R Choppin.

3.0 Engineered Barriers
3.1 MgO Studies Abstract Experimental Work Conducted at SNUCarlsbad
The Carlsbad Programs Group of Sandia National Laboratories is cumntly investigating several
issues with respect to the efficacy of MgO under expected repository conditions. Previ6us work
was described in the January and July 2001 Status Reports to the DOE (Milestones RIOlO &
RI020). Characterization o i ~remie;~hemicalsM& with respect to both mineralogy and
composition, and its ability to absorb water ( 5 0 ) and carbon dioxide (CO,) under repository
conditions continues. Sandia is currently carrying out a series of experiments to measue
hydration rates for Premier MgO under both inundated and humid conditions. Results to date
suggest that, in general, the hydration rate can be a modeled as a diffusion-limited reaction.
although interpretation of the hydration results in GWB is complicated by the formation of a
second hydrated phase, a magnesium chloride hydroxide hydrate (hereafter referred to as sore1
cement).

In addition, MgO carbonation rates are being measured at CO, partial pressure (Pa) of about 10atm, the P., characteristic of ambient atmospheric conditions. At atmospheric P, as
expected, carbonation has been slow. Sandia &also working to obtain fur&er infofition on the
MgO hydration-carbonation pathway relevant to repository conditions. Of particular importance
is the metastable magnesium hydroxycarbonate mineral that forms initially, as this mineral
(along with brucite,
c&rd the P& and pH in the repsito& These are
important parameten for predicting actinide solubilities. Sandia is also carrying out experiments
to evaluate the generation of isosaccharinic acid (ISA), a potentially strong complexant for the
actinides, in the presence of MgO.
3I
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3.2 MgO Studies Test Plan: Colloids
The results of this study will be used to determine whether the WIPP backfill "Premier
Chemicals MgO", which is being used in the WJPP to mitigate the effect of microbial C02
generation on actinide mobility in a post-closure repository environment, will generate colloids,
whether these colloids will be stable in WIPP conditions and whether these colloids will aKect
the WIPP compliance.

3.3 Cementitious Materials Abstract
Sandia National Laboratories/Carlsbad is currently performing research to develop a model for
cementlbrine interactions to be used in perfonance assessment (PA) of the Waste Isolation Pilot
Plant (WIPP). Modeling cement degradation in WIPP-relevant brines is critical for predicting
the long-term integrity of cement borehole plugs, an area of uncertainty in conceptual models
used for WIPP PA. Assumed degradation rates have a first order influence on PA conceptual
models by controlling brine flow into and out of the repository in human intrusion scenarios,
directly affecting such PA parameters as the source term for the Culebra Dolomite, gas
generation rates, and spallings releases. In addition, cementitious waste forms are a significant
fraction of the waste inventory, and cement-brine reactions may affect repository chemistry and
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actinide solubility. Dissolution of cement components could result in high-pH
microenvironments, while calcium released during cement degradation will serve as an
additional sink (with MgO) for carbon dioxide.
Information for developing a model for cementbrine reactions and borehole plug failure rates is
being gathered from two sources. The first consists of laboratory experiments with cement and
brine, being run to develop an equilibrium thermodynamic model. They include gibbsite
(AI(OI-&) solubility experiments to determine Pitzer parameters for Al under conditions relevant
to the WIPP, and batch experiments with crushed, hydrated cement to determine the equilibrium
mineral assemblages that form at varying cementlbrine ratios. Applying this model to borehole
plug degradation rates requires obtaining additional data on the effects of non-equilibrium
processes (diffusion, mineral precipitation, etc.). Batch experiments with cement wafers and
cement core-column (flow-through) experiments are being run for this purpose.
The second source of information on borehole plug degradation is sampling of downhole cement
samples and casing corrosion products during borehole plugging and abandonment (P&A),
borehole recompletion, and general borehole maintenance at the WIPP site. Casing corrosion is
of importance because it represents a second, possibly much faster, mode of borehole plug
failure. This opportunistic sampling allows recovery of samples that have been exposed to WIPP
brines for up to 20 years-a much longer time scale than that available for laboratory
experiments. Several wells were sampled in WOO and FYO1, but only casing corrosion products
were collected and analyzed-no opportunity for cement retrieval occurred.
3.4 Panel Closures
Physical Bamers Studies involving the panel closure system (PCS) are reported in this section.
This work addresses WBS element 1.3.5.4.3.2, which comprises both the re-evaluation of the
PCS and studies of cementitious materials. The term "Engineered Bamers" in the context of
repository investigations includes MgO hydration, carbonation and colloids, cementitious
materials research, and panel closure systems. In order of maturity of investigations, the MgO
work in Carlsbad is now well underway, cementitious materials laboratory studies in Carlsbad
are initiating and panel closure evaluations have been re-directed as recently as January 7,2002.

The CBFO has identified new panel closure considerations to be evaluated by Sandia. A
summary of the expected path forward will be given. Over this recent reporting period, effort
was lent to address an array of issues pertaining to Panel Closure Systems (PCS). A short review
of the PCS issues and material delivered to the CBFO this reporting period is given here.

4.0 pock Mechanics
4.1 Oisturbed Rock Zone (DRZ) Repository Studies Abstract
This report briefly describes the Disturbed Rock Zone @RZ) repository studies conducted in the
Waste Isolation Pilot Plant (WIPP) repository during the current reporting period. Tests
assooiated with these studies were performed in accordance with the Sandia National
Laboratories (SNL) National Waste Management Program (NWMP) Test Plan TP 99-04,
Disturbed Rock Zone Characterization Test Plan (DRZ Test Plan. DRZ repository studies have
been limited to activities associated with ultrasonic velocity tests in the Air Intake Shaft (AIS)
and near the Q Room.

4.2 Disturbed Rock Zone NARMS Paper

This section provides an abstract submitted to the North American Rock Mechanics conference.
An alcove constructed about 12 years ago provides an opportunity to conduct geophysical
investigations of the damage that has developed in the salt for a complex three-dimensional
configuration. Specifically, an interior room comer is used to study the damage caused by stress
fields unique to the comers of rectangular openings in salt formations. The mature DRZ is the
macroscopic manifestation of grain-scale and larger cracks that form as a ksult of the shear
stress around the newly created opening, and as a result of creep-related deformation over a
period of years. As part of a suite of measurements designed to study the hydrological and
mechanical properties of the salt in the alcove comer, twelve, lOcm diameter ultrasonic
transducer emplacement holes were drilled in the alcove comer rib to a depth of about 7.5 m.
Elastic wave velocity and attenuation in the salt are a function of the density of cracks, as is the
permeability. The design of the borehole array and the transducer assemblies allows the
measurement of elastic wave velocities and amplitudes (for attenuation studies) along vertical
and horizontal paths tangential to the alcove comer and, within the same hole, at a 45' angle to
the rib. Orthogonal paths are necessary to detect the anisotropy of the cracking in the DRZ.
4.3 Disturbed Rock Zone Memo
This deliverable to CBFO describes ultrasonic wave assessment of the DRZ at WIPP. As part of
a suite of measurements designed to study the hydrological and mechanical properties of the salt
in the alcove comer, twelve, lOtm diameter ultrasonic transducer emplacement holes were
drilled in the alcove comer rib to a depth of about 6 meters. The design of the borehole array
and the transducer assemblies allows the measurement of elastic wave velocities along vertical
and horizontal paths parallel to the walls intersecting at the alcove comer and, within the same
hole, at a 45' angle to the rib. Orthogonal paths are necessary to detect the anisotropy of the
cracking in the DRZ.

It is expected that the current results will be useful to other studies of the long-term deformation
characteristics of salt. The data delineate the DRZ as a function of depth from the alcove comer
and as a function of the varying stress-state around a rectangular alcove comer cross-section. The
significance of the results lies in the length of time the DRZ has had to develop (approximately
12 years), the geometrical complexity of the alcove comer, which will allow a more rigorous test
of models than is possible in simpler geometries, and the hydrological measurements to be made
in conjunction with the velocity and attenuation measurements. Understanding the timedepen;dent changes in damage,and thus permeability, as the DRZ develops is important because
these changes strongly affect the sealing of underground openings at the WIPP.

4.4 DRZ Core Studies
A snap-shot of the DRZ core studies is summarized in Table 4.4.1. Our observational work in
the Carlsbad laboratory includes quantifying fracture porosity, free dislocation density,
mineralogy and moisture. In addition to WIPP cores, we are evaluating similar properties of
DRZ cores from sites in Germany. The German information will be compared to WIPP data and
discussed with researchers involved in the BAMBUS I1 consortium research.

5
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1.0 Compliance Monitoring
Status of the Far Field Rustler Formation Hydrological studies'
T. W. Pfeifle, 6822
R. M. Roberts, 6822
Sandia National Laboratories, MS 1395
4100 National Parks Highway
Carlsbad, NIvl USA 88220

Abstract
Change in regional groundwater flow within the Culebra Member of the Rustler
Formation has been identified by the U. S. Department of Energy (DOE) as one of ten
compliance monitoring parameters (COWS)considered important in the evaluation of
the long-term performance of the Waste Isolation Pilot Plant (WIPP). A monitoring
program has been designed and implemented to acquire data for this C O W as well as
the other nine COMPs identified by the DOE. These acquired data are evaluated
annually against performance expectations for the disposal system.
The transmissivities used to predict regional groundwater flow in the Culebra were
estimated by calibrating the flow model used for the DOE Compliance Certification
Application (CCA) to the steady-state heads in 32 W P P wells taking into account the
inherent uncertainty or range in the observed steady-state heads. An implication of this
approach is that if the heads in the wells exceed the range used in the CCA, then flow
velocity andlor flow direction could change from model predictions. Recent data acquired
from the Culebra monitoring program indicate some water levels fall outside the range
used in the CCA prompting the need for additional investigations. Relevant
investigations include:
Monitoring of injection well flows and site meteorological conditions
Use of continuous water level monitoring equipment in selected wells
Recompletion of monitoring wells to nearby geologic members within the
Rustler Formation (e.g., the Magenta Member) as well as the development of
hydrological models for these members
Collection of field and drill-hole evidence to evaluate water level change
scenarios
Assessment of the impact of the changes in water levels using hydrological
modeling/analyses.
Data acquired in the investigation will necessarily consider well integrity because well
integrity influences data quality. This report presents the status of these investigations as
well as plans for future activities.

I
I
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Several individual monitoring programs have been implemented at the Waste Isolation
Pilot Plant (WIPP) to ensure environmental protection, public and worker health and
safety, proper characterization of the disposal system, and continued compliance with
applicable regulations. Each of these programs has one or more drivers based on the
applicable governing requirements. The monitoring programs were initiated before the
first waste was received to establish baseline conditions, are continuing during the
operational period of the repository, and in some cases will be maintained for established
periods of time following closure of the facility as specified by the applicable regulations.
One monitoring program implemented by the U. S. Department of Energy (DOE) is the
Compliance Monitoring Program (CMP) developed to meet requirements described in the
DOE'S application to the U. S. Environmental Protection Agency (EPA) that
demonstrated the compliance of the WIPP with radioactive waste disposal regulations 40
Code of Federal Regulation Parts 191 (40 CFX 191) Subparts B and C and 40 CFR 194.
Monitoring activities described in the WIPP Compliance Certification Application (CCA)
are performed as assurance measures to ensure that any deviations from the expected
long-term performance of the repository are identified at the earliest possible time. The
long-term performance expectations for the disposal system are derived from conceptual
models, scenarios, and assumptions developed for the WIPP Performance Assessment
(PA) used to predict performance of the disposal system over a 10,000-year period.
The DOE Carlsbad Field Office, Office of Regulatory Compliance (CBFOIORC), has
responsibility for the CMP and developed an implementation plan [DOE, 19991 that
(1) Identified activities and organizations required to comply with 40 CFR Parts 191
and 194
(2) Established the comuliance monitoring schedule
(3) Defined the process'for ensuring monGoring results were assessed for importance
and integrated into the continuing compliance and re-certification process
(4) Defined the process for reporting results
(5) Defined the process for assessing the usefulness of the monitored parameters with
respect to PA and for modifying the sampling and monitoring program, as
appropriate.
In response to the requirements put forth by EPA in 40 CFX 194.42(a), DOE performed
an analysis of potential monitoring parameters in the CCA and developed the monitoring
program using these parameters. The EPA documented their approval of the parameter
analysis and the CMP in their certification decision [EPA, 1998al and the Certification
Application Review Document Number 42 [EPA, 1998bl. Ten compliance monitoring
parameters (COMPs) were identified as important in the DOE analysis and were grouped
into four categories including:
Regional Hydrology (2 COMPs)
Human Intrusion (2 COMPs)
Geotechnical Performance (5 COMPs)
Waste Activity (1 COMP).

1.0-2
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Data collection and data reporting for the ten COMPS are the responsibility of the WIPP
Management and Operating Contractor (Westinghouse TRU Solutions (WTS)), while
data analysis and evaluation of the COMPs data against performance expectations of the
disposal system are the responsibility of the Scientific Advisor (Sandia National
Laboratories). The COMPs are evaluated annually against performance expectations for
the disposal system, and significant deviations from the performance expectations are
flagged as potential problems requiring further investigation.
In the 1999 annual COMPs assessment, the data for one of the regional hydrological
COMPs, Change in Culebra Groundwater Flow, indicated conditions outside of expected
limits [Sandia, 20001. An assessment was performed to determine the effects of the
condition relative to PA assumptions. Because the freshwater heads measured at some of
the Culebra wells exceeded those used for the CCA, investigations into the causes for the
changes in water level were recommended. The DOE CBFO authorized the Scientific
Advisor (SA) to conduct these more detailed investigations. Specific investigations
initiated by the SA included:

1. Monitoring of injection well inflows into the Bell Canyon Formation near the
H-9 hydropad [Jepsen, 20001
2. Meteorological monitoring at the H-7 and H-9 hydropads [Jepsen, 20001
3. Continuous water level monitoring in selected wells completed to the Culebra
Member of the Rustler Formation and the Bell Canyon Formation [Jepsen,
20001
4. Development of a Magenta hydrological flow model including the
recompletion of wells to the Magenta Formation [Beauheim, 20001
5. Collection of field and drillhole evidence to support or refute events/processes
that may affect Culebra water levels [Powers, 20011
6. Impact assessment of changes in Culebra water levels using hydrological
modelinglanalyses [Powers, 20011.
This report presents a brief review of the need for the investigations and discusses the
current status of the individual investigations as well as planned activities to be
conducted during the next reporting period. As indicated above, Activities 1 through 3
are controlled bv Sandia Test Plan TP 99-10 [Jevsen. 20001, Activitv 4 is controlled bv
Sandia Test plan TP 00-03 [Beauheim, 2000], aid ~ctiviti&5 and are controlled b;
Sandia Test Plan TP 01-01 [Powers, 20011.

Monitoring of Injection Well Inflows into the Bell Canyon Formation Near
the H-9 Hydropad
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:

1.0-3
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(1) Poorly cemented andlor leaking injection wells
(2) 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
1,100 meters).
To investigate the various hydrological connection scenarios, inflow data for six injection
wells located near the H-9 hydropad are being collected for comparison with the water
levels measured at the H-9 hydropad (H-9 water levels are discussed later in this chapter).
The location of the H-9 hydropad is approximately 6.5 miles south of the WIPP site
boundary as shown in Figure 1.
The six injection wells monitored in this investigation 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-gradient from) the H-9 hydropad (Figure
2). 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 is in the Brushy Canyon member of the Bell 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 3 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 December 3 1,2001.
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Figure 1. Location of WIPP Monitoring Wells.
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Figure 2. Location of Injection Wells Relative to the H-9 Hydropad.
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Table 1. Injection Zone Depth Intervals for the Injection
Wells Located Near the H-9Hydropad

1

Well No.

Cal Mon #5
Sand Dunes 28F#1
Pure Gold B F#20
Todd 26F#2
Todd 26F#3
Todd27F#16

)

Injection Zone Depth, feet")
4484 - 5780
4295-5570'
7740 - 7774
4460 - 5134
4390 - 6048
4694 - 5284

I

(a) below ground surface, bgs

The current average daily injection rate for Todd 26F#2 is approximately 700 barrelstday
or about one-half the rate reported in July 2001. The average daily injection rate for
Todd 26F#3 is approximately 650 barrelstday, also about one-half the rate reported in
July 2001. The average daily injection rate for Todd 27F#16 is currently about 1,700
barrelstday and has steadily decreased from a high of 2,800 barrelstday 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 barrelslday. The injection rates
for Sand Dunes 28F#1 are highly variable, but have typically ranged between 1,000 and
1,500 barrelstday. 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 barrelstday. The injection rates at Sand Dunes 28F#1 remained zero until
October 2001 when they increased to 500 to 1,000 barrelslday. During this same time, the
injection rates at Pure Gold B F#20 were highly variable with rates as high as 2,500
barrelstday and as low as 500 barrelstday; however over the last two months the rates
have stabilized at about 750 barrelstday. The sum of the injection rates for Sand Dunes
28F#1 and Pure Gold B F#20 are currently equivalent to the rates for Sand Dunes 28F#l
immediately before Pure Gold B F#20 was added to the brine manifold.
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 is simply the cumulative total of
the injection rates of the five individual wells. Figure 4 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 included data only from the
five wells injecting at the same depth interval. Both of these running average injection
rates are plotted in Figure 4 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

-
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average rates are then plotted at the midpoints of their respective time windows. As
shown in Figure 4, this technique "smooths" the measured data so that local trends andlor
peaks and valleys become obvious. Peak rates of about 6,500 barrelslday occur in the fall
and spring, while valley rates of about 5,000 barrelslday generally occur near major
holidays (i.e., christmas and Independence Day). The running average injection rates for
the six wells parallel the rates for the five wells, but are offset in magnitude as expected.
Injection rate monitoring will continue at least through the next reporting period.
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Figure 3. History of Daily Injection Rates for Six Wells Located Near the H-9
Hydropad.
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Figure 4. History of Cumulative Daily Injection Rates for Injection Wells
Located Near the H-9 Hydropad

Meteorological Monitoring at the H-7 and H-9 Hydropads
Although the WIPP site boundary 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 hydropads 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 hydropads is located at the WIPP site,
approximately 5 miles and 8 miles from the H-7 and H-9 hydropads, respectively.
Therefore. both the H-7 and H-9 hvdro~adshave been instrumented with stand-alone.
remote tip-bucket rain gauges and data loggers to record precipitation directly at the
hydropads. The H-9 hydropad was instrumented in late February 2000, while the H-7
hydro& was instrum&ted in mid-May 2001.

.

A

Monthly precipitation totals measured at the H-9 hydropad from March 2000 through
December 2001 are shown in Figure 5. Precipitation at this site is highly variable ranging
from 0 to more than 5 incheslmonth. Monthly precipitation totals measured at the H-7
hydropad from June 2001 through December 2001 are shown in Figure 6 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 5 to 50 percent.
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Precipitation measurements will be continued at least through the next reporting period.
Continuous Water Level Monitoring in Selected Wells Completed to the
Culebra Member of the Rustler Formation and the Bell Canyon Formation
At present, WTS measures the water levels in the WIPP monitoring wells on a monthly
basis using manually-operated water level sounder tapes. 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 trollsZhave 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
Member of the Rustler Formation. Rather than measuring freshwater head, each troll
actually measures the pressure induced by the column of water in the well that rises
above the sensing element of the instrument. Head is then inferred from the measured
pressure using appropriate values for water density as described by Jepsen [2000]. The
data-logging interval for the trolls is currently 45 minutes; however, the database
developed to hold the measurements imports the raw troll data using a six-hour interval
so that each record is more manageable and can hold a 30-year history in a single file.

Month and Year

Figure 5. Monthly Precipitation Totals for the H-9 Hydropad.

--

2

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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Month and Year

Figure 6. Monthly Precipitation Totals for the H-7 Hydropad.

In 1999, trolls were placed in six wells including four wells completed to the Culebra,
i.e., H-9, 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 Well H-7bl.
Troll measurements for these seven wells are shown in Figures 7 through 13.
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) s w e y s
being conducted by WTS. The gaps in time and the vertical offsets in heads shown in
some of the troll data of Figures 7 through 13 occur, respectively, either when a troll is
removed for calibration or some specific well activity (e.g., P-D surveys) or when a troll
is re-positioned to ensure that a positive hydraulic pressure is maintained on the troll
throughout the monitoring period.
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 7 through 13.
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.
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Figure 7. Culebra Head Levels Measured at the H-9 Hydropad.
The H-9 hydropad comprises three wells (H-9a, H-9b, and H-9c) that are configured in a
pattern that approximates an equilateral triangle. The wells are located at the vertices of
the triangle with a nominal horizontal spacing between wells of 100 feet. The Culebra
head levels shown in Figure 7 are measured quarterly in H-9a and H-9c using a sounder
tape, monthly in H-9b also using a sounder tape, and continuously in H-9a using trolls.
The water levels in the three wells appear to be somewhat cyclical with a peak-to-valley
difference of 3 to 4 feet. In general, the troll measurements are in good agreement with
the WTS manual water level measurements, particularly for the higher frequency
monthly readings. The gap in troll data in early July 1999 was caused by the temporary
removal of the troll during well clean-out and Colloidal Borescope work.
The Culebra water levels measured in P-17 (Figure 8) show a one-foot linear rise over the
period May 1999 through December 2001. 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 six 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 two-foot perturbation, while the troll measurements
indicated no change in water levels. 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.

1.0 - 12

FORMATION ONLY
23

11

-

!?
C

-34

Freshwater head wlues taken
fmm WTS monthly measurements

-4
Culebra. P-17 I

1-0-

\

I

P-17. Freshwater Heed

24

Date
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Figure 9. Culebra Head Levels Measured at Well WIPP-13.
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Pigure 10. Culebra Head Levels Measured at Well WPP-30.
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Figure 11. Culebra Head Levels Measured at the H-7 Hydropad.
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Figure 12. Bell Canyon Head Levels Measured at Well AEC-8.
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Figure 13. Bell Canyon Head Levels Measured at Well Cabin Baby-1.
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The Culebra water levels measured in WIPP-13 (Figure 9) show a 1- to 1.5-foot linear
drop over the period May 1999 through December 2001. The troll measurements and the
WTS manual measurements compared well during this monitoring period except in May
2000 when the troll indicated a 2-ft drop in water levels, while the manual measurements
indicated constant water levels. The drop in the troll water levels was attributed to a
malfunction in the troll. Given the limited number of trolls available for monitoring, troll
measurements of Culebra water levels in WIPP-13 were discontinued in March 2001 so
that the troll could be moved to H-7bl. H-7bl is thought to be a better site for
investigating the possible hydrological connection between water levels and rainfall
because of its location in Nash Draw.
The troll measurements of Culebra water levels in WIPP-30 (Figure 10) 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 in September 2000, water
levels rose rapidly in response to recovery from the well work and continue to rise at a
gate of about 0.25 feetlmonth. 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 1-ft higher
than the water levels measured immediately before the well work was initiated.
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 11.
H-7b1 and H-7b2 are two of the four wells located at the H-7 hydropad 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 hydropad are H-7a
and H-7c. Neither of these wells is currently used for monitoring water levels. Since
May 2001, the Culebra head levels have dropped steadily by about 0.5 feet. The WTS
manual water level measurements made in H-7b1 and H-7b2 are more variable than the
troll measurements, but do indicate the same downward trend exhibited by the troll data.
The Bell Canyon water levels measured in Cabin Baby-1 (Figure 12) and AEC-8 (Figure
13) show contrasting trends over the May 1999 through December 2001 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 years at a level of
301 5 feet, amsl. At AEC-8, the Bell Canyon water level has risen steadily at a rate of
about 1.6 feetlmonth or more than a 40-foot rise since the monitoring was initiated. At
the end of December 2001, the Bell Canyon water level in AEC-8 was approximately,
3044 feet, amsl. The water levels measured using the trolls are in good agreement with
the manual water level measurements made in both wells except for the large offsets in
head attributable to re-positioning of the troll.
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
trolls and will be converted to true freshwater elevation heads when well specific-density
data become available.
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Development of a Magenta Hydrological Flow Model
Previous hydrological and transport calculations for the CCA have shown that the
consequences of a release of radionuclides to the Magenta are less severe 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 returned to the Magenta and activities are planned and
currently under way to develop a groundwater flow model for the Magenta to understand
better the hydrology in the region. An added benefit of the development of a Magenta
flow model is that the flow model can be used to analyze the effects of potential leakage
from the Magenta to the Culebra, an occurrence that may account for some of the change
in the water levels of the Culebra.
The development of the Magenta flow model requires a variety of spatial and temporal
hydrological data for the Magenta including depth and thickness, transmissivity,
~ ~ o r a t ihydraulic
v ~ ~ , 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, 20001. The plan calls for the following activities:
Recompletion of up to eleven wells to the Magenta
Water qualityldensity measurements
Selective slug tests and/or drill stem tests
Selective pump tests
Long-term water level monitoring
In addition to these activities, water level data from wells alreadv com~letedto 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
a
have been assembled.
water level data from nine existing ~ a g e n t wells
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 hydrological 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-llb2, H-15, P-15), while in other wells (e.g., H-18 and WIPP18), data on transmissivity are of primary importance. For completeness however,
hydraulic-head, transmissivity, and fluid-density data are likely to be collected from all
locations. The 11 wells considered for recompletion are shown in Figure 1.
Recompletion of the 11 wells is scheduled to occur in 2 phases. In the first phase, the six
wells considered most important for the model development (i.e., DOE-2, H-18, H-15, Hllb2, P-15, and WIPP-18) will be recompleted and instrumented to collect pertinent data.
These data will be evaluated to determine whether the database is adequate for
construction of a reliable Magenta model, or whether additional data are needed from
some or all of the remaining five wells (i.e., WIPP-13, H-14, DOE-1, ERDA-9, and H-
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17). If additional data are required, recompletion of the remaining five wells will occur
during the second phase of the effort. The Magenta model will then be developed and
used to assess water leakage from the Magenta to the Culebra.
Early in 2001, six wells were recompleted to the Magenta during the first phase of this
activity including Wells DOE-2, H-1lb2, H-14, H-15, H-18, and WIPP-18. Recompletion
of Well P-15 rather than Well H-14 was scheduled for the first phase of the activity;
however, while attempting to set the bridge plug in Well P-15, 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 Well P-15 were
abandoned in favor of Well H-14.
Following the bailing of the recompleted wells under Phase I, water level recovery in
each of the six wells was measured 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 14, which shows the recovery responses for all six wells. Sounder tape and troll
data for individual wells are presented in Figures 15 through 20.
The water level in DOE-2 (Figure 15) has shown a steady rise of 1.2 feedmonth since
October 2001 and is currently at 3,060 feet, amsl. The Magenta wells nearest to DOE-2
are H-5c and H-6c (Figure 1). The current water levels in these wells are 3,157 feet
( a d ) and 3,065 feet (amsl), respectively so, by 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 currently 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 16) 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 feedmonth and is currently 3,112 feet (amsl). The bridge plug
placed between the Magenta and Culebra is presumed to be leaking allowing water from
the Magenta to enter the Culebra. If water from the Magenta is entering the Culebra at
this location, water levels in Culebra wells near WIPP-18 should be rising. To confirm
this hypothesis, the water level history for Culebra well WIPP-19 (nearest to WIPP-18)
was examined and showed that the Culebra water level has risen approximately 1foot
during the period when the water level in WIPP-18 was falling. Sandia has
recommended to WTS that Well WIPP-18 be added to the well logging priority list.
During logging, the bridge plug will be removed and eventually re-seated and well casing
integrity will be examined.
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Figure 14. Water Level Recovery for Bailed Wells Recompleted to the Magenta.
The Magenta water level in Well H-18 (Figure 17) reached a peak shortly after the well
was bailed, then monotonically decreased to a constant value of 3,077 feet ( a d ) . The
current Magenta water level in H-18 is comparable to the water level in the Culebra at
this location even though the Magenta water level was expected to be approximately 100
feet higher. Because of this deviation kom expected conditions, Sandia has
recommended to WTS that H-18 be added to the well logging list so that the integrity of
the well can be determined.
The Magenta water level in Well H-15 (Figure 18) has stabilized at approximately 3,113
feet (amsl). The current water level is consistent with other wells completed to the
Magenta in this location (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. Because data collected to date
indicate the Magenta water levels in H-15 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.
From April 2001 through October 2001, the Magenta water levels in Well H-14 rose
steadily at a rate of approximately 15 feetlmonth (Figure 19). Since November 1,2001,
the water level rise has slowed considerably (1 footlmonth) indicating well recovery is
nearly complete. The stabilized water level is expected to be between 3,100 and 3,120
feet (arnsl), 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 15. Magenta Head Levels Measured at DOE-2.
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Figure 16. Magenta Head Levels Measured at WIPP-18.
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Figure 17. Magenta Head Levels Measured at H-18.
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Figure 18. Magenta Head Levels Measured at H-15.
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Pigure 19. Magenta Head Levels Measured at H-14.
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Figure 20. Magenta Head Levels Measured at H-llb2.
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Magenta water levels in Well H-1 lb2 recovered quickly after the bailing activity and
have increased less than 1 foot from July 2001 to December 2001 (Figure 20). The
current water level is 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-1 lb2 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.

Collection of Field and Drill Hole Information
Field and drill hole information is being collected to aid in the interpretation of the
hydrological data collected to date or to be collected under this investigation. Specific
information includes:
Compilation of events that could affect water levels in the Rustler
Formation monitoring wells
Surface geological studies
Aerial photographic records.
Compilation of events includes logging the types of events (e.g., well tests, shaft
sinkings), physical locations of each event, type of data available for each event (e.g.,
pumping rates, water volume estimates), and begin and end dates for each event. More
than 900 events that could affect Culebra water levels have been identified and will
eventually be compared to hydrographs for individual wells. Events that could affect
Magenta water levels have yet to be identified.
Karst, natural subsidence, and mining-induce subsidence may affect recharge/discharge
into and out of the Rustler formation. Surface geological studies are being conducted to
collect evidence for these types of phenomena. The studies include the review of
information available from highway alignment projects near the WIPP site, ground-truth
field surveillances in and near the WIPP site boundary, and previous WIF'P surface
geological investigations.
Historical changes in site topography are also being investigated through a review of
existing aerial photography and limited new aerial photography to be acquired under this
investigation. The primary use of these records is to identify changes both in drainage
and in drainage patterns caused by karst and subsidence phenomena. Photographic
coverage of the site is not fully complete, but photographs of portions of the site are
available from 1957,1976-1977,1983, and 1996. The 1957 coverage contains black and
white photographs with a scale of 1:40,000 and includes portions of Nash Draw and the
WIPP site. The 1976-1977 coverage contains color photographs taken along diagonal
(NW to SE) tracks over the WIPP site. Black and white photographs and false color
images of the Nash DrawJWIPP site area are also available for 1983. The 1996 coverage
includes 1:40,000 scale, overlapping black and white photographs of the Nash
DrawJWIPP site that can be viewed with a stereoscope. Only limited low-angle aerial
photographic information is available, but is being used to supplement the vertical
images.
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Assessment of Changes in Culebra Water Levels Using Hydrological
Models/Analyses
Water-level data from Culebra monitoring wells have been used to produce maps of
water-level changes. Net changes in water levels are shown below for 20-, 15-, lo-, and
5-year intervals (Figures 21,22,23, and 24, respectively). With few exceptions, water
levels have consistently increased over the monitoring period. The increment ranges
shown in the legends of each of the figures are currently being discussed to determine
what ranges would best convey the varying rates of water-level changes observed around
the WIPP site. The results of these discussions will determine the increment ranges
displayed in the final versions of these figures. Final versions will also include
information about the underlying geology and location of any groundwater divides.
As well-logging activities to determine potential leaks in well casings continue, wells
may be removed from the figures if it is believed that the water-level changes do not
reflect actual changes in the Culebra water levels.
The large changes in water levels near the center of the land withdrawal area result from
shaft construction activities (Figures 22 and 23). Shaft construction activities began in
1981 and ended in 1988. Water levels recover rapidly immediately following
construction activities and then decrease exponentially with time. Figure 24 (Net 5-year
change) shows that the rates of change near the shafts have decreased relative to the prior
IO-year period and are now similar to the rates of change further from the shaft
construction activities.

Discussion of Results
Effects of Well Iniection on Observed Water Levels at the H-9 Hvdrovad. A persistent
hypothesis for rising water levels in the Culebra is the hydraulic connection between the
Culebra and the injection activities conducted by private resource exploration companies.
Six injection wells are located in close proximity to the H-9 hydropad. Five of these
wells have comparable injection intervals in the Bell Canyon, while the sixth (Pure Gold
B F#20) has an injection interval in the Bell Canyon that is approximately 3000 feet
deeper. Assuming the five wells with comparable injection intervals can be treated as a
point source, the average daily injection rates for all five wells can be summed to yield a
cumulative injection rate. The temporal cumulative injection rate can then be compared
to the H-9 well heads as shown in Figure 25. During early time (July 1999 through
December 2000), the H-9 well heads track the total injection rates reasonably well.
However during the last year, the correlation between injection rates and Culebra water
levels at H-9 is not nearly as good. The cumulative average daily injection rate for all six
wells is also shown in Figure 25 for comparison with the H-9 water levels. As with the
five-well data, the correlation with Culebra water levels is not particularly strong.
Additional analyses need to be performed and longer-term data need to be acquired to
examine better the hydraulic connection.
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Pigure 21. Net 20-Year Changes in Culebra Water Levels.
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Figure 22. Net 15-Year Changes in Culebra Water Levels.
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Figure 23. Net 10-Year Changes in Culebra Water Levels.
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Figure 24. Net 5-Year Changes in Culebra Water Levels.
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Figure 25. Temporal Comparison of Injection Rates and Culebra Water Levels in
Well H-9a.
Effect of Precipitation on Observed Water Levels in H-9. Precipitation may affect the
water levels in a nearby well if a hydraulic connection exists between the well and the
area where a rainfall event has occurred. Figure 26 plots rainfall events at the H-9
hvdrovad from Januarv 2000 through December 2001 and head levels at Well H-9a from
~a~ i999 through 0ciober 2001. During the time interval the two data sets overlap, no
clear correlation exists between rainfall events and head levels. For example, during the
relatively high rainfall activity shown in June 2000, the Culebra water levels in well H9a are actually decreasing, while during the low rainfall activity shown in November
2000 through February 2001, the water levels in Well H-9 are increasing. Figure 27 plots
rainfall events at the H-7 hydropad from May 2001 through December 2001 and head
levels at Well H-7bl from March 2001 through December 2001. Again, there appears to
be no clear correlation between rainfall and head levels at H-7b1. The lack of obvious
correlation could also mean head levels in the Culebra lag behind the rainfall events. As
with the injection data, additional analyses need to be performed and longer-term data
need to be acquired to examine better any hydraulic connection that might exist.

A

Well H-9a Head, Troll
Hydropad Rainfall

-H-9

Date

Figure 26. Temporal Comparison of Rainfall Events and Culebra Water Levels at
the H-9 Hydropad.
Continuous Water Level Monitorine Measurements. The continuous water level
measurements made in various Culebra and Bell Canyon wells using trolls agree well
with the manual measurements made using sounder tapes. heref fore, troll use should be
continued, particularly at the H-7 and H-9 hydropads, because the higher frequency data
obtained with trolls are useful in assessing the effects of localized rainfall and brine
injection on water levels.
As discussed during the last reporting period, the water level data for the two Bell
Canyon wells (i.e., AEC-8 and Cabin Baby-1) show significantly different trends. The
water level in AEC-8 continues to show a steady rise of about 1.7 feetlmonth, while the
water level in Cabin Baby-1 remains relatively constant. Because of the relative positions
of these wells around the site (AEC-8 and Cabin Baby-1 are on the north and south sides,
respectively), continuous monitoring with trolls should continue here as well.

Date

Figure 27. Temporal Comparison of Rainfall Events and Culebra Water Levels at
the H-7Hydropad.

Development of a Magenta Hydrological Flow Model. To date, the only activity
oerformed under this task includes the recompletion of six wells to the Magenta and the
subsequent bailing of the wells and monitoring of the water levels to evaluate recovery
behavior following bailing. No attempt has been made to estimate hydrological
parameters such as transmissivity or storativity because data are not yet available for the
specific gravity of the water in each well, a quantity needed to correct water level
measurements to fresh-water heads. Following the completion of water qualityldensity
evaluations and subsequent slug and drill stem testing, activities will be initiated to
determine hydrological properties for the Magenta.
Monitoring of water levels in the six wells previously recompleted to the Magenta will
continue, as appropriate. Well logging and integrity testing of Wells WIPP-18 and H-18
has been recommended to WTS because of questions concerning the data being acquired
at these sites. Initiation of well testing in Wells H-15, H-14, and H-1 lb2 is now possible
because these wells have recovered from previous bailing activities. However, well
testing cannot begin until the wells are fully developed. Sandia has recommended to
WTS that this development be scheduled during the next reporting period. The water
levels in DOE-2 are still recovering from the bailing activity so no additional activities
other than water level measurements are recommended for this well.

INFORMATION ONLY

Summary and Conclusions
Changes in the Culebra water levels in some WIPP monitoring wells fall outside the
range of water levels used in the CCA. Relevant investigations have been initiated to
study the changes in observed water levels. Particular investigations initiated include:
Monitoring of injection well flows and site meteorological conditions
Use of continuous water level monitoring equipment
Recompletion of monitoring wells to the Magenta Member of the Rustler
Formation as well as the development of a hydrological model for the Magenta
Collection of field and drill hole evidence relevant to water level changes in the
Culebra and Magenta
Assessment of impacts of various recharge and anthropogenic effects using
hydrological modeling/analysis.
Culebra water levels in Well H-9a have been continuously monitored using a troll and
have been compared to both injection well data acquired for wells located near the H-9
hydropad and meteorological (rainfall) data acquired with a remote, stand-alone rain
gauge and automatic data logger installed near the hydropad. Preliminary analyses
suggest the water levels in H-9a are not correlated either to injection rate or rainfall
events; however, the current data set is limited because injection and rainfall data have
been collected for two years or less. All current monitoring at the H-9 hydropad should
be continued to develop a larger database for continued evaluation. Culebra water levels
in Well H-7bl have also been continuously monitored using a troll and have been
compared to rainfall data acquired directly at the H-7 hydropad. As with the H-9a data,
no correlation between rainfall and water levels at H-7bl is apparent.
Six wells have been recompleted to the Magenta and have been bailed and instrumented
to observe well recovery behavior. To date, three wells (H-15, H-14, and H-1 lb2) have
fully recovered, one well (DOE-2) is still recovering, and two wells (WIPP-I8 and H-18)
appear to be yielding anomalous water level information. Well testing is recommended
for the fully recovered wells, while continued water level monitoring is recommended for
the well still recovering. The wells yielding anomalous information should be logged to
determine if well integrity is the cause of the anomalous data.
The collection of field and drill hole information has included compilation of events that
could affect water levels in the Rustler Formation monitoring wells, surface geological
studies, and gathering of historical aerial photographs. More than 900 events have
already been identified for the Culebra wells alone. Surface geological studies are being
conducted to obtain evidence for karst features and natural and mining-induced
subsidence. Partial aerial coverage of the WIPP site and Nash Draw is available for the
years 1957, 1976-1977, 1983, and 1996. Additional data will be collected during the next
reporting period.
Water level data from Culebra monitoring wells have been used to produce maps of the
water level changes. Maps of net changes in water levels are now available for 20-, 15-,
lo-, and 5-year intervals. Large net water level changes near the center of the WIPP land
withdrawal area are a result of shaft construction activities. Current changes are smaller
and are now similar to the changes that are occurring further from the shaft construction
aotivitjee.
1, ,
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2.0 Geochemistry
2.1 Microbial Degradation

Re-evaluation of Microbial Gas Generation Under Expected Waste
Isolation Pilot Plant conditions1
Data Summary and Progress Report (July 14,2001 -January 31,2002)
January 22,2002
J.B. Gillow and A.J. Francis
Environmental Sciences Department, Brookhaven National Laboratory
Upton, NY 11973

Abstract
Gas generation from the microbial degradation of the organic constituents of transuranic
waste under conditions expected at the WIPP repository is being investigated at Brookhaven
National Laboratory. This report summarizes progress from the period July 14, 2001 January 31,2002. During this period, we analyzed the total gas, carbon dioxide, and methane
production; microbial degradation products of cellulose; and the diversity of microbial
community in samples incubated under inundated conditions for 9.5 years (3464 days). The
total volume of gas produced has leveled-off or diminished in anaerobic inundated cellulose
samples with and without bentonite since the last analysis at 2718 days. Carbon dioxide
production generally followed the same trend except in amended inoculated samples (2.10
pmol g-' cellulose produced over 2 years (0.0028 pmol g-' cellulose day-')). There was a
large variation in COz produced between triplicate samples in the anaerobic amended
inoculated samples containing excess nitrate, indicating that certain treatments may be
showing further activity at 3464 days. The enhanced COz production due to the addition of
bentonite remains evident at 3464 days even though there was no increase in production
since 2718 days. Almost all of the initially aerobic samples showed slight increases in total
gas produced at 3464 days; COz increased slightly in amended inoculated samples (0.0066
pmol g-' cellulose day"). In general, COz production in initially aerobic samples continued to
remain at the same level. Up to 5.9 nmol methane g-' cellulose was detected in anaerobic
unamended inoculated samples, and for the first time, methane was detected in samples that
were treated with excess nitrate. The rate of methane production in anaerobic samples was
2.5 pmol CI& g-l cellulose C1 in both unamended inoculated and amended treatments, and
3.45 pmol CI& g-' cellulose C' in samples containing excess nitrate. Methane was also
detected for the first time in initially aerobic inundated samples. In general, unamended
samples showed the greatest quantities of methane. Acetic and butyric acids accumulated to a
significant extent in anaerobic samples amended with nutrients (6.99 and 6.38 m M
respectively); the accumulation of these acids was stimulated by the presence of bentonite
(38.6 and 49.8 rnM respectively). The overall organic acid content was lowest in anaerobic
samples containing excess nitrate and in samples incubated under initially aerobic conditions.
These results are consistent with oxidative processes being dominant in these samples.

' This work is covered by BOE #1.3.5.4.1 and WBS #1.3.5.4.1.1
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Microbial characterization of anaerobic inundated samples showed Halobacter urahensis as
the predominant species in unamended samples with the nutrient amended samples
dominated by Halobacterium, Halobacter, Halococcus, and the haloalkalophiles
Natranobacterium and Natranomonas. Work in progress includes analysis of data from
studies of methane produced in humid samples and samples containing plastic and rubber
materials.
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BNL Project Objectives
Re-evaluate the existing microbial gas data and develop appropriate technical
approaches to reducing 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.
Determine the effect of MgO on the rate and extent of gas generation under humid
conditions.
Scoping experiments to clarify the factors that 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.
Determine 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 Brookhaven National Laboratory (BNL). Table 1 provides information about
the status of these studies as of January 31,2002.
Table 1. Status of Microbial Gas Generation Experiments at BNL.
Experiment

Start Date

Most Recent Analyses

Data

(Daynears)*

Reported (this report)
(Daynears)

Long-Term Inundated
Cellulose

1/29/92

(3462/ 9.5)(CH4
partial data set)

(27 18 / 7.4) (Cod

(3462 19.5) ((2% complete data set)
(3464 19.5) (Cod
aqueous metabolite analysis
( 3561 19.9)

---

Initially Aerobic
Humid Cellulose

4/7/93

Anaerobic Humid
Cellulose

5/4/94

Inundated PE, PVC.
and Neoprene

3/9/93

(3009/8.2)

(methane completed,
C02planned for FY02)

.

(2616/ 7.2)

(methane completed,
C02 planned for FY02)

(2612 17.2)

(methane completed)

8/3/93
(2464 16.8)
(methane completed)
Inundated Hypalon
* Data from incubation times in italics were reported in the July 13,2001 progress report.

.--

Research performed during this reporting period was conducted according to Sandia National
Laboratories (SNL) Waste Isolation Pilot Plant Test Plan TP-99-01, effective 3/21/01, under
contract AT-8739. Note that the Sandia-approved BNL QA Program remained in effect
during this reporting period, and is effectively implemented to date. During this period (July
14,2001 -January 31,2002) the following tasks were completed:

1. Total gas, carbon dioxide (COz), and methane (CH,) analysis for samples from the
long-term inundated cellulose biodegradation experiment.
2. Aqueous metabolites (organic acids and alcohols) produced due to biodegradation of
cellulose in inundated samples analyzed by high-performance liquid chromatography.
3. Microbiological characterization, based upon molecular (ribosomal DNA) analyses

for select samples from the long-term inundated experiment and initiated for
additional samples and those from the humid experiments.
4. A protocol for the examination of gas production under conditions of MgO-

constrained water activity was prepared and new experiments initiated.
More complete details of the progress made during this reporting period are provided below.

..

1. Quality Assurance Program: The program was approved by the SNL QA Team Lead
on February 23, 2001. An audit was performed on June 6-7, 2001 to verify effective
implementation, and no deficiencies that needed remedy after audit close-out were identified.
This program remains in effect to date.
2. Gas Analysis of Inundated Samples: Tables 1-2 provide data for total gas and C02
produced in inundated cellulose samples incubated for 3462 days (the data for 1228 and 2718
days are included for comparison). Data have been corrected for gas produced in the absence
of cellulose; data, reported as gas produced g-' cellulose, are the mean i SEM of analysis of
triplicate samples.
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Table 2. Total gas and carbon dioxide pmduced in initially aerobic inundated
cellulose samples over the three latest time periods of analysis.

-

Sample

.,

1228 Days

Initially Aerobic

Total Gas

Carbon Dioxide

fml g-' cellulose)
2718 Days

bmol f' cellulose)
3464 Days

1228 Days

2718 Days

3464 Days

A summary of these data is provided in the following figures: i) Figures 1 and 2 present
total gas and CO,, respectively, produced in anaerobic inundated cellulose samples over
the course of the experiment, and ii) Figures 3 and 4 present the same data for initially
aerobic samples. Figure 1 and Table 1 show that the total volume of gas produced has
leveled-off or diminished in anaerobic samples with and without bentonite since the last
analysis at 2718 days (it has been 746 days, or 2 years, between the latest and last gas
analysis of these samples). Carbon dioxide production generally follows the same trend
except in unamended inoculated samples (2.10 p o l g ' cellulose produced over 2 years
(0.0028 p o l g ' cellulose day- able 1). There was a large variation in CO, produced in
anaerobic amended inoculated samples containing excess nitrate (234

* 42 pnol g'

cellulose) shown in Figure 2 (error bar for open-diamond) indicating that certain
treatments may be showing further activity at 3464 days (Table 1). The enhanced CO,
production due to the addition of bentonite remains evident at 3464 days even though
there was no increase in production since 2718 days. Almost all of the initially aerobic
samples showed slight increases in total gas produced at 3464 days (Table 2); most
significant was the unamended uninoculated samples with bentonite (0.004 ml g"
cellulose day") and amended inoculated samples (0.0005 ml g.' cellulose day.'). In
initially aerobic samples, excess nitrate plus bentonite resulted in the production of
0.0018 ml g cellulose~'day'' over the 2-year period since the last analysis (Figure 3).
Finally, CO, increased slightly in initially aerobic amended inoculated samples (0.0066
pmol g.' cellulose day") and in unamended inoculated samples plus bentonite (0.005 pnol

g'' cellulose day"). Notwithstanding these samples, CO, production in initially aerobic
samples has, in general, leveled off (Figure 4).
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Incubation Time (Days)
Figure 1. Total volume of gas produced in anaerobic samples inundated with brine:
unamended
(0);
unamended
and inoculated
amended and inoculated (A); amended,
-.--inoculated, plus excess nitrate (0). Closed symbols are samples with bentonite.
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Incubation Time (Days),

Figure 2. Carbon dioxide produced anaerobic samples inundated with brine: unamended (0);
unamended and inoculated (0);amended and inoculated (A); amended, inoculated, plus excess
nitrate (0). Closed symbols are samples with bentonite.
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Figure 3. Total gas produced in initially aerobic samples inundated with brine:
unamended and inoculated (0);amended and inoculated (A); amended,
unamended (0);
inoculated, plus excess nitrate (0).Closed symbols are samples with bentonite.
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Incubation Time (Days)

Figure 4. Carbon dioxide produced in initially aerobic samples inundated with brine:
unamended ( 0 ) ;unamended and inoculated (0);amended and inoculated (A); amended,
inoculated, plus excess nitrate (0).Closed symbols are samples with bentonite.

3. Methane Analysis. Tables 3-4 provide data for methane analysis of inundated
cellulose samples up to 3462 days incubation. Methane was analyzed by gas
chromatography using flame ionization detection. The minimum detectable quantity is
0.2 nmol CH4 g'l cellulose dry wt. Methane was first detected in small quantities in most
anaerobic samples except those with excess nitrate (Table 3, 2718 days). At 3462 days
(9.5 years) methane was still detected in greatest quantity in samples that were not
amended with any nitrogen-containing compounds (NH4N03, KN03) specifically the
unamendedlinoculated samples. However, for the first time, methane has been detected in
samples that initially contained excess nitrate (2.57 + 0.79 nmol (2% g-' cellulose (wlo
bentonite) and 2.81

+ 0.16 nmol Cfi

g-l cellulose (wlbentonite). Although the time to

initial production was lengthy, these samples are now accumulating methane at a
relatively rapid rate: the rate of methane production was 2.5 pmol C& g-l cellulose dl in
unamended and amended inoculated samples and 3.45 pmol C& g-' cellulose d-I in
samples containing excess nitrate (over 744 days between time 2718 and 3462). Overall,
the slow rate of CH4 accumulation, relative to C02, may be due to the extreme difficulty
methanogens have in metabolizing the substrates such as acetate, COz, and Hz (the
presence of Hz was reported in SAND96-2582, COz concentrations are given in Section
2.0 of this report, and acetate concentrations are reported in the next section) under
hypersaline conditions due to bioenergetic constraints (Oren, 1999). The preferred
substrate is methylated amine, such as trimethylamine, commonly found in saline surface
waters. Methane was detected in initially aerobic samples at 3462 days, with those
samples that were not amended producing the largest initial quantities. Production rates
range from 0.7 to 1.7 (2% pmol g-' cellulose d'. Due to its importance as the terminal
electron-accepting microbial process, and the need to understand production in
hypersaline WIPP-relevant conditions, additional analyses of CH4 will be performed in
EY2002. Other analyses will include an attempt at subculturing the methanogens in these
samples and molecular biological detection of methanogens.
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Table 3.Methane analysis of anaerobic inundated cellulose samples.

Incubation Time (d)
Sample

Unamended

nd

3.92i 0.27

4.40i 0.28

I

UnamendedlInoculated

nd

4.03 i 1.38

5.89 k 1.30

I

Amendednnoc. +
Exc. Nitrate

nd

nd

2.57 i 0.79

Unamended

nd

3.84 i 0.40

4.51 rt 0.06

Unamendednnoculated

nd

3.52i 0.20

4.06 i 0.15

Amendednnoculated

nd

1.12 i 0.03

3.41 0.13

AmenderWInoc. +
Exc. Nitrate*

nd

nd

2.81 i0.16

Anaerobic + Bentonite

*

nd = not detected
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Table 4. Methane analysis of initially aerobic inundated cellulose samples.
Incubation Time (d)

1228

Sample

..........................

2718

3462
-

(nmol g 1 cellulose) ..........................

Initially Aerobic

Unamended

nd

1.25 0.29

*

1.82 + 0.05

Amendednnoculated

nd

nd

0.84 0.05

Amendednnoc. +
Exc. Nitrate

nd

nd

*
1.27 * 0.37

Unamended

nd

nd

1.59 0.47

Amendednnoculated

nd

nd

0.64 i 0.06

Amendednnoc. +
Exc. Nitrate*

nd

nd

1.45 + 0.26

Initially Aerobic + Bentonite

nd = not detected

*

4.

Aqueous Metabollte Analysis, Samples from the inundated experiments

resewed at t=O for aqueous chemical analysis were analyzed for organic acids and
alcohols by high-performance liquid chromatography (HPLC). The presence of these
aqueous metabolites, produced by bacterial metabolism of cellulose, provides insight into
the effect of various nutrient treatments on the succession of microbial processes. These
metabolites may accumulate and disappear depending upon microbial activity (they
accumulate as a result of fermentation of glucose and they are consumed as electrondonor substrates for iron-reduction, sulfate-reduction, and methanogenesis). Finally,
quantification of these metabolites provides important information relative to the carbonbalance in the samples, since cellulose hydrolysis and subsequent metabolism results in
both aqueous and gaseous intermediates and end-products. A 0.25 ml sample was
withdrawn from select samples and diluted to 1.0 ml with deionized water. Analytes were
separated by HPLC using ion-exclusion chromatography where 1) strong and weak
electrolytes (NaC1, KNO,) are eluted unseparated at the beginning of the elution and 2)
the retention times of the organic acids and alcohols are proportional to their dissociation
constant values. A sulfonated macroporous styrene HPLC-column was used where
analytes with higher pKa values are retained longer on the column. Acids with larger pKa
values and molecular weights than butyric (pKa=4.85, MW=88.11) are separated by a
secondary mechanism, hydrophobic adsorption, which is a size-exclusion phenomenon.
Low-molecular weight carboxylic acids of the form CHs(CH2).COOH were principally
quantified using W detection at 210 nm; alcohols (ethanol, propanol, butanol) and
glucose were quantified by refractive index detection. Retention times using both
detection methods were compared to commercially-prepared standard mixtures, and both
detection methods were used for positive identification of analytes. The standards
included the following: 1. volatile acids (formic, acetic, propionic, butyric, isobutyxic,
valeric, isocaproic, isovaleric, hexanoic, heptanoic), 2. non-volatile acids (pyruvic, lactic,
oxalacetic, oxalic, methyl malonic, malonic, fumaric, succinic), 3. alcohols (butanol,
pentanol, propanol, ethanol), and 4. glucose. Results of HPLC of anaerobic and initially
aerobic inundated samples are presented in Tables 5-8 (data are the mean of duplicate
analyses; relative standard error was generally <0.5%). Previous data reported in
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SAND96-2582 are included for comparison. Most of the formic and lactic acids that were
produced in the early stage were consumed by 3561 days (see Table 5, unarnended and
amended samples). Acetic and butyric acids accumulated to a significant extent in
anaerobic samples with nutrients (6.99 and 6.38 m M respectively, Table 5); the
accumulation of these acids was stimulated by the presence of bentonite (38.6 and 49.8
mM respectively, Table 6). The presence of excess nitrate decreased the overall acetic

and butyric acid content in anaerobic samples but formic, fumaric, and lactic acids were
produced in significant quantities by 3561 days (3.26, 2.94, and 3.03 m M respectively).
The accumulation of these acids at 3561 days and may indicate a shift in microbial
metabolic processes which appears correlated with an increase in CO2 production as
evidenced by the large error in the data from these samples (see Figure 2 and 4, opendiamond). Bentonite, a source of iron-oxyhydroxides, stimulated the production of oxalic
and oxalacetic acids (Table 6 and 8) as well as formic and fumaric acids in anaerobic
samples. The organic acid content of initially aerobic samples was generally lower than
anaerobic samples (Tables 7,8); this is consistent with less mature fermentative processes
in these samples due to the intial bias toward aerobic respiration, Acetic acid
accumulation was on par with anaerobic samples (6.91 mM, initially aerobic amended
inoculated vs. 6.99 mM produced in the same anaerobic treatment and 11.0 m M initially
aerobic amended inoculated plus excess nitrate vs. 5.21 mM produced in the same
anaerobic treatment). The addition of bentonite resulted in decreased production of
carboxylic acids in most initially aerobic samples. The production of malonic acid was
unique to the initially aerobic samples. The extremely transitory nature of glucose was
proven by its absence in all but one treatment (Table 6, amended inoculated samples +
bentonite); the carbohydrate is consumed as fast as it is produced. Alcohols were not
detected in any samples. The addition of nutrients, which stimulated microbial activity,
resulted in the productiorrof organic acids that could not be identified in certain samples;
additional analyses will be performed in order to positively identify and quantify these
compounds.
-
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Table 6. Organic acids detected in rt~aerobieimrndated ce11u1ose samples wl bentonite (latest data is in bold ( 3561 days incubation)).
Anaerobic

+ Bentonite

Treatment &
Incubation Time (days)

-.

Organic Acid (mM)
Acetic

Butyric

Formic

Fumaric

Lactic

Oxdic

Oxalacetic

Propionic

Succinic

Unamended
885

0.20

nd

0.13

nd

0.10

nd

nd

nd

nd

1228

0.40

0.25

0.52

nd

0.06

nd

nd

nd

nd

3561

nd

nd

054

nd

nd

nd

nd

nd

nd

6.41

0.59

0.98

nd

2.03

nd

nd

0.32

nd

Unamenddnoculated

Amendednnoculated*
TI

1228

2.54

nd

1.80

nd

nd

nd

nd

nd

0.02

ZS

3561

38.6

49.8

9.05

535

nd

4.04

0.38

nd

nd

3

-

3

0

Z

*
Z

Amenddnoculated + Excess Nitrate
885

12.6

0.97

3.50

nd

20.64

nd

nd

4.52

nd

1228

8.36

1.20

15.5

nd

4.90

nd

nd

0.13

nd

3561

8.22

nd

9.05

535

nd

nd

0.06

nd

nd

*Isobutyric acid (50 mM), valeric (39 mM), glucose, and three unknown acids with pKa, M W > butyric were detected at significant quantities at 3561 days.
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5. Microbiological Characterization: In order to completely address Objectives 1,4,
and 5, we need to understand the composition (identity and microbial community
structure) of microorganisms in samples that show COz and methane production.
Understanding differences in community structure may help to explain difference in gas
generation rates. In an anaerobic gloved box, a 10 ml sample was withdrawn from one of the
triplicate reserve samples (not used for periodic gas analysis) of each of the following
anaerobic inundated treatments: i) unamended, uninoculated, ii) unamended, inoculated, iii)
nutrient amended and inoculated, iv) nutrient amended, inoculated, plus excess nitrate. A fifth
sample, consisting of three "known" halophiles (Halobacteriumsalinarium, Haloanaerobium
praevdem, and Halomonas sp.) was analyzed to verify and validate the method. Culture-

independent methods were used to quantify and identify microorganisms, phospholipid fatty
acid (PLFA) and denaturing gradient gel electrophoresis W E )analysis, described below.
PLFA Analvsis: Microbial membrane lipids, specifically phospholipid fatty acids (PLFA),
were recovered from the samples according to White, et al. (1979). PLFA were analyzed
by gas chromatography with peak confirmation performed by electron impact mass
spectrometry (GCIMS). The individual fatty acids differ in chemical composition
depending on the organism and environmental conditions. PLFA analysis provides
quantitative insight into three important attributes of microbial communities: viable
biomass, community structure, and metabolic activity.

DGGE: Nucleic acid extraction was performed using a bead-beating method. Polymerase
chain reaction (PCR) amplification of 16s rDNA gene fragments was performed as
described in Muyzer et al. (1993) with modifications. The primers targeted eubacterial
16s rDNA regions corresponding to E. coli positions 341-534. Purified DNA was
sequenced with an ABI-Prism automatic sequencer model 377 with dye terminators.
Sequence identifications were performed using the BLASTN facility of the National
and the "Sequence
Center for Biotechnology Information (http://ncbi.nlm.nih.~ov/Blast)
Match" facility of the Ribosomal Database Project.

(http://www.cme.msu.edu/RDPIanalvses.html).
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Results: PLFA analysis results are currently being examined and will be reported shortly,
DGGE results are presented in Figure 5. Each lettered band in the figure corresponds to a
unique bacterial species; the greater the number of bands the greater number of bacterial
species in the samples. Higher diversity, as determined by a greater number of microbial
species, was correlated with nutrient amendment and concomitant gas production. One
gram-positive microorganism (genus Clostridium, band A, Figure 5) was detected in the
anaerobic unamended uninoculated treatment; this is of interest given that almost all
halophiles are gram-negative. This treatment is characterized by a low starting biomass
and continual stress induced by lack of abundant electron acceptors. Introduction of
mixed inoculum, but not nutrients, also resulted in dominance by one species, Halobacter
utahensis (bands B, M, N, and 0 , Figure 5). In general, abundant nutrient availability
lowers microbial diversity, as has been found in non-saline, low-carbon environments.
Samples from the inundated cellulose experiment are analagous to environments loaded
with highly complex-carbohydrates. Cellulolytic microbial populations associated with
the animal rumen, a very high carbon-loading environment, have been shown to be
diverse (Cho and Kim, 2000). Besides organic carbon availability, Roling et al. (2001)
showed that microbial community structure in a benzene-impacted groundwater
environment was determined by available electron acceptor. Halobacterium, Haloarcula,
Halobacter, and Natranobacterium were found in the nutrient amended, inoculated
treatment ((Four genera) bands C, D, E, P, Q, R, Figure 5); a fairly high diversity and
unique due to the presence of Natranobacterium. This genus consists of species adapted
to life under hypersaline, extremely alkaline conditions (pH 9-10 such as soda lakes).
Excess nitrate resulted in the establishment of Halobacterium, Halobacter, Halococcus,
Natranobacterium, Natranomonas ((Seven genera) bands F, G, H, S, T, U, and V, Figure

5), and unidentified archaea (bands S and V). The known sample resulted in the
identification of three genera, thus verifying the applicability of this technique to
halophilic bacteria: bands I, J (Halomonas sp.); K, L (H. praevalens); and the archaea, H.
salinarium (band W). An obvious limitation of the technique, however, is the size of the
bacterial databases; these are generally less populated with environmentally-relevant
isolates, especially extremophiles, and in some instances a positive identification is not
possible (eg. bands S and V, Figure 5).
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Bacterial

Archaeal

Figure 4. DGGE gel image of amplified primers from a conserved region of bacterial and
archaeal 16s rDNA. Banding patterns and relative intensities of the recovered bands
provide a measure of differences among the communities. Dominant species must
constitute at least 1-2% of the total bacterial community to form a visible band. Labeled
bands were excised and sequenced.
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6. Microbial Gas Generation Under Conditions of MgO-Constrained Water

Activity: The two experiments in-progress at BNL are to examine gas generation due to
cellulose biodegradation under humid conditions. Samples were prepared to maintain a
70% relative humidity environment. Most of the samples in these experiments received
2.0 to 2.5 ml of liquid (2.0 ml 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 experiment procedure has been prepared that tests microbial activity under
more relevant MgO-constrained water activity conditions (with activity bounded at the
high end by the absence of MgO and at the low-end by its presence). In order to obtain
relevant gas generation data rapidly and accurately, the following will be used: i) a "dry"
inoculum, ii) I4c-labeled substrate (for metabolism and growth) and, iii) extremely
sensitive techniques for capturing and quantifying microbially produced C02 (alkaline
trapping and I4c02liquid scintillation counting).
Progress to date:.A dry inoculum was prepared by-growing a Halomonas sp. (isolated
from the WIPP environment) and its viability was confirmed. Radiolabeled substrates
were obtained (14c-acetate, I4c-succinate, 14~-cellulose)and were proven useful for
providing gas-generation rates under inundated hypersaline conditions. Samples with
MgO-constrained water activity were prepared and their moisture content is currently
being determined by gravimetric techniques in order to standardize the treatments. A
series of experiments is planned to start in early 2002.

7.0 Ongoing Work
Select samples from the humid experiment to examine biodegradation of plastic
and rubber materials have been analyzed for methane production. This data is being
prepared for presentation.

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.
Results of PLFA analysis of microbial populations in the anaerobic inundated
cellulose samples are being examined and prepared for presentation.
Additional samples have been taken for microbial characterization from the humid
and inundated experiments; characterization work is underway.
The experiment to examine microbial growth and gas production under conditions
of MgO-constrained water activity will be started early in FY2002.

8.0 Future Work
Aqueous chemistry data will be coupled with weight-loss determinations to provide
a more complete analysis of carbon and substrate mass-balance in the samples.
Additional aqueous chemical analyses will be performed, including i) pH, ii) further
analysis of soluble carbohydrates and organic acids, iii) electron acceptors (Fe3+,

NO;, sulfate), and iv) nitrogedphosphorus content.
Material characterization techniques including infrared and x-ray spectroscopy will
be used to assess the extent of biopolyrner 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.
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2.2 Geochemistry Studies1

2.2.1 Complexation of Metal Ions with Hypochlorite
Donald Wall
Sandia National Laboratories, MS 1395
4100 National Parks Highway
Carlsbad, NM USA 88220

Abstract
Studies of the chemical behavior of hypochlorite in high ionic strength solutions have
commenced. The test plan describing these studies is: TP 02-01, Complexation Behavior
of Hypochlorite with Metal Ions. The thermodynamic and stoichiometric acid
dissociation constants of hypochlorous acid have been measured. It was found that
hypochlorous acid is unstable in acidic brines, probably decomposing to diatomic
chlorine. Experiments have been devised to measure the kinetics of the decomposition
reactions. Additional experiments are planned to determine the efficacy of hypochlorite
as a complexing agent for metal ions.
lntroductlon
The production of hypochlorite (OCr) by a-particle induced radiolysis of NaCl brines
has been previously reported (Pashalidis et al., 1993). The presence of OC1- and
hydrogen peroxide (HzO2) has been invoked as being responsible for the production of
oxidized Pu (i.e. PuOz' and ~ ~ 0 2 ' ' )in the Source Tern Test Program (STTP) (Villareal,
2002). Studies are planned at Los Alamos National Laboratory (LANL) to take a look at
the role of hypochlorite on the redox speciation of Pu in brine solutions. There have been
very few reports of complexation of metal ions by the hypochlorite anion; as a result
there are insufficient data to determine whether complexation of actinides by
hypochlorite is a potentially significant process in actinide solubilization. The objective
of this work is to determine whether hypochlorite can serve as a complexing agent for
metal ions, including the actinides, and consequently act to solubilize actinide metal ions.
A full description of the experimental objectives of this study is presented in the Test
Plan TP02-01 "Complexation Behavior of Hypochlorite with Metal Ions." The trivalent
lanthanide ion, neodymium, (Nd), will be used as an analog for the trivalent oxidation
state of plutonium, in the present complexation studies.
In order to accurately calculate the concentration of hypochlorite under solution
conditions where it may be partially protonated, it is necessary to measure the
stoichiometric acid dissociation constant of hypochlorous acid before performing
experimental determination of stability constants of hypochlorite with metal ions.

Spectrophotometry
The molar absorptivity of hypochlorite at 292 nanometers ( ~OC12 9 2 ) has been reported to
be 350 ~ - ' c m - ' ,although the complete spectrum was not provided (Gray et al., 1977).
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The electronic configuration of hypochlorite is similar to that of diatomic chlorine;
however, in OC1' the negative charge of the anion is primarily centered on the oxygen
atom. A molecular orbital diagram of diatomic molecules bound by a single sigma-type
bond formed by overlap of sp3 hybridized atomic orbitals indicates that the electronic
transition responsible for the absorbance band at 292 nm is probably due to a a*+ a
electronic transition. A hypsochromic (blue) shift in the absorbance spectrum would
indicate either an increase in energy of the a* orbital, or a stabilization of the a orbital,
conversely, a bathochromic (red) shift of the spectrum would indicate stabilization of the
a* orbital or destabilization of the a orbital. Therefore, assessment of the wavelength
shift associated with formation of metal complexes with hypochlorite may give insight
into the nature of the bonding between the metal and ligand.
In order to investigate the utility of spectrophotometry in measurement of metal
complexation by OC1-, it was undertaken to perform a series of spectrophotometric
titrations with various solution compositions and ionic strengths. The titrations were
performed to assess the impact of solution composition upon the molar absorptivity, as
well as to determine whether the composition caused hypsochromic or bathochromic
shifts in the absorbance peaks. Analysis of spectrophotometric data may be particularly
useful in the investigation of stability constants with lanthanides because the
spectrophotometric method exhibits greater sensitivity than the potentiometric method.
Increased sensitivity allows analysis of complexes in the near-neutral or basic pcH region
where the metal ions exhibit lower solubility due to the pronounced hydrolysis.

Potentiometry
It is necessary to determine the acid dissociation constant of HOCl before it is possible to
determine complexation constants of OC1- with most metal ions, including Nd. Acid
dissociation constants may be described as either stoichiometric or thermodynamic. In
the following discussion brackets, [ ] indicate concentrations, and braces ( ) indicate
thermodynamic activities. The symbol y is used to indicate the thermodynamic activity
coefficient. The equilibrium condition for dissociation of a weak acid, HA, may be
written as
(1)
[HA1 * [H+l + [A-I

where equation (1) is the stoichiometric equilibrium expression and equation (2) is the
thermodynamic equilibrium expression. Equation (2) may also be rewritten as

The stoichiometric equilibrium constant for equation (1) is given by

[H+I[A-I
Qa=
[HA]
The thermodynamic equilibrium constant for equation (3) is given by

Discernment between the two equilibrium constants and use of the appropriate
equilibrium constant is absolutely critical for proper experimental design and data
interpretation. For example, experimental methods that measure thermodynamic activity,
such as potentiometric electrode measurement of acidity, must not be coupled with
methods that directly measure concentration, such as spectrophotometry, unless specific
allowances are made for the effect of the activity coefficients. Allowance for the
difference between stoichiometric and thermodynamic quantities is particularly critical
for experimental work in high ionic strength solutions. Failure to consider the effect of
mixing thermodynamic and stoichiometric quantities would constitute critical failures in
experimental design and data analysis. Comparison of the stoichiometric and
thermodynamic forms of the Henderson-Hasselbalch equation for the weak acid HA
illustrates the need for consistency in use of thermodynamic and stoichiometric
quantities:
pcH = pQa + log- [A-I
[HA1

where pcH is the negative logarithm of the hydrogen ion concentration, and pQ, is the
negative logarithm of the stoichiometric acid dissociation constant. The thermodynamic
form of the Henderson-Hasselbalch equation is provided as equation (7)

where pH is the negative logarithm of the hydrogen ion activity and pK, is the negative
logarithm of the thermodynamic acid dissociation constant. Potentiometric measurement
of the hydrogen ion activity, pH, coupled with a direct measurement of the protonated
and deprotonated acid concentration, such as by spectrophotometry, would necessarily
result in a mixed acid dissociation constant, combining both thermodynamic and
stoichiometric terms, as illustrated in equation (8)
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Such a mixed constant would be useful only for the exact solution composition in which
the constant were determined.
In practice, concentrations of metal ions and other analytes are often experimentally
easier to determine than the respective thermodynamic activities. Commercially
available standard calibration buffer solutions are not available for high ionic strengths;
therefore, it is necessary to calibrate potentiometric systems by strong acidlstrong base
titration at the ionic strength of interest. The calibration may be done by accurately
measuring a known amount of standardized NaOH solution into a titration vessel, adding
known volumes of standardized HCl solution, and recording the electrode potential in
millivolts (mV) at each step. The pcH of the solution at each step is readily calculated,
and a calibration curve of electrode response in mV as a function of pcH may be
prepared. The performance of such a system may be evaluated by comparison with the
Nemst equation:

where E is the measured cell potential in volts, E0 is the standard reduction potential in
volts, R is the ideal gas constant, (8.314 ~ m o l - ' ~ - ' )T, is the temperature in Kelvin, n is
the number of equivalents of analyte involved in the reaction of interest, and F is the
Faraday constant, 96,485 ~mol-'. Combining the constants for n=l at 25' C and
converting from Naperian to base 10 logarithms gives
E = E0

+ 0.059 log[@] + 0.059 logyH+

(10)

When the concentration of the predominant electrolyte(s) are much greater than the
hydrogen ion concentration, the ionic activity coefficient, y
exhibits little dependence
H+'
on the hydrogen ion concentration and may be regarded as constant. Glass electrodes for
pH measurement are usually constructed to provide a response of about 0 mV at pH = 7
in low ionic strength solutions, where the value of the ionic activity coefficient for
is
close to 1. In other words, in low ionic strength solutions, a typical glass electrode
responds to acidity with a value of: E -EDE 0. Since the value of y is dependent on
H+
the concentration of the bulk electrolyte, and independent of the hydrogen ion
is a function of
concentration, the value of the last term in equation (lo), 0.059 logy
H+'
ionic strength, rather than concentration of the hydrogen ion. Therefore, a plot of E as a
function of pcH should yield a straight line with a slope of -0.059, with an x-intercept that
describes the magnitude of the @ ionic activity coefficient. Refer to Figure 1 as an
example.
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Experimental
Equipment
Spectrophotometry
Spectrophotometric analysis was performed with a Cary 300 UVNIS spectrophotometer,
which is controlled by a Dell Optiplex GXI personal computer. Absorbance calibration
was performed by setting the 0% and 100% transmittance with solutions of the same
electrolyte composition as the analytical samples, but without presence of the
chromophores.
Potentlometry
Potentiometric titrations were performed with a Mettler DL25 Automatic Buret,
interfaced with an HP Laserjet I1 P printer, which generates columns of data during the
course of the titration, providing the electrode potential in mV and volume of titrant
delivered. The columns of data are entered into Microsoft Excel to generate figures and
perform calculations. The potentiometric measurement system performs automated
titrations, featuring a nitrogen purge to maintain a C02 free atmosphere, and a constant
temperature water bath controlled at 25.0 + 0.1 degrees C. The N2 gas is bubbled through
a 50 rnM Ba(0H)z solution to remove CO2, then through deionized water to humidify the
gas stream, and remove any residual hydroxide.
Methods
Calibration of the potentlometric titration system
The electrode response is calibrated by HCI/NaOH titration at the ionic strength of
interest, and a plot of electrode potential in millivolts as a function of solution pcH is
made to determine a function that describes the electrode response over the pcH range of
approximately 2.5 to 12. Refer to the discussion in the Introduction section, particularly
of equation (lo), for an explanation of the theory.
Stoichiometric acid dissociation constant of hypochlorous acid
In a typical experiment the titration vessel is filled with 49.00 ml of NaCl solution, and
1.00 rnl of stock OC1- solution is added. The titration vessel is fitted to the automatic
titration system, purged with N2, and allowed to reach thermal equilibrium with the
controlled temperature water bath. Standardized HCl, adjusted to the same ionic strength
as the solution in the titration vessel, is added with the automatic buret titration system,
and the electrode potential in mV is recorded after each addition of titrant.
Spectrophotometric titration
A typical spectrophotometric titration was performed as follows: 49.50 rnl of NaCl
solution was measured into a titration vessel, to which was added 0.500 ml of stock OCr
solution. The titration vessel was fitted to the programmable automatic buret system,
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purged with N2 gas, and allowed to reach thermal equilibrium with a 25.0 + 0.1' C water
bath. The solution potential was measured with a pH electrode that was calibrated by
HCIINaOH titration. A 4.00 ml aliquot was withdrawn for measurement of the UV-VIS
spectrum. Small amounts, usually 0.200 rnl, of standardized HCl were then delivered by
buret to the titration vessel, the solution was allowed to re-equilibrate, then a subsequent
sample withdrawn for spectrophotometric measurement.

Results
Examples of plots of calibration data in 1,1.9, and 5 molal NaCl are given in Figure 1.
Examples of potentiometric titration of hypochlorite with HCI at 1, 1.9, and 5 mold NaCl
are given in Figure 2 and Table I. Figures 3 and 4 present spectrophotometric titrations of
hypochlorous acid at 1 and 5 molal NaCl.

Figure 1. Electrode calibration at different ionic strengths (NaCl)

Figure 2. Example of titration of hypochlorite, in medium 1 m NaC1. Solid line = lSt
derivative, diamonds = titration data points. Arrows indicate y-axis scale for the titration
data and 1'' derivative curve.

Table 1. Stoichiometric acid dissociation constants of HOCl in 1, 1.9, and 5 mold NaCl
molality
1
1
1
1.9
1.9
1.9
5
5
5

pKal
9.92
9.88
9.95
10.017
9.938
9.98
10.595
10.560
10.444
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Figure 3. Spectrophotometric titration of HOCl in 1.0 molal NaCl solution. The pcH
value for each spectrum is indicated. The deviation from the isosbestic point for pcH
5.23 and 4.02 indicate formation of a third species.
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Figure 4. Spectrophotometric titration of HOCl in 5.0 molal NaCl solution. The pcH
value for each spectrum is indicated. The deviation from the isosbestic point for pcH
6.53 and 6.86 indicate formation of a third species.
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Discussion
Data treatment
Calibration and HOCl potentiometric titration data are entered into Microsoft Excel for
preliminary examination, which includes examination of the titration curves for
identifiable titration endpoint(@and first derivative analysis of inflection points. Refer to
Figure 2 for an example. Approximate calculations of the stoichiometric acid
dissociation constants may be made by using the first derivative curve of a titration curve
to find the pcH at the half-equivalence point (after correction for the initial concentration
of hydroxide). Further refinement of the value will be done with the off-the-shelf
program "BEST" which has previously been described (Martell, 1988). Data analysis is
currently in progress.
Spectrophotometric titrations
An isosbestic point is formed at the wavelength where two chromophores have identical
molar absorptivities when multiple spectra are overlain and the total concentration of the
chromophores are held constant. Formation of a sharp isosbestic point in titrations with
constant analytical concentrations of chromophores usually indicates the presence of only
two species. Conversely, a poor or non-existent isosbestic point often indicates either
multiple species or poor experimental control. The isosbestic point shown in Figure 3 for
the pcH range 9.4 to 6.34 in the 1 mold NaCl titration indicates that the two species are
HOCl and OCf with the absorbance maximum at 230 nm due to HOCl and at 292 nm
due to OC1-. Deviation from the sharpness of the isosbestic point at pcH values of 5.23
and 4.02 indicate formation of an additional species. The time elapsed between
generation of each spectrum was approximately 5 minutes. It was noted that, upon
acidification, the sample container emitted a gas with a pungent odor, which was
probably Cl2. Additionally, it was found that raising the pcH by addition of O H to the
solution regenerates a solution with a lowered concentration of hypochlorite due to loss
of gaseous Clz. This observation leads to the conclusion that the protonation of
hypochlorite is not a reversible process under these experimental conditions. The
decomposition of hypochlorous acid in 5 molal NaCl becomes rapid when the solution
pcH is about 1 unit greater than occurs in 1 molal NaCI, as shown in Figure 4. This is
readily explained by the fact that the ionic activity coefficient of the hydrogen ion is
about 1 log unit greater in 5 m NaCl than in 1 m NaCI. Therefore, it appears that the
decomposition of hypochlorous acid, with production of Clz is more facile in the neutral
pcH region in high ionic strength solution.
Presence of hypochlorous acid has been invoked as responsible for maintenance of
oxidized Pu in acidic conditions. Preliminary results of the present study indicate that
hypochlorous acid rapidly decomposes in acidic high ionic strength solutions. When one
of the reaction products is a gas, the thermodynamic reversibility of the process is
dependent upon sample storage conditions. For example, purging or ventilation of the
sample leads to loss of the volatile product with a concomitant change in the redox
potential associated with the half-cell reaction of HOCl and the volatile product,
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presumably Clz. Clz is sufficiently soluble in aqueous solutions to maintain an oxidizing
environment, although its solubility is dependent upon its activity coefficient in a given
electrolyte. The "salting out effect" usually leads to an increase of activity coefficients of
non-ionic solutes as a function of ionic strength, as opposed to the approximately
parabolic dependence of activity coefficients of ionic solutes on ionic strength.
Therefore, it may be expected that the solubility of Clz would decrease with increasing
ionic strength, in solutions of indifferent electrolytes. However, chloride brines may not
be indifferent with respect to Clz. For example, Iz is much more soluble in solutions
containing the I' anion due to formation of I< (Vogel, 1989). Nevertheless, it is unlikely
that HOCl is responsible for maintenance of oxidizing conditions under acidic conditions,
while Clz seems a more probable candidate. As such, it also seems likely that
maintenance of oxidizing conditions in acidic solutions of HOCl over periods of time
longer than hours to days is due to the presence of Clz, which is in turn dependent on
storage conditions.
Experiments are currently underway to measure decomposition rate constants for
hypochlorous acidlhypochlorite as functions of pcH and electrolyte composition. The
kinetic data are important for accurate, quantitative thermodynamic modeling of the longterm effects of hypochlorite generation. Decomposition rate constants can be used with
radiolytic production rate constants to quantitatively determine steady state
concentrations of hypochlorite, and consequently to make a quantitative determination of
the effect on metal complexation or the redox potential associated with hypochlorite
production.
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List of Acronyms
Thermodynamicactivity
Actinide
Actinide in the +III oxidation state
Actinide in the +IV oxidation state
Actinide in the +V oxidation state
Actinide in the +VI oxidation state
Coulomb
Compliance Certification Application
Cerium
Atomic chlorine free radical
Molecular chlorine free radical
c1;
Chlorate
Cloy
Direct Brine Release
DBR
Standard reduction potential
EO
Ethylenediaminetetraaceticacid
EDTA
Descriptive label applied to a Castile brine composition
ERDA-6
The faraday constant, (96,487 coulombs)
F
Iron
Fe
Generic weep brine
GWB
Hydrogen ion
H+
Atomic hydrogen free radical
I-r
Hydrochloric acid
HCI
Hypochlorous acid
HOCI
Hypochlorous acid, anionic free radical
HOCI"
Inductively
coupled plasma optical emission spectroscopy
ICP-OES
Joule
J
Lanthanide
Ln
Sodium hydroxide
NaOH
Neodymium
Nd
National Institute of Standards and Technology
NIST
Hydroxyl free radical
or
Hypochlorite
ocr
Hydroxide
OH
Negative base 10 logarithm of an acid dissociation constant
PK,
Ideal gas constant, 8.314 JImolK
R
temperature, in degrees Celsius or kelvins
T
Ultraviolet-Visible (spectroscopy)
UV-VIS
Waste Isolation Pilot Plant
WIPP
Gibbs free energy of reaction
AG
High energy particle expelled from a nucleus during an a-decay process
a-particle
A positron or negatron expelled from a nucleus during a p-decay process
P-particle
Stability constant for a metamigand complex
PW
Activity
coefficient (not related to y-ray)
Y
3.0
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y-rays
P

High-energy photons emanating from a nucleus due to a nuclear decay
process
ionic strength

4.0

Revision History
This is the first version 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 an2 NP 6-2 Document Control
Process.

5.0
Purpose & Scope
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. Accurate
solubility values are critical parameters for evaluation of releases of radioactivity from a
permanent transuranic waste disposal site. Any repository component that causes an
increase in actinide solubilities also causes an increase in the magnitude of overall
releases, with concomitant adverse effects on repository performance. Much research has
been done to determine the stability constants of metal complexes with numerous organic
ligands in high ionic strength solutions.'-10 The four ligands of greatest concern are
acetate, citrate, oxalate, and ethylenediaminetetraacetate (EDTA), due to the large
amounts destined to be emplaced within the repository, and their high stability constants
with actinide ions. The quantities of these ligands that are in the projected WlPP
inventory and their expected concentrations in WIPP brines, are summarized in Table I.
ojected Quantities and Concentrations of Organic Ligands in the WIPP
Inventory
Concentration (mom)
Ligand
Amount (grams)
(a)
5.2 x 10"'
1.3 x lo6
acetate
3.6 x 105
citrate
1.4 x 10'
2.3 x lo4
oxalate
1.6 x lo6
2.0 lo4
EDTA
2.3 x 104
(a) based on an inundated repository volume of 29,841 m3. Data taken from Table
SOTERM-4 in the CCA"
Table I.

I

Stability constants of the actinides with these ligands have been measured by both solvent
extraction and potentiometric titration, and are summarized in Table 11." The data in
Tables I and TI suggest that the organic ligand of greatest concern is citrate.
It has been shown that hypochlorite (OCr) is a principal product of a-radiolysis in brine
solutihns, and that tlie concentration of OCF is dependent upon brine composition and the
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rate of bombardment of a-particles upon the brine.') The complexing ability of OC1.
with actinide ions has not been systematically studied, although Kim has reported
formation of OCr complexes with P u o2~t.14 Experimentally observed OC1.
concentrations, and a brief summary of likely complexation properties are discussed
within this document. Previous reports suggest that OC1- may be present in millimolar
concentrations in the immediate vicinity of a-emitting radioactive mate ria^.".'^

Table 11. Stability Constants of Actinide Ions with Organic Ligands (a)
Ligand Actinide ion NaCl conc. (m) log P (b)
Acetate
~ h &
0.3 to 5
3.68 - 4.18

Citrate

~ h &
UO?
Np02'
Am3'

0.1 to 5
0.3 to 4
0.1 to 5
0.3 to 4

9.31 - 10.18
7.07 7.32
2.39 - 2.56
4.84 5.9

EDTA

~ h &
UO?
NpOzt
~rn~'

0.3 to 4
0.3 to 4
0.3 to 4
0.3 to 4

15.56 - 16.9d
10.75 - 12.1(
5.45 - 6.7
13.76 - 15.1

-

(a) Data taken from Table SOTERM-5in the CCA."
(b) The range is due to variations in solution composition and
experimental uncertainty
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The objectives of the studies proposed in this test plan are to:
Determine the stability constants for complex formation olf OCr with metal ions
Determine and measure solution conditions that have an impact on complex
formation of metal ions with OCI'
Intended use of the data:
Actinide solubility affects the magnitude of the contribution of the direct brine release to
the generation of a Complementary Cumulative Distribution Function (CCDF) which is
used as an EPA mandated evaluation of regulatory compliance.
The results of this study will be used to determine whether complexation by radiolysis
products, such as OC1-, will contribute to increased actinide solubility in the WIPP, which
may, in turn affect compliance.
The effect of radioactive decay on aqueous solutions is markedly dependent upon the
type and energy of radiation involved. For example, beta particles, with a charge of +
1.602 x 10''~ C and a mass of 9.11 x 10"' 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 a-particles, with charges of +3.204 x 10-l9C and masses of 6.647 x
kg,
exhibit much larger rates of linear energy transfer than fl particles, leaving intense tracks
of ionized target material, including many atomic and molecular species in highly excited
states. In general, a-particles have ranges of 30-70 pm in water.I5 The ionization tracks
of a-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 diffusive control-limited environment surrounding particle tracks of high
linear energy transfer species. Hz and 0 2 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. 0'. The superscript dot indicates a free radical species.
Recombination processes may also yield hydrogen peroxide (Hz02) as a product of the
reaction of two hydroxyl radicals. Also significant, but dependent upon the solution
composition are generation of molecular chlorine (Clz), hypochlorous acid (HOCI) and
OCf. Specific mechanisms for generation of radiolysis products are described in the
following section.
denotes a thermodynamically irreversible
In the following discussion, the symbol
process, while the symbol "t" indicates a thermodynamically reversible process.
Water radiolysis in the tracks of a-particles leads to generation of numerous species, such
- - --.
as:
"+'I
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Aquated electrons and free radical species are very reactive, combining with many other
dissolved species. Additional reactions take place in the presence of significant
concentrations of other solute species, such as C1'. Participation of C1' 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,
yielding the hypochlorous acid anion HOCI'.
OH'

+ C1' -t HOCI"

(2)

The hypochlorous acid anion is also a radical species that equilibrates rapidly with HI to
give the chlorine radical
HOCI"

+ H++ C1' + H20

(3)

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

C1z"reacts rapidly to produce the Cl;, which is more stable than CI;','~

The Cl< species is in equilibrium with other chlorine species, ultimately producing
hypochlorite:
CIf*

CI2+C1'

(6)

It has been reported that the production of HOCl and OC1- depends on the Clc~ncentration.'~ The dependence of OC1' concentration on NaCl concentration is
illustrated in Figure 1.

NaCl concentration (moM)
Figure 1. Generation of hypochlorite as a function of aqueous NaCl concentration. Data
used to generate this figure were taken from reference 17. Each sample contained 1 C i n
of 238Pu
introduced as finely divided precipitate of Pu(VI)hydroxide. The solutions were
adjusted to a pH of ca. 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 = 0.0059~- 0.0105.

Hypochlorite production is not a significant process for chloride concentrations less than
ca. 1.8 molar at radioactivity levels of 1 CiL. The minimum concentration of Cf
required for hypochlorite generation most likely reflects the decreased probability of
reactions (4) and (5) taking place. Conversely, the data indicate that the reactions leading
to HOCl production in 5 M NaCl solution produce significant quantities of OCr, (nearly
20 mM),in the presence of lCiiL of a-emitting radionuclides.
The pK, value of HOCl is 7.43 ( p 1 . 0 NaC104, T= 25O C), indicating that at pH relevant
t W P cond@bps @H=9-10) the conjugate base (OC13 will be the predominant form."
The symbol "p" indicates ionic strength.
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5.2

Hypochlorite as a Ligand

Hypochlorite can act as a ligand, and has been reported to form complexes with
which are illustrated in equations (9) and (10):
PUO?'

+ OH. + OC1. +

hop + 20c1- F'

Pu02(0H)(OCI)

Pu02(OC1)2

hop,
(9)

(10)

= 14.0 at pH=6.7 and
Stability constants for reaction (9) have been reported as log
log 01-11
= 14.5 at pH= 8.4 (p=0.55 M. T=22O C). The stability constant for reaction (10)
is log $IM= 10.3 ( ~ 0 . 5 5T=2Z0
,
C), respectively.14
The short range of a-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 radiationemitting solid. Figure 1 demonstrates that significant amounts of hypochlorite may be
generated in NaCl solutions, especially brines. It is not necessary for multiple curie
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 a-emitting
radioactive source.
Figure 2 illustrates the steady state concentration of OC1' generated as a function of
radioactivity in 5 molar NaCl solution. The data points at ca. 6 and 12 C i n 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 2. Generation of a hypochlorite as a function of radioactivity in 5 m o m NaCl at
pH ca. 12. The data used to generate the data points in this figure were taken from
reference 17.

5.3
Prediction of log
The An(lII,IV,V,VI) ions, which behave as hard acids due to their relatively low
polarizability and high ionization potentials, interact with ligands primarily by
electrostatic interaction.Ig As a result, an extended form of the Born 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 analogs when the stability constant for another actinidehigand pair is
known.20 The relationship is illustrated by equation (11)
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where AG is the Gibbs free energy of complex formation, NAis Avogadro's number, e is
the fundamental unit of charge, 21is the charge on the metal ion, & is the char e on the
ligand, D, is the effective dielectric constant (57 for An3+or ~ n ~40+ for
, An45, 65 for
2+ 21
AnOz+, 55 for An02 ) , dl2 is the distance between the metal and ligand, m is the
change in number of the reacting species, and is Clnf(1) the activity coefficient term to
correct for effect of ionic strength. The relationship between the Gibbs free energy and
the stability constant, j3, is illustrated by the relationship in equation (12)

where R is the ideal gas constant, 8.314 JlmolK and T is the absolute temperature in
kelvins. Substituting equation (12) into equation (11) gives:

Equation (13) may be simplified for reactions involving the same number of reacting
species and at constant ionic strength:

Equation 14 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 (14) is given by equation (15)~'

The effective char e on the metal ion for the four common actinide oxidation states may
be summarized as:f 2

Plutonium follows the same pattern for effective charges in the corres onding oxidation
states. The larger effective charge on the AnoZ2+ion relative to the An ion often causes
the magnitude of the logarithm of the stability constants for A ~ o &complexes
~ ~ + to be
about 10-30% greater than the respective complexes with An3+when steric effects to not

P+

-

2.2 24
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interfere. Therefore, the magnitude of $loz for the ~ r n "(and ~
should be about 8-9 log units.

d complexes
~ 3 with OCT

5.4

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. Cyanate exhibits linkage
isomerism, therefore, this comparison would be valid only for coordination through the
oxygen atom of the cyanate group. HOCN has pKa = 3.48 (PO M, T=25O C), making it
a weaker conjugate base than OCr. Therefore OCN complexes formed through the
oxygen atom should be weaker than corresponding complexes with OCr.
Unfortunately, the database for complexation with cyanate is limited to co2+ 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 halite anion Cloy 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
p& values of the protonated form of a ligand. The pK, value for HC103 is -2.7 (w.10
M NaC104, T=298 K), making C103' a rather weak base. Most ligands, with pK&
(including ClOs') form only outer sphere complexes with actinides, and it has been shown
that L ~ C I and
O ~U02CIO3+ conform to this behavioral
In contrast. OC1- 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 hypohalite anions.

.

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:
5.5

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.
..... .~~--.....-..-p......
.
~~

~

The solubility product constant is generally expressed as
KSp = { A ~ " + ) ~ { B ' - ) ~
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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 (16).
Formation of actinidelligand complexes is described by equation (la), where charges on
the metal and ligand are omitted for simplicity:

The thermodynamic stability constant for such a complex is defined as

The relationship between the solubility product constant of an actinide bearing solid and
the solubilizing effect of complexation is illustrated by substituting equation (19) into
equation (17):

The total solubility of an actinide ion is the sum of the free metal ion concentration and
the concentrations of all other soluble species. Equation (19) indicates that a complexing
ligand has the capacity to increase solubility (and mobility) of actinides.
Liquidniquid Extraction Method for Determination of Stability Constants
Liquidniquid 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.1-3,s-8.10 The
distribution of a metal ion between two immiscible phases in the presence of an
organophilic extractant is described by a distribution coefficient:
5.6

xmg]

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

-

2.2 26
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that is described by equation (22):

where Dois the distribution coefficient in the absence of the complexing ligand, Dloo 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
(23):

where
-':3j
is the n" hydrolysis constant, $-:
is the nh stability constant of the metal
with the buffer, [OK] is the hydroxide concentration and [B']is the free buffer
concentration.
In solvent extraction determination of stability constants, it is necessary -that the
complexing ligand and the metallligand 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. Metalhypochlorite complexes are expected to
satisfy these conditions.
The Gibbs free energy of complex formation may be detennined from stability constants
by using equation (24):

where R is the ideal gas constant, 8.314 JImolK, and T is the absolute temperature on the
Kelvin scale.
~

5.7

~

... .~

~

~

~

~.

Reduction Potentials
The oxidizing potential of a metastable system is not necessarily accurately measured by
electrode potentiometric determination. Accurate potentiometric measurements require
the redox reactions to be at equilibrium at the electrode surface and to be
thermodynamically reversible, which is often not the case, especially when free radicals
are intermediates. Electron transfer reactions that are not pH dependent (i.e. no
metaYoxygen bonds are formed or broken) are very rapid. The equilibrium that is
established between two oxidation states of a redox active metal, such as Fe, may serve
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as a useful indicator of the half-cell reduction potential under equilibrium but nonstandard state conditions. The equilibrium concentrations may be ascribed to reaction of
the metal to redox conditions established by other solution components.
If possible, an internal redox potential indicator will be used. For example, the standard
reduction potential of the ~ e ~ + / Fcouple
e ~ ' is given in equation (25)
Fe3'+ e-

-+

Fez+

EO=

0.771 volts

(25)

The magnitude of the standard reduction potential indicates that Fe" can only exist to a
significant extent in oxidizing solutions. It will be necessary to determine the value for
the Fe0/Pe2+and FeZt/Pe3+redoxpotentials under the conditions used in the proposed
experiments. The standard reduction potential for the reaction of hypochlorite with water
is given in equation (26), and is sufficiently oxidizing to drive equation (25) in the
reverse direction

The potential for the reaction in equation (26) can be calculated for non-standard state
conditions using the Nernst equation:

where E is the half-cell potential for non-standard conditions, EO is the standard reduction
potential, R is the ideal gas constant, T is the temperature on the Kelvin scale, n is the
number of electrons in the half-reaction, and F is the faraday constant. Equation (27) can
be simplified for T = 298 K and converting to base 10 logarithms:

Therefore, the half-cell potential for equation (28) in 5 molar NaCl at pH = 9, and for 10
rnM OCf is:
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Determination of the standard reduction potentials of the ~e'+/Fe~+andlor
~ e ~ + / ~ e ~ + c ounder
u ~ l the
e s chemical conditions of the experiments proposed in this
document may be performed and subsequently used as internal redox potential indicators.
The pH dependent redox reactions that involve making or breaking of covalent
metaVoxygen bonds may be very slow, particularly at high pH. Such an example is given

as:

Reaction (30) is not a simple one-electron transfer reaction, and may take many hours to
respond to changes in the oxidizing conditions of the solution. As a result, the
equilibrium between the plutonium oxidation states depends not only upon solution
conditions, but also the history of the solution., indicating that the redox state of the
solution may not be uniquely defined.

5.8
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(IIl) and Pu(IIl). The use of
lanthanide cations as analogs for the trivalent actinides is a widely accepted practice, and
has been documented e~sewhere.~'
5.9
Brine Compositions
Compositions of W P P Brine A and ERDA-6 and GWB are given in Table IV. The ionic
strengths were calculated from data in Table IV with the equation

where p represents the ionic strength, ci is the concentration of component "i", 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
M~Z+content.
Other metal cations such as Fe, Co, Ni, and Mn will be present in the WIPP in significant
quantities am result-of corrosiorrof waste containers;-The concentrations of these metals
will be treated as controlled variables by systematically adding known amounts to
samples in order to evaluate the effect upon solution behavior.
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on or Chemical
'roperty

B3' (mM)
Bf (mM)
ca2' (mM)
(mM)
Kt (mM)

ME?+

(mM)
Na* (mM)

=th

(M)

Brine A (a)

ERDA-6(a)

GWB (b)

63
11
12
4800
97
19
4870

20
10
20
5350
770
1440
1830

156
27
14
5610
467
1020
3570

5.57

7.07

6.0

(a) data taken from Table SOTERM-1, Appendix SOTERM, Compliance Certification
Application
(b) data taken from Reference 24

5.10 Activity Coefficients
The thermodynamic activity of solute components depends upon the ionic strength of the
solution and is expressed by the following relationship:

where. a, is the thermodynamic activity of component N, y, is the activity coefficient
which is dependent on ionic strength and solute composition, and [Nl is the
concentration.
Generality of the mathematical expressions that describe thermodynamic relationships is
needed to develop predictive capability for solution equilibrium conditions.
For
example, thermodynamic parameters, such as stability constants, must be determined at a
variety of ionic strengths to satisfactorily evaluate the activity coefficients in equation
(32). This is a necessary part of WIPP related solution chemistry, largely due to the fact
that the Salado and Castile brines are considerably different in composition, both of
which differ from Culebra solutions.
- ---

5.11 Specific Tasks and Critical Variables to be Controlled and Measured
The acid dissociation constant of HOCl (pKa = 7.47, p 1 . 0 M NaC104, T=25O C) has not
rrepo&d fqpncentrated electrolyte solutions. It will be necessary to determine the
diss~ciatio&~'cohstant
of HOCl at a variety of ionic strengths and with different
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solution components, i.e. in Brine A and ERDA-6 and GWB, in order to accurately
calculate free OCr concentrations. It may be necessary to perform other experiments that
are not delineated here in order to complete the defined tasks.
The goals described within this test plan may be divided into the following tasks.
Task 1: Determine the acid dissociation constant for HOCl as a function of ionic strength
and electrolyte identity.
Task 2: Determine stability constants of ~ d ' +with OC1- as functions of ionic strength and
electrolyte identity.

6.0

Experimental Process Description

6.1

Sample and Data Control

6.1.1 Critical variables to be measured and controlled
Variables that must be controlled in the types of experiments described within this
document include:
.ionic strength
*pH
*temperature
esample volume
esample composition
Ionic strength will be controlled during sample preparation processes by preparing
samples of known compositions. Solution pH will be controlled by adding small
amounts of non-interfering acid or base, such as HCl or NaOH solution, and measured
with a standard, calibrated pH meter equipped with a combination glass electrode. The
temperature will be controlled, if necessary, by performing the experiments in sample
containers designed for constant temperature, such as water jacketed cells connected to a
controlled temperature circulator. Sample volumes will be measured with standardized
volumetric glassware and calibrated Class A pipets, or calibrated autopipets. Sample
composition will be determined by solution preparation using standard laboratory
techniques with calibrated equipment. Deviations from these standards, such as allowing
sampli temperature to equilibrate with ambient temperature rather than remaining und&
controlled conditions, will be noted in the laboratow notebook, dona with descri~tionsof
the acceptability of such deviations and the impact upon the experiment.

-

.

6.1.2 Identification of special environmental conditions
Environmental conditions, including temperature regulation
and occlusion of airborne
contaminants, will be controlled by appropriate management of sample preparation,
treatment and storage
Relevant conditions will be recorded in the laboratory
- condit'l&.
notebooks.

-

-
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6.1.3 Known sources of error and uncertainty
Sources of error include:
*pH measurement
*volume measurement
*weighing error
*impure reagent
*instrumental response error
*data 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 instmkental 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. Using manufacturer recommended calibration techniques with
standardized samples will minimize instrumental response error. When possible,
hardcopies of instrumental data output will be attached within the laboratory notebook.
6.1.4 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.
6.1.5 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 a reference to
specific laboratory notebook page(s).
Solutions, such as standardized stock metal solutions, will be handled and stored in
accordance with documented procedures. Chemical stability of OCr in high ionic
strength solutions is unknown. Appropriate preparation, treatment, and storage
conditions must be experimentally determined. Stock solutions will be re-standardized as
necessary.
6.1.6 Sample Disposal
Aqueous and organic solutions will be disposed of in accordance with standard operating
procedures in place at the Sandia National Laboratories Carlsbad laboratory.
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Experimental Controls
Each experimental determination of the metdigand 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 ;agents 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.

6.1.7

6.1.8 Data Identification and Use
Data that is amenable to written recording will be inscribed by hand in appropriate
laboratory notebooks. Such information includes, but is not limited to:
areagent and solution preparation and purification procedures and results
*sample preparation procedures
asample composition and conditions e.g. pH, reagent volume, reagent concentration,
temperature
asample han'ding
asample analysis procedures and results
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 within the section dedicated to the pertinent experiment.

6.1.9

6.1.10 Identification, 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.

6.1.11 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, W-VIS
spectrophotometer will be used in accordance with the Sandia National Laboratories
- Nuclear WasteManagement Program-Procedure NP 12-1, Control of Measuring and Test
Equipment.

6.2

Reagents and Procedures

Reagents
Distilled deionized water will be used to prepare all aqueous solutions.

6.2.1

All aqueous and organic solutions will be filtered through 0.20 or 0.45 mrn pore size
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membrane filters.
High purity OCr will be synthesized by one of several methods documented in peerreviewed literature, or obtained from documented commercial sources. Possible methods
include bubbling C12 gas through carbonate free 0.6 M aqueous NaOH or passing Clz gas
through an HgO slurry with subsequent reduced pressure distillation into aqueous
N~OH.~'~~~
Concentration of OC1- may be determined spectrophotometrically (E = 350 EJT'cm-' at
292 nm) 25s27, by potentiometric titration, or by other appropriate, documented methods.
Metal Solutions
Lanthanide solutions will be standardized by published procedures, such as
complexometric titration with volumetric standard EDTA solution and xylenol orange
indicator."
6.2.2

6.23 Electrolyte Solution Compositions
The proposed work will be conducted in solutions of four different general composition
types:
1. NaCl at the following ionic strengths 0.01,0.1,0.2,0.3,0.5 1,2,3,4,5 mold
2. Modified WIPP Brine A
3. Modified WIPP ERDA-6
4. ModifiedGWB
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.

6.2.4 Experimental Procedures
Sample preparation and analysis procedures, (weighing, pipetting, etc.) arr? parts of
standard laboratory analytical procedures. Instrumental analyses 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.

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,

-
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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.
Training and Other Standard Procedures
7.0
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." Evidence of qualification
and training will be documented with Form NP 2-1-1 Qual$cation and Training.
Additionally, the following NWMP Procedures and Project Specific Procedures are
applicable:
SOP-C001: "Standard Operating Procedure for Activities in the SNUCarlsbad
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 "Rt~ords"
8.0
Health & Safety
The health and safety requirements relevant to the tasks for work in this test plan are
described in SOP-COO1

9.0
Permitting/Licensing
There are no special licenses or permitting requirements for the work described in this
test plan.
10.0
1.
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2.2.3 Effect of Actinide Complexation by Organic Ligands on WlPP
Performance Assessment

D.E.Wall

Sandia National Laboratories - Carlsbad Programs Group
4100 National Parks Highway - Carlsbad, NM 88220 -USA
The Waste Isolation Pilot Plant (WlPP) is located 42 kilometers east of Carlsbad, New
Mexico, at a subsurface depth of 655 meters. A probabilistic approach is used to
evaluate alternative isolation scenarios and the uncertainty in physical processes to
construct a Complementary Cumulative Distribution Function for radionuclide releases.
The most likely scenario for release of radioactivity to the environment is human
intrusion, with brine released from the repository acting as a transport medium.
Solubilities calculated with the FMT computer code for An(III), An(IV), An(V) are: 1.2 x
lw7M, 1.3 x 10" M, 2.4 x 1w7 M ,respectively, in Saiado brine, and 1.4 x 10' M, 4.1 x
10.' M, and 4.8 x
M, respectively, in Castile brine. The role of acetate, citrate,
oxalate, and EDTA on actinide solubilization at high ionic strength, high pH, reducing
Eh,and the effect on performance assessment is described.

2.2.4 The Use of Th, U, Np, Am as Oxidation-State Analogs for Pu In the

WlPP Actinide Chemistry Program
Nathalie A. Wall, Laurence H. Brush and Donald E. Wall
Sandia National Laboratories - Carlsbad Programs Group
4100 National Parks Highway Carlsbad, NM 88220 USA

-

-

The Waste Isolation Pilot Plant, located in southeastern New Mexico, is the first deep
geological disposal facility for transuranic waste. Performance assessment calculations
show that, in the absence of human intrusion, vertical migration of radionuclides through
the Salado Formation or through the shaft seal system will not occur, however, borehole
intrusions resulting from exploratory drilling may release radioactive materials to the
surface and subsurface environments. Knowledge of Pu chemistry is important to model
repository behavior in response to intrusion scenarios, but the factors influencing Pu
solubility (e.g. complexation with organic ligands) are difficult to measure due to redox
lability of Pu.
Am(III), Th(IV), Np(V) and U(V1) were used as analogs for Pu(m), Pu(IV), Pu(V) and
Pu(VT) in complexation studies with acetate, citrate, oxalate and EDTA. WIPP reviewers
have questioned the validity of the analogy. The utility of the oxidation state analogy in
high ionic smngth solutions is discussed.

2.2.5 Interaction of Actinide Ions with the Polyoxometalates
[N~P~W~OOIIOI~%
[ ~ s z ~ z t ~ s s[Pz~lsosz]",
l",
and [P~wI~o~I]"
D.E. Wall*, G.R.Choppin
Department of Chemistry, The Florida State University, Tallahassee, FL. 32306, USA

* Present Address:

Sandia National Laboratories - Carlsbad Programs Group
4100 National Parks Highway - Carlsbad, NM 88220 -USA
The thermodynamics of complex formation of
UO~~',Npoz+ and hn3+ with
[ N ~ P ~ W ~ ~ O I [ASZWZIO~~]',
IOI~",
[ P ~ W ~ ~ O ~and
Z I '[ P ~ w ~ ~ owere
~ I Iexamined
'~
in
0.1 molar NaCl solution at 25°C.
The respective stability constants with
[ ~ a ~ ~ ~ ~are~ log
0 fhol
1 1= o6.10
] +
~ 0.05,
~ 3.80 0.06.2.98 + 0.04, 5.85 + 0.05; and
with [As2~21069]"are9.9 + 0.1, 6.32 + 0.04, 4.39 0.03, 10.1 0.1. The log fllol of
Npoz+with [ ~ 2 ~ ] 8 0 a ] is
' < 2 ,and with [P2W1706111& is 4.81 + 0.03. The order of
the stability constants are: l'h4+ > UO? > Am3* > ~ ~ 0 when
2 ' the primary binding
sites are tetragonal. The stability constants follow the order: ~ h >~~ +m > ~UO?+ >
Npo2+when trigonal or pentagonal binding sites are predominant due to steric effects.
Entropy values correlate with the magnitude of dehydration of the metal ion, which
depends on the geometry of the binding site.

+
+

+
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3.0 Engineered Barriers
3.1 MgO Studies Experimental Work Conducted at
~ ~ ~ ~ a r l s b a d '
Efficacy of Premier Chemicals MgO as an Engineered Barrier
Anna C. Snider
Sandia National Laboratories, MS 1395
4100 National Parks Highway
Carlsbad, NM USA 88220
Abstract
The Carlsbad Programs Group of Sandia National Laboratories is currently investigating
several issues with respect to the efficacy of MgO under expected repository conditions.
Previous work was described in the January and July 2001 Status Reports to the DOE
(Milestones RIOlO & RI020). Characterization of Premier Chemicals MgO, with respect
to both mineralogy and composition, and its ability to absorb water (H20) and carbon
dioxide (CO2) under repository conditions continues. Sandia is currently carrying out a
series of exueriments to measure hydration rates for Premier MgO under both inundated
and humid conditions. Results to &te suggest that, in general, the hydration rate can be a
modeled as a diffusion-limited reaction, although interpretation of the hydration results in
GWB is complicated by the formation of a second hydrated phase, a magnesium chloride
hydroxide hydrate (hereafter referred to as sore1 cement).

-

In addition, MgO carbonation rates are being measured at C02 partial pressure (PCO2)of
atm, the PCO2.characteristic of ambient atmospheric conditions. At
about
atmospheric Pcoz, as expected, carbonation has been slow. Sandia is also working to
obtain further information on the M e 0 hvdration-carbonation ~athwavrelevant to
repository conditions. Of particular importance is the metastable magnesium
hydroxycarbonate mineral that forms initially, as this mineral (along with bmcite,
M ~ ( o H ) ~will
) control the Pcoz and pH in the repository. These areimportant parameters
for predicting actinide solubilities. Sandia is also carrying out experiments to evaluate
the generation of isosaccharinic acid (ISA), a potentially strong complexant for the
actinides, in the presence of MgO.

" .

.

Introduction and Objectives
In the Compliance Certification Application (CCA), the DOE asserted 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

' This work is covered by BOE iJ1.3.5.4.3 and WBS iJ1.3.5.4.3.1
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regulations for the radioactive waste constituents of transuranic waste. In May 1998, the
EPA certified that the WIPP complies with these regulations. In its certification, the EPA
recognized MgO as the only engineered barrier in the WIPP disposal system, and that
MgO will prevent or delay the movement of radionuclides toward the accessible
environment. MgO will sequester C02 generated by possible microbial degradation of
organic materials in the waste, in addition to reducing the amount of free liquid in the
repository by hydration. Thus, it maintains the pH and C02 fugacity (= Pc02) 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 is effective at
absorbing Hz0 and COz (Papenguth et al., 1997, 1999). Currently, more MgO will be
emplaced in the WIPP than gas generation calculations suggest would actually be
necessary to absorb C02 generated through microbial degradation of organic materials.
In total, about 66,000 tons of MgO will be placed in the WIPP repository.
Although the work done to date on MgO is sufficient to show that it is effective as an
engineered barrier by buffering repository conditions and limiting actinide solubilities,
Sandia is currently examining several additional issues, as discussed in the January, 2001
Status Report (Milestone RIOIO). Experimental programs are evaluating the ability of the
new material to sequester Hz0 and CO2, and are determining the hydration and
carbonation pathways that Premier MgO will follow under WIPP-relevant conditions.
The Pco2 predicted from performance-assessment calculations for the CCA is based upon
the assumption of equilibrium with brucite and magnesite (MgCO,). However,
metastable hydromagnesite phases commonly form upon initial carbonation of MgO
and/or brucite, and these phases have higher solubilities than magnesite. Thus, they
might buffer the Pco2 at values higher than those used in the CCA. Previous work with
MgO 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@)that might form.
Sandia is also evaluating the production of ISA under repository conditions. ISA is
known to be a degradation product of cellulosic materials under strongly basic conditions
(Glaus et al., 1999), and is a strong complexant for the actinides (Greenfield et al., 1992).
Cellulosic materials are a significant part of the waste inventory, and the production of
ISA could significantly affect the solubilities of the actinides in the repository.
However, it has never been demonstrated that ISA forms under the mildly basic
conditions expected in MgO-dominated systems. Sandia's experiments are assessing this
by using a variety of WIPP-relevant brines and cellulosic materials.
The objectives of these 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@)produced; (4) quantification of the effect(s) of possible lithification on
hydration and carbonation rates and pathways; (5) evaluation of the production of ISA
under repository conditions; (6) investigation of MgO colloid formation (see next section,
TP 02-02). These experiments are governed by test plan TP 00-07 (Wang et al., 2001)
All of these experiments are being run using MgO from Premier Chemicals, the new
vendor supplying the repository.
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Characterization of Premier Chemicals MgO
The new material being supplied is manufactured using a different process than the old, is
dissimilar texturally, and contains higher levels of potentially reactive impurities,
especially CaO. CaO hydrates more rapidly than MgO, causing a transient, initial rise in
the pH of the brine. Sandia is characterizing the new material chemically and physically,
and is performing experiments to evaluate its ability to sequester H20 and C02 relative to
the material used in previous experiments.
As stated in the January 2001 Status Report (Milestone RIOIO), a quantity of the reported
MgO and CaO in Premier MgO is present as magnesium and calcium silicates. Two
batches of Premier MgO have been analyzed to date. Details of the chemical analysis are
given in Milestone RIO10. This could affect the capacity of the Premier MgO to
sequester H20 and C02. Both of these samples were obtained from Premier Chemicals
before they began shipping material to the WIPP. However, when shipments began, the
purity of the MgO was increased slightly. This new material will be examined by XRD
during FY02.

Hydration Rate Experiments

A large experimental matrix has been initiated to investigate both inundated and humid
hydration rates of the Premier material, and to identify the hydration pathway in WIPP
brines.
Inundated hvdration experiments
Inundated hydration experiments are currently being run to evaluate several factors
affecting the MgO hydration rate. A complete description of the experiments, results,
and interpretation as of July 2001 are found in the July 2001 Status Report (Milestone
RI020). Experimental conditions for these are summarized in Table 1.

Table 1. Experimental Matrix for Inundated Hydration Experiments
T,'c

Premier MgO, g

Inundated hydration,
samples agitated
frequently

25"
5 0'
700
90"

5g

Experiment to
evaluate the effects of
GWB/MgO ratio

70'

5g

Experiment
!

Electrolyte
DI water, 100 ml
4.0 M NaCI, 100 ml
ERDA-6 (Castile) brine, 100 ml
GWB (Salado), 100 ml
GWB (60,90, 120,160,200,
240 ml)

The initial inundated hydration experiment has come to completion. Figures 1,2, and 3
show the current data plotted as: hydration (mole percent brucite) vs. time,- hydration
vs.
the square root oftimi, and the rat; constants obtained from Figure 2 vs. the reciprocal of
temperature in Kelvin (Arrhenius plots). Interpretation of the data is presented in the
July 2001 Status Report (Milestone RI020). In summary, x-ray diffraction (XRD)
analysis indicates that brucite is the only hydration phase present in the samples from
deionized (DI) water, 4.0 M NaCI, and in ERDA-6 (a synthetic solution representative of
brines in the Castile Formation). In GWB (a synthetic solution representing brines from
the Salado Formation), a different hydration phase, sore1 cement, precipitates rapidly and
early; brucite becomes the stable hydration phase only at higher degrees of hydration.
Figure 1 shows that, to date, hydration has proceeded to completion only in the samples
from the Dl water at 90"C. In Figures 2 and 3, data that produce a straight line when

Figure 1. Results from inundated hydration experiments.
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Figure 2. Inundated hydration data plotted as a function t'". Symbols are as shown in
Figure 1.
plotted against the square root of time imply that hydration can be modeled as a
diffusion-limited reaction. This is true in all of the solutions except GWB.
Much of the difficulty in interpreting the GWB results is caused by the presence of two
hydration phases (Sorel cement and brucite), rather than just brucite. Because the degree
of hydration in the sample is determined by weight loss upon ignition, the presence of a
second hydration phase containing a different amount of stochiometric water complicates
interpretation of the results. Sorel cement has not been identified by XRD. The
hydration phase has been identified under the scanning electron microscope (SEM;
Figure 4); however, the only samples analyzed to date are from the cemented cake and
carbonation experiments (both described in detail below). The cemented samples were
run under the same conditions as the inundated hydration experiment, except the former
samples were not agitated. It appears that sore1 cement is also forming in the inundated
hydration samples. The exact mineral phase must be identified in order to quantify the
amount of MgO hydration that occurs with time.
On November 14, 2001, a new set of experiments was initiated to extend the hydration
curves for ERDA-6 and GWB. Most of the samples will not be analyzed for many more
months. However, some samples will be collected before then to confirm reproducibility
of previous results from the initial experiment.
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Figure 3. Arrhenius plots of the inundated hydration data.

Figure 4. SEM images of magnesium chloride hyroxide hydrate, Mg3(OH)sC1.4H20.
Note Mg(OH)2 is brucite.

3.1 - 6

FORMATION (b

A second experiment evaluated the effect of the brine volume present in GWBIMgO
systems. The greater the volume of brine in the sample, the greater the fraction of sorel
cement in the hydration products. The bottles contained five grams of MgO in GWB
volumes ranging from 60-250 ml, and were run for 28 days. The experiment has
concluded. An in depth report on this work is presented in the July 2001 Status Report
(Milestone RI020).

An additional brine volumeMg0 experiment was conducted in a similar manner to a
previous inundated hydration experiment, except 2.5 times as much GWB was used. The
aim was to compare the resulting hydration curves to previous inundated ones. The
comparison would define what effect the greater amount of brine had on the system.
Samples were placed in the 70°C oven and sampled at the same interval as the inundated
samples at 70°C. Figure 5 compares data from the two experiments. The two sets of data
follow each other closely initially, then diverge after the rate of hydration decreases. The
plot suggests that the samples containing 250 ml brine did not exhaust the excess Mg in
the brine by the end of the experiment. This is determined by a higher weight loss on
ignition (sorel cement loses more weight when it hydrates than brucite) and smaller
brucite peaks seen in the XRD patterns.
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Figure 5. Plot comparing data from inundated hydration experiments containing
100 and 200 ml of GWB.

Humid Hvdration experiments
Humid hydration experiments were started June 6,2001. (Refer to the July 2001 Status
Report, Milestone RI020, for a detailed description of the experimental setup.) In
summary, 384 samples, each consisting of three grams of uncrushed Premier Chemicals
MgO, are being run at temperatures of 2S0, 40°, 60°, and 80°C and relative humidities of
35%, 50%, 75%, and 95% (Table 2).

Table 2. Saturated Salt Solutions and the
Relative Humidity Values They Produce.

RH values vary a few % with temperature

Samples are being analyzed over a period of months to years. Each sample is dried and
analyzed by weight loss on ignition and XRD. Bmcite concentration will be determined
by weight loss at 500°C. This technique assumes that brucite formation is the only
reaction that occurs; a few samples will be analyzed by XRD to verify that carbonate
formation is not significant under humid conditions.
Humid hydration results since July 2001 are shown in Figure 6. Hydration is relatively
slow at lower temperatures and humidities, but appears to occur readily at elevated
temperatures. After four weeks, the degree of hydration reached over 80% in higher
humidity samples at 80°C. XRD analysis indicates that no periclase (MgO) remains.
After 200 days at 60°C, the higher humidities are reaching 70 % mole conversion.
Hydration versus the square root of time has been plotted for the higher humidities,
shown in Figure 7. The rate constant at each temperature can be determined if the data

Figure 6. Results from humid hydration experiments.
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plotted results in a straight line. The data points in the two plots below (95 % and 75 %
RH;Figure 7) follow straight lines and can be modeled as a diffusion-limited reaction.
Below the rate constants are plotted against 1/T(OK), at 95 % relative humidity,
producing an Arrhenius plot (Figure 8). The four rate constants fall on a straight line.
Therefore, the data can be modeled as a simple, diffusion-limited reaction at the higher
humidity.

Figure 8. Arrhenius plot of 95% humid hydration data.

Carbonation Rate Experiments

-

Sandia is attemvtine:
- to examine carbonation under conditions similar to those exoected in
the repository. The carbonation experiments described in the July 2001 Status ~ e ~ o r t
(Milestone RI020), are continuing. These experiments are using four different solutions:
h
bottle kcludes five grams
Dl water, 4 M NaCI, GWB, and ERDA-6. ~ a c sample
Premier Chemicals MgO and 100 ml of solution. Room air is bubbled continuously
through the samples using a gas manifold. Each manifold holds 24 samples. To
minimize evaporation, the air is humidified by bubbling through water prior to entering
the manifold.
As of June 14,2001, 64 carbonation rate samples (four brines, sixteen samples) were
running on the bench top under atmospheric PC02(= 10-3.5atm) conditions. Thirty-two
samples have been analyzed; on January 9,2002,32 additional samples were added to the
manifold to extend the life of the experiment.
Samples from atmospheric Pco2 conditions were collected at weekly intervals and are
now collected on a monthly to bimonthly interval. Samples are measured for pH,
filtered, dried, and crushed. Carbonate conversion rates are ascertained by using a carbon
coulometer and XRD. The carbon coulometer determines the percent carbon in the solid,
whereas the XRD identifies the carbonate phase present.
Carbon coulometer results from atmospheric Pco2 conditions are displayed in Figure 9
below. These results show that carbonation is proceeding slowly in both of the WIPP brines
(GWB and ERDA-6). Analysis of samples from ERDA-6 indicate over 1 % carbon in the
solid, whereas samples with GWB have < 1% carbon present. However, these results are
not surprising in view of the fact that this experiment is being run at a low Pc02 in order
to simulate the very slow rates at which microbial activity will produce C02 in the
repository. (Experiments carried out at high C02 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 tum buffer the Pco2 and pH at values
different from those in the repository.) In view of the uncertainties associated with these

C 2.5%
.-

.

GWB

Time Elapsed. Days

Figure 9. Results of the atmospheric P C Oexperiment.
~
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data (see error bars in Figure 9), it is not believed that the decrease in the C content of the
ERDA-6 samples from 141 to 208 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.
Samples taken at 141 days were additionally analyzed using XRD and SEM to determine
what carbonate phase might be present. Carbonates were not detected by XRD analysis.
The XRD has a detection limit of several percent. If carbonates were present, they would
constitute only a few percent of the total sample. The SEM did show evidence of
carbonates. Calcium-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 10).

An SEM phase identification program was used to identify the carbonate phase@)
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 11. The pattern produced did
not have an exact phase ID match. The pattern most closely corresponded to a
monoclinic calcium carbonate and, to a lesser degree, a calcium-magnesium carbonate.

Figure 10. SEM images of calcium-bearing carbonates (white) surrounded by brucite
(gray).

Figure 11. 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.

Despite the lack of direct evidence for the conversion of brucite to a magnesium bearing
carbonate, there is indirect evidence for carbonation of brucite. Calculations imply that
1.7 % conversion of the total solid (ERDA-6 at 141 days) is equivalent to the conversion
of 5.7 %moles of Mg or -7.9 % moles of Ca. However, as stated in the January 2001
Status Report (Milestone RIOZO), Premier Chemicals MgO contains < 1 % CaO.
Therefore, there is not enough CaO in this material to have reacted with all of the
C02,consumed by 141 days in ERDA-6. Assuming that there were 1 % CaO in the
Premier Chemicals MgO, there would only be enough CaO to react with 12.7 % of the
COz in the ERDA-6 sample after 141 days. This calculation suggests that other
carbonate-bearing minerals must be present, most likely Mg-bearing carbonate minerals.

-

These other (Mg?) carbonates have not been identified using the SEM. When the SEM is
operated in backscatter-electron mode, the images produced reflect elemental atomic
number. The higher the atomic number, the lighter and whiter the mineral appears.
MgO, brucite, and magnesium carbonates are hard to differentiate from one another due
to the similarity in atomic number. However, a calcium-bearing carbonate is much easier
to find due to the relatively high atomic number of Ca, which makes Ca-bearing minerals
appear white.

Carbonation at room temperature is dependent on MgO hydration and is a slow process.
This is not unexpected and in future months it is thought that the samples will contain
enough carbonate to properly identify the phase on the XRD.
Carbonation-rate experiments will be started as soon as possible at a CO2 concentration
of 5% and (perhaps) in the future at '/,oatmospheric ( z 10-4,5atm C02 -room air will
be diluted by a factor of 10 with nitrogen). These experiments will be conducted in a
manner similar to that of the experiments under atmospheric Pcoz, except the samples and
manifolds will be inside glove boxes. A purchased mixture of 5% C02 in nitrogen gas
and room air diluted to 1/10 of its original concentration with inert N2 will be pumped
into the glove boxes and bubbled through the samples.
The 5% CO2 experiment will quantify carbonation in two brines, GWB and ERDA-6.
The matrix differs from the experiment under atmospheric Pco2. There are 64 samples
(two brines, four solids, eight samples). Each bottle contains five grams 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 were
prepared by adding five grams of either crushed Premier Chemicals MgO, or Fisher MgO
to 100 ml of brine. The bottles were placed in a 90°C oven for approximately three
weeks. Before the pre-hydrated samples were added to the manifold, a small portion was
sampled and will be analyzed for brucite. The experiment with 5% CO2 will be sampled
at a higher frequency due to the anticipated accelerated reactions.

Cemented "Cake" Experiments
The effects of possible formation of a cemented cake of hydration products are being
examined. This experiment was started in June 2001. In this experiment, five-, ten-, and
15-rnm-thick layers of Premier MgO were placed in containers with GWB or ERDA-6,
and are being run in ovens at 25'-90° C. The samples are not agitated.
Sampling is being carried out over weeks to months. Samples are taken from the oven,
cooled, and pH is measured. They are filtered, dried, and crushed, then analyzed by
weight loss on ignition and XRD. SEM analysis is conducted on selected samples before
they are crushed.
Figure 12 shows four plots representing data with three different MgO thicknesses
inundated in ERDA-6 at four different temperatures, whereas Figure 13 shows data from
GWB. Although it was anticipated that the thicker layers would hydrate at a slower rate,
MgO thickness has not affected the hydration rate under inundated conditions in ERDA-6
(Figure 12). Data collected at 50° and 70°C indicate that hydration was rapid at first and
has now decreased. At 25°C and 90°C, hydration proceeds at a more-or-less constant
rate. However, there are data gaps in the 70°C and 90°C plots (both in ERDA-6 and
GWB) due to sampling schedule. A new set of experiments has been initiated
(September 2001) in order to fill these gaps and to extend the curves.
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Figure 12. ERDA-6 results of cemented cake experiment.
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Figure 13. Results of the GWB cemented-cake experiment.
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In GWB at 50°, 70°, and 90°C (Figure 13) thickness does not affect hydration.
Hydration, as seen in the samples from ERDA-6, proceeded rapidly and then decreased
over time. Remember, however that these plots represent the result of two hydration
phases: brucite and sore1 cement. At 25°C the rates for all three thicknesses are nearly
constant, but the rates for all three thicknesses are significantly different. Little hydration
has occurred at 25'C and data may appear to be more scattered compared to the other
higher temperatures.
Figure 14 compares the extent of hydration in the (unagitated) cemented cake samples to
the (agitated) inundated hydration samples at 70' and 90°C in ERDA-6 and GWB. At
both 70" and 90°C in ERDA-6, the agitated samples contain more than 35 mol % brucite,
whereas the cemented cake never contains more than 25 mol % brucite. These results
might seem to indicate that lithification is occurring in ERDA-6 at the two higher
temperatures, but visual observation of the solids in these 70" and 90°C samples
demonstrated that they were very friable. On the other hand, the solids from the 70" and
90°C GWB cemented-cake samples were well indurated, but hydrated at rates very
similar to those of the agitated GWB samples at the same temperatures (see Figure 14).
Therefore, it is not clear what is responsible for the differences between hydration rates
of the 70" and 90°C, agitated and unagitated ERDA-6 samples.
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Figure 14. Plots comparing (agitated) inundated ERDA-6 and GWB hydration rates
to the (non-agitated) cemented cake hydration rates.
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ISA Generation
Sandia is continuing to evaluate the production of ISA under repository conditions. In
August 2000, cellulosic materials and MgO were placed in bottles containing three
different solutions: Dl water. GWB. ERDA-6. The sam~leswere olaced in ovens
ranging from 25OC to 90°C. A detailed description, recokting the'importance of the
experiment and the experimental method used, are found in the January 2001 Status
~ e ~ o(Milestone
rt
RIOIO).At this time, the experiment is no longer being sampled. No
samples have been analyzed to date, because a gas chromatograph-mass spectrometer
(GC-MS) has not been available. However, at each sampling, pH has been monitored.

MgO Colloids

A study of the possible formation of MgO colloids will be initiated in the near future.
For more detail, please refer to TP 02-02 (next section), which describes this study.

Summary
Since the July 2001 Status Report (Milestone RI020), Sandia has continued to perform
experimental work to characterize the hydration-carbonation rates of Premier Chemicals
MgO, and to determine the probable hydration-carbonationpathway MgO will take under
repository conditions.
Initial inundated hydration experiments have concluded. Brucite was the only hydrated
phase present in three of the solutions; in GWB, a second hydrated phase (sorel cement)
formed. In most solutions, hydration appears to be readily modeled as a diffusion-limited
reaction. Hydration ceased in samples immersed in Dl water at 90°C after -85% of the
material converted to brucite. Non-reactive silicates and aluminates probably make up
the remaining 10-15%. Since November 2001, a new set of inundated hydration
experiments has been initiated to extend the curves for ERDA-6 and GWB.
Samples in GWB are difficult to quantify. Due to the high magnesium content in
solution, amorphous sorel cement (identified by SEM) forms until the excess Mg is
depleted and brucite becomes the stable phase. The hydrated phase contains a different
amount of stochiometric water compared to brucite, making it difficult to determine, from
data obtained by weight loss on ignition, the actual degree of MgO hydration that has
occurred.
The ratio of MgO to the volume of GWB affects the amount of each hydration product
formed. A previous experiment suggests the greater the volume of brine in the sample,
the greater the fraction of sorel cement relative to brucite. Results from a second
experiment, using 250 ml of brine, were compared to those from an inundated hydration
experiment run under the same conditions using 100 ml of brine. As expected, the
samples with 250 ml of brine never consumed the excess Mg in the system. This

I
I
I
I
I

I
1

suggests that the system with a greater volume of brine had a larger quantity of sore1
cement relative to brucite compared to the results from the other experiment.
Humid hydration experiments used four different relative humidities - 35%, 50%, 75%,
and 95% - at four different temperatures between 25"-80°C. At higher temperatures and
humidities, the MgO is readily converting to brucite. At 80°C, the higher humidity
samples have converted to over 80% brucite after only four weeks. To date, enough data
have been collected at the higher humidities to suggest that the system can be modeled as
a diffusion-limited reaction.
It is expected that the carbonation experiments cunning under atmospheric PCO2will take
months or years for significant conversion to occur. Currently, GWB samples show less
than 1% carbonation, whereas ERDA-6 has greater than 1%. Carbonates have not been
identified using the XRD. The SEM has identified only Ca-bearing carbonates.
However, conversion calculations imply other carbonate-bearing minerals (probably Mg
carbonates) must be present in addition to the Ca-carbonates.
Experiments with 5% C02 will be started immediately. The matrix will differ from the
current experiment by the addition of Fisher MgO, and pre-hydrated Fisher and Premier
MgO.
The cemented cake experiments use three different thicknesses of MgO in two brines
(GWB and ERDA-6) at temperatures between 25OC and 90°C. Samples are not agitated.
The study examines whether the formation of a cemented cake of hydration products will
affect the rate at which Hz0 can diffuse into the sample and hydrate the remaining MgO.
Results indicate that in all scenarios thickness is not a factor affecting rate of hydration,
the exception being data from GWB at 25°C. Plots comparing agitated and unagitated
MgO hydration show that it is hydrating at different rates in ERDA-6, but not in GWB.
Sampling of ISA experiments has concluded. Samples are currently being stored until the
GC-MS becomes available for sample analysis.
Finally, Sandia will initiate a study of the possible formation of MgO colloids (See TP
02-02 in the next section).

-
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Lit of Acronyms

5

zeta potential
atomic force microscope.
K
Debye-HUckel parameter
DLVO theory after the four scientistsDeryaguin, Landau. Verwey and Overbeck
I
ionic strength
IEP
isoelectric point
PZC
point of zero charge
SJN
scanning electron microscope

APM

T

VT
WPP
4.0

t="perahrn

total potential energy of interaction
Waste Isolation Pilot Plant

Revision Hlstory

This is the first version of this test plan. Subsequent revisions will be made in
accordance with the Sandia National Laboratories Nuclear Waste Management Program
Roced-:
NP 20-1 Test Plans. NP 6-1 Document Review Process and NP 6-2
Document Chtrol Process.
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Purpose & Scope
The results of this study will be used to determine whether the WIPP backfill "Premict
Chemicals MgO", which is being used in the W P to mitigate the effect of microbial
C02 generation on actinide mobility in a postclosure repository environment, will
generate colloids, whether these colloids will be stable in WIPP conditions and whetha
these colloids will affect the WIPP compliance.
5.0

Background

6.0

.

.

Generalities
A colloidal phase is an intermediate state between a hue solution, containing dissolved
entities of ionic or molecular dimensions, and suspended particles sufficiently large
settle by gravity. The size range of colloids is considered to be from 1nm to 1 pm
V i m 1).

6.1

Figure 1:Size ranges of aqueous particles. (Adapted from Gaffney et al. 1996)
Colloids can be generated by dispersion or condensation. In the dispersion m e t h a , a
sample of bulk material is broken down to colloidal dimensions by some mechanical
process (e.g. grinding), or ultrasonication (very high frequency sound waves. = 20 kHz,)
in a liquid-in-liquid dispersion. The condensation methods include dissolution and
reprecipitation, condensation from vapor through formation of a mist or fog from a
supersaturated vapor, or chemical reactions, including reduction, oxidation or
decomposition.
Colloids may be important to WIPP performance assessment because they have very
large surface areas, may be mobile in aqueous solutions, and under favorable conditions
colloids can adsorb metal ions.
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6.2

Colloidal coagulation I stability (Hunter 1993)

Colloids would affect actinide mobility only if they remain as stable suspended
entities; coagulated colloids are not mobile. Therefore, it is important to understand the
processes leading to stable colloids versus coagulated entities.
The DLVO theory (named after the four scientists Deryaguin, Landau, Verwey and
Overbeek) explains the colloidal stability in terms of forces: a repulsive one due to
formation of a double layer, and an attractive one due to van der Wads interactions.
Colloids can possess high negative charges at their surface; as a result, ions present in the
system are athacted in a compact layer adjacent to the colloid (i.e. the Stem layer), with a
gradually decreasing concentration with increased distance from the colloid surface,
resulting in a diffise double layer. When double l a y e d system interact with each
other. due to random Brownian motion, the sum of the interactions taking place in the.
near surroundings of the colloid creates a total potential energy of interaction VT (sum of
interactions and repulsions) which defines an energy banier. The stability of a system
depends on the energy barrier height and thickness. If the potential energy barrier is
higher than the thermal energy of the colloidal particles, coagulation is hindered but, as
the potential energy barrier approaches the thermal energy level, coagulation is
increasingly favored. Although the DLVO theory is known to be incomplete (Manciu
and Ruckensein, 2001). it has the advantage of simplicity and offers a reasonable
approach for obtaining quantitative results.
VT depends on many parameters that will eventually affect the stabilitylcoagulation of
the colloidal population: the temperature T, the charge z of the ion present in the double
layer, the double layer thickness 1 1 (K
~ is the ~ e b i e - ~ ~ c k e l
and is directly
proportional to the square root of the ionic strength I). For example, an inmasing
coagulation can result from increasing ionic strength of the system or an increasing
charge density of the neighboring ions.
The colloidal stability will also depend on the degree of ionization of the colloidal
surface, which itself is a function of the pH. The electrical potential between the bulk
solution and the colloid is called zeta potential (0;
this potential indicates the stability of
the colloidal system: the greater 5 (positive or negative), the greater the colloidal
stability. The isoelecttic point (IEP)or point of zem charge (F'ZC) represents the value of
pH at which the colloid has a zero net charge (5=0). For hydmxo complexes
M~+(oH),,~, the PZC represents the pH resulting in an electrically equivalent
concentrations of positive and negative complexes. Outside its PZC region, the colloid
surface is charged PZC values for magnesium oxide and hydroxide were reported by
Parks (see Table 1).
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PZC

Material
M a
Mg(OH)2

12.4 f 0.3

I

= 12
Table 1:PZC of Mg oxide and hydroxide (from Parks 1965).

In the case of the WIPP, charged colloids would coagulate due to the high ionic
strength of the brine. But if coIIoids presenting a neutral charge wen generated, these
colloids could be stable. The pH of the brines in equilibrium with the backfill have been
calculated (US EPA 1998). The pH of Salado brine in equilibrium with W t e and
hydromagnesite Figs(COs)r (0H)2.4&0], or hydromagnesitc m&(CO& (OH)z.3m],
or nesquehonite FIgC03-3Hfl], or bmcite WgCOs] is 8.69; the pH of Castile brim in
equilibrium with bmcite and either hydromagnesite W Q ( C O & ( O H ) ~ ~ M ] ,or
hydromagnesite W&(C03)3 (OH)2.3&0] is 9.24, the pH of Castile brim in equilibrium
with brucite and nesquehonite [MgCO3'3H30] is 9.18; the pH of Castile brine in
equilibrium with bmcite and magnesite [MgCOs] is 9.23. Under these pH conditions. Mg
speciation calculations (Figure 2) show that the majority of Mg species exist as neutral
species.

Figure 2: Mg Speciation. Pq lo-' atm. Calculated from Smith et al. 1998.

1
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Dr. Bernhard Kienzler, from ForschungszentnUn Karlsruhe in Germany, has
I
communicated to the author of this document unpublished results regarding the finding of
Dr. Kienzler stated:
stable colloids originating from brucite.
concerning existence, stability and mobility of colloids in highly concentrated salt
I
solutions is rarely available. In our institute we did some work, however, it is not
published. In German salt domes Mg bearing salts are available to a large extent,
,
I
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resulting in highly concentrated brines (Q-brine: -4 mold MgCI;). The brines have a
high buffer capacity with respect to pH. In the presence of cement, pH is buffered by
or various magnesium oxychloride hydrates. These
precipitation of brucite (l~lg(OH)~
phases are not crystalline and show a slow flocculation. We consider the possibility
that colloidal phases may be formed even in highly concentrated solutions." (Kienzlu,
2001).
7.0

Experiments

7.1.1
Experimental procesm
As stated above, literature concerning the colloidal stability in concentrated brine is
not readily available. Moreover, Dr. Kienzler has also mentioned that the colloids
observed were slow to f o m (months) and very small at first (consequently difficult to
observe). For these reasons, several techniques will be used for our experiments.

Samples of pure MgO (Fisher chemicals) and WIPP backfill (Premier Chemicals
MgO) will be separately inundated for various periods of time in different solutions (deionized water, NaCI, and a variety of synthetic WIF'P brines). The Premier Chemicals
MgO contains impurities such as forsterite [MgzSiO& monticellite FlgCaSiO,] and
portlandite [CaO]. Techniques such as filtration, ultrafiltration, centrifugation and/or
ultracentrifugation will be used to separate the colloidal suspension from the solids. To
detect colloids, instruments such as SEM and AFM will be d To evaluate the
stability of the colloids, the zeta potential 5 will be determined for the different system
considered using a zeta potential sizer.
Parameters to be controlled include the ionic strength, pH, temperature, pres~lceof
secondary ions (ca2*,...). At first, the experiments will be performed under atmospheric
conditions of COW In a later stage of the program, the effect of
will be studied.
Data Processing and Mathematical Models
If data processing is necessary, it may be done by hand calculation with the aid of an
electronic calculator, or with a standard spreadsheet program, such as Microsoft Excc1.
The experimental results and the calculations generated from these results will be
reviewed by technical pters.
7.13

Sample Handling and Control Requirements
7.13
Standard procedures for sample identification, handling, storage, shipping, archiving
and disposition have been described in Sandia National Laboratories Nuclear Waate
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 a n f m to
specific laboratory notebook page@). Solutions will be handled and stored in accordance
with documented procedures.
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7.1.4
Sample D i p d
Solutions will be disposed of in accordance with standard operating procedures in
place at the Sandia National Laboratories Carlsbad laboratory.
7.15
Data Identification and Use
Data that are amenable to written recording will be inscribed by hand in appropriate
laboratory notebooks. Such information includes, but is not limited to:
ereagent and solution preparation procedures and results
*sample preparation procedm
*sample composition and conditions e.g. pH, reagent volume, reagent concentration,
temperature
*sample handling
*sample analysis procedures and results
Data Transfer and Reduction Controb
7.1.6
Typical data transfer is from instrumental output to laboratory notebook and from
laboratory notebook to a spreadsheet program, if applicable. Printed copies of
instrumental output (e.g. photo) will be permanently attached to the laboratory notebook
within the section dedicated to the pertinent experiment.
Identification, Segregation, Disposal of Erroneous Data
7.1.7
Data suspected to be emneous will be tested by comparison to replicate samples or
replicate experiments. Statistical justification for rejection of emneous data will be
provided within the laboratory notebook.

7.18

Equipment testing
The equipment used for these experiments will be tested in accordance with the Sandia
National Laboratories Nuclear Waste Management Program Procedure NP 12-1. Control
of Measuring and Test Equipment.
Training and Other Standard Procedures
8.0
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." Evidence of qualification
and training will be documented with Fonh NP 2-1-1 Quatifcution und Training.
Additionally, the following NWMP Procedures and Project Specific Procedures m
applicable:
SOP-C001: "'Standard Operating Procedure for Activities in the SNUCarlsbed
Laboratory Facility."
..se.13-1_=n.ofcu8t@y
. .~ .
pp 6 1 "Document Review Processn
N p 13-1 "Sample Control"
NP 12-1 "Control of Measuring andTest Equipment"
N p 20-2 "Scientific Notebooks"
~

-
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N p 2-1 "Qualification and Training
N p 17-1 "Re~ords"

9.0

Health Safety
The health and safety requirements relevant to the tasks for work in this test plan are
&scribed in SOP-COOl

There arc no special licenses or permitting requirements for the work described in this
test plan.
References
1. DOE (US Depamnent of Energy), 'Title 40 CFR Part 191 Compliance
Certification Application for the Waste Isolation Pilot Plant", DOWCAO-19962184, Vol. 1-21. Carlsbad. NM: US Department of Energy. Carlsbad Amr
Office. 1996.
2. Gaffney J.S.. Marley N.A.. Clark S.B. Humic and Fulvic Acids and Organic
Colloidal Materials in the Environment. In Humic and Fulvic Acids. Isolation,
Structure, and Environmental Role. Gaffhey, Marley and Clark Eds. ACS,
Washington, DC. 1996,246.
3. Hunter RJ. In Introduction to Modem Colloid Science. Oxford Science
publications. 1993.
4. Kienzler B. Personal communication. July 2001.

11.0

5. Manciu M. and Ruckenstin E. Role of the hydration Force in the Stability of
Colloids at High Ionic Strength. Langmuir, U)01.17,7061-7070.
6. Parks O.A. The Isolelectric Points of Solid Oxides, Solid Hydroxides, and
Aqueous Hydroxo Complex Sptems. Chemical Reviews, 1965,177-197.
7. Smith, R. M., Martell A. E.,Motekaitis, R. J.: NIST Critically selected stability
constants of metals complexes database. Version 5.0. User's auide. U.S.
Department of Commerce. Technology Administration, National Institute of
Standards and Technology. Standard Reference Data Program, Gaithemburg, MD
1998.
. 8. US Environmental Protection Agency. TGhnical support document for 19423
Models and computer codes. Washington DC.May 1998.

-

RMATION ONLY

%id!=ORMATlON
ONLY
1ql.I

3.3 Cementitious Materials

Experimental Work to Develop a Model for CementiBrine
Interactions'
Charles R. Bryan
Sandia National Laboratories, MS 1395
4100 National Parks Highway
Carlsbad, NM USA 88220

Abstract
Sandia National LaboratoriesICarlsbad is currently performing research to develop a
model for cementhrine interactions to be used in performance assessment (PA) of the
Waste Isolation Pilot Plant (WIPP). Modeling cement degradation in WIPP-relevant
brines is critical for predicting the long-term integrity of cement borehole plugs, an area
of uncertainty in conceptual models used for WIPP PA. Assumed degradation rates have
a first order influence on PA conceptual models by controlling brine flow into and out of
the repository in human intrusion scenarios, directly affecting such PA parameters as the
source term for the Culebra Dolomite, gas generation rates, and spallings releases. In
addition, cementitious waste forms are a significant fraction of the waste inventory, and
cement-brine reactions may affect repository chemistry and actinide solubility.
Dissolution of cement components could result in high-DHmicroenvironments, while
calcium released during cement degradation will serve as an additional sink (with MgO)
for carbon dioxide.

- -

Information for developing a model for cementhrine reactions and borehole plug failure
rates is being gathered from two sources. The first consists of laboratory
- experiments
with cementand brine, being run to develop an equilibrium thermodynamic model.
They include gibbsite (AI(OH)3) solubility experiments to determine Pitzer parameters
for Al under conditions relevant to the WIPP, and batch experiments with crushed,
hydrated cement to determine the equilibrium mineral assemblages that form at varying
cementhrine ratios. Applying this model to borehole plug degradation rates requires
obtaining additional data on the effects of non-equilibrium processes (diffusion, mineral
precipitation, etc.). Batch experiments with cement wafers and cement core-column
(flow-through)experiments are being run for this purpose.
The second source of information on borehole plug degradation is sampling of downhole
cement samples and casing corrosion products during borehole plugging and
abandonment (P&A), borehole recompletion, and general borehole maintenance at the
X ! site ~ m ~ s i a n i s ~ a f ~ e ~ b eit crepresents
a u s ea second,r,ossibly
much faster,

' This work is covered by BOE #1.3.5.4.3 and WBS #1.3.5.4.3.2

mode of borehole plug failure. This opportunistic sampling allows recovery of samples
that have been exposed to WIPP brines for up to 20 years-a much longer time scale than
that available for laboratory experiments. Several wells were sampled in FYOO and
EYO1, but only casing corrosion products were collected and analyzed-no opportunity
for cement retrieval occurred.

Introduction and Objectives
An understanding of cemenfirine interactions is important in evaluating the future
performance of the WIPP repository. In 1996, the National Academy of Science (NAS)
stated that the only credible scenarios resulting in release of radionuclides from the WIPP
repository are those involving human intrusion, such as drilling for potash or oil
(NASINRC Peer Review, 1996). Calculated releases during and after intrusion are
dependent upon the predicted integrity of cement borehole plugs, which directly control
brine flow into and out of the repository, determining the Culebra source tern 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 MgO) for carbon
dioxize released by microbial degradation of organic components in the waste.
A primary goal of the cementitious materials work at Carlsbad is to develop a model for
the degradation and failure of cement borehole plugs. In order to do this, it is necessary
to develop a thermodynamic model for cementbrine 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, TP 00-06 "Experimental Work to Develop a Model for Cement Borehole
Plug Degradation at the WIPP Site," and TP 00-02 "Collection and Analysis of
Downhole Cement and Steel Samples During Borehole Plugging and Abandonment."
Laboratory work on cementbrine interactions has recently begun. Experiments currently
being carried out include those aimed at developing an equilibrium thermodynamic
model and those for evaluating the mechanisms and kinetics of cement degradation in
WIPP-brines. Experiments are being run to determine Pitzer interaction parameters for
silicon and aluminum. two of the dominant constituents in cement. While data for Si and
A1 are available at low and moderate pH, no data exist for the high pH values typical of
cement. A second set of experiments is determining the equilibrium mineral assemblages
present in cement/WIPP brine (Castile and ~alado)s~stemi;
the compositional data for
the brines and solids in these experiments will also be used to validate the
thermodynamic model, once it is developed. Cement degradation rate experiments
consist of two types: batch experiments with cement wafers, sampled periodically to
evaluate rates of cement degradation and of diffusion of brine components into the
-

~

cement; and column (flow-through) experiments, for evaluating the kinetics of cement
degradation in a system in which the cement is continually being exposed to fresh brine.
Mineral precipitation (gypsum, brucite, ettringite, and carbonate minerals are likely
precipitates) is likely to be a dominant factor in the column experiments, and may either
decrease the reaction rate by forming mineral coatings and plugging porosity, or speed
plug failure, if expansive minerals form and degrade cement integrity by causing flaking
or fracturing.
The field sampling program consists of collecting downhole cement and casing corrosion
samples from materials brought out of the hole-generally casing, tubing, or corrosion
products dredged from the bottom of the hole-during borehole plugging and
abandonment, recompletion, or general maintenance. Future sampling may consist of
drilling bottom-hole cement plugs, or coring the casing and casing cement using a sidecore sampler. Casing corrosion samples are collected in addition to cement because
borehole plugs may lose integrity due to casing failure as well as by cement degradation.
These samples offer information on long-term (>20 years, in some cases) products of
cementbrine reactions, of steel corrosion pathways in WIPP relevant brines, and of
failure modes for cement borehole plugs. Several wells were sampled in F T O O and
N O l , but only casing corrosion products were collected and analyzed-opportunities for
cement retrieval are rare, and have not yet occurred. The borehole sampling effort is
currently being maintained at a very low level-the M&O plugging and abandonment
program was not funded in N O l .
Laboratory experiments to develop a model for cement degradation and
borehole plug failure.
Laboratory work on cementitious materials has recently begun. The primary objective of
this research is to develop a model for cementhrine interactions, which will be used to
estimate cement borehole plug lifetimes and to evaluate the effect of cementitious wastes
on repository chemistry. A great deal of thermodynamic data are available on cement
and alteration phases, and thermodynamic models for cement degradation in dilute
solutions have been formulated. The information needed to expand those existing
models to cover WIPP conditions, and to develop a model for borehole plug failure rates,
can be summarized as follows:
1. Parameters for a Pitzer model for the activities of aqueous species in the brines.
Pitzer parameters for the dominant species
--present
-in
- brines are
summarized in Harvie et al. (1984) and Pitzer (1987). Some solubility d a t a h a
Pitzer interaction coefficients are available for Si and A1 in concentrated
electrolytes at low to intermediate pH and in some cases, at high pH (Marshall,
1980; Chen and Marshall, 1981; Gasteiger, et al., 1992; Palmer and Wesolowski,
1991; Wesolowski, 1992; Wesolowski and Palmer, 1992, 1994; Felmy et al.,
1994a,b; Azaroual et al., 1997; Richter et a]., 2000). However, a complete data
set of the necessary Pitzer parameters is not available for Si and Al at pH values
and brine compositions relevant to the WIPP or to cement pore fluids (pH9-13).
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2. Identification of the initial hydrated cement phases, cement alteration phases, and
alteration pathways. The phases that are present in hydrated cement are well
known, and can be calculated modally from the initial composition of the cement
blend (Atkihs et al., 1992a; Macphee et al., 1989). Degradation of both salt-free
and salt-saturated cement in different electrolytes has been widely studied
(Atkinson and Heame, 1990; Bonen, 1992; Bonen and Cohen, 1992; Havlica and
Sahu, 1992; Krumhansl 1993,1995; Krumhansl and Lambert, 1992; Lambert et
al., 1992; Wakeley eta]., 1992, 1994; Poole et al., 1994; Neall, 1994, 1996;
Bonen, 1996; Pfingsten and Shiotsuki, 1998), and possible alteration phases that
are likely to form have been identified. Although some studies have been done
with synthetic WIPP brines, the results varied from study to study and were in
some cases inconsistent, possibly due to differences in experimental conditions
(some experiments were run at elevated temperatures). New experiments will be
run at ambient temperatures, more similar to conditions expected in the WIPP,
and will include Castile brine, an electrolyte of primary importance to this study
which has not previously been examined.
3. Once the imuortant ~ h a s e have
s
been identified. thermodvnamic data must be
compiled, and an equilibrium thermodynamic model will be generated.
Thermodynaniic data are available for cement phases, alteration phases, and
1979; Gartner i d Jennings,
naturally-occumng mineral analogs (Goto et G.,
1987; Glasser et al., 1987; Atkinson et al, 1989; Atkins et al., 1991a, 1991b,
1992b; Damidot and Glasser, 1992,1993; Taylor, 1992; Xie and Beaudoin, 1992).
Where possible, data for the actual cement phases will be used, as mineral analogs
are commonly more crystalline than the cement phases, and are not
cornpositionally identical. Finally, the model will be compared to existing
thermodynamic models for cement degradation (Bemer, 1987, 1988,1990; Atkins
et al., 1992a; Bennett, et al., 1992; Neall, 1994, 1996; Krumhansl, 1995; Pfingsten
and Shiotsuki, 1998).
4. A comulete eauilibrium thermodynamic model for brinelcement interactions is
still insufficient for describing cement plug degradation, as it is not an equilibrium
process. Reaction kinetics may inhibit formation of specific phases; coatings may
form on cementtbrine interfaces or precipitated phasel may reduce porosity and
permeability, inhibiting further reaction; or expansive alteration phases may
fracture the cement, forming "fast paths" for brine flow through the cement plug.
Batch experiments with hydrated cement wafers and column experiments with
cement cores are being performed to evaluate the impact of these non-equilibrium
processes. Finally, a more comprehensive degradation model, incorporating these
non-equilibrium processes, will be implemented.

.

Laboratory experiments to determine the necessary information are being run
concurrently and are described in the following sections.
Cement Preparation
In order to determine the appropriate type of cement to be used in the plug degradation
exoeriments. 52 borehole a lugging logs for wells in the Delaware Basin were examined.
Where the type of cement was specified (slightly more than half of the cases), either Type
~~~
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C or Type H oilfield cement was used. Both cement types are sulfate-resistant and
chemically similar-the major difference between the two is that Type H is coarserground and hence hydrates and hardens more slowly. Thus, Type H was commonly used
in the deeper holes (greater than -7000 feet), to prevent premature solidification.
Aggregate was not added, but 2% by weight CaCI2(3 cases) or KC1 (1 case) was
occasionally added as an accelerator.
As there is little chemical difference between Type C and Type H cement, it was decided
to use only type C for the borehole plug degradation studies. Lone Star Industries, Inc.,
an oilfield cement company that services the Delaware Basin, was contacted and 25 kg of
dry Type C cement was obtained. The cement was mixed with water using standard
oilfield ratios as obtained from Schlumberger/Dolwell; dry cement was mixed with 44
wt% DI water (27 wt% is sufficient for complete hydration). Salt-saturated cement was
also produced, by adding NaCl equivalent to 37 wt% of the water present (both salt-free
and salt-saturated cement is used in Delaware Basin borehole plugs, depending upon the
formations intersected). After curing for two weeks, a fraction of each was crushed to
4 5 0 pm for use in batch equilibration experiments. The remainder of the solidified,
hydrated cement was either sliced into wafers (25 rnm x 25 mm x 3 mm) for the wafer
experiments, or cored with a 25 mm diameter diamond coring bit for use in column flowthrough experiments.
Cementitious waste forms in the repository will be dominantly ordinary Portland cement
(opc). As this material is not sulfate-resistant and will not be salt-saturated, it is likely to
react more rapidly with WIPP brines than the Type C oilfield cement. Thus, samples of
this material will also be obtained and used in powdered cement and wafer batch
experiments.
Following crushing, samples of all hydrated cement are being analyzed by X-ray
Diffraction (XRD) and scanning electron microscope (SEM)to determine initial
mineralogy and texture.

Brines
Two WIPP-relevant brines are being used in the cement work. These are GW and
ERDA-6 brines, which are synthetic Salado and Castile brines, respectively.
Lab experiments
Experiments that are currently underway or planned for the coming year are listed in
Table 1, along with the information to be derived from each, and the current status.
Al solubility experiments are being run to determine Pitzer interaction parameters for
aluminum and silicon, two of the dominant constituents in cement. Our experiments deal
primarily with aluminum, as other workers (Andrew Felmy at Pacific ~orthwestNational
Laboratories, funded from non-WIPP sources) are currently determining Pitzer
parameters for silicon. Pitzer parameters are derived from Al solubility data at varying

Table 1. Experimental matrix for research on cemenarine interactions.
Experiment

I Ststus

( Information gained

AUSi solubility experiments

Pitzer parameters for A1 and Si in WIPPrelevant brines
Crushed cement reaction rate The proper time interval for equilibrium batch
experiment
experiments.
Crushed cement1 brine
Equilibrium mineral assemblages/ brine
equilibration experiments.
1 compositions at varying brinekement ratios.
Crushed cement leaching
I Pmixing tank" type experiment to determine
experiments.
the brinevolume necessary for complete
degradation of the cement. Will also be used
to validate the eventual thermodynamic
model.
Wafer experiments
Effects of non-equilibrium processes (e.g.,
precipitation of mineral coatin~s.fracturin~
I caused by expansive alterationp&ucts).
Column experiments.
1 Effects of non-eauilibrium orocesses in a
flow-through system (e.g., plugging of pores
by mineral precipitates, fracturing due to
mineral growth).

-

In progress (7101)
In progress (1102)
In uromess (1U01)
1 . I In .
Dromess
- (1102)
. -,

In progress (1102)

I Will start..m
.
- -n
-.
-

(2102)

hydrogen ion concentration ( ~ C Hin) simple binary electrolytes representing the major
components in WIPP brine (e.g., CaC12, MgC12, and NaS04). Experimentally, the
solubility of gibbsite (Al(OH)3) is measured in batch systems over a range of pH values,
while the solid phase present is identified by XRD. To calculate the ~ C inHthe solutions,
each electrolyte is titrated with acid or base, and a correction factor for the measured pH
is determined by plotting the observed hydrogen ion concentration ([H+],b,d) against
the actual concentration, known from the amount of acid or base added ([Wladdek).
Titration and A1 solubility results for one electrolyte of interest, CaCl2, are shown in
Figure 1.
Experiments with crushed, hydrated cement (450pm) are aimed primarily at
determining the equilibrium mineral assemblages present in cementlWIPP brine (Castile
and ~alado)systems. In addition, compositional data for the brines and solids in these
experiments will be used to validate the thermodynamic model eventually developed.
Three experiments are currently underway. In the reaction rate experiment, cement was
added to GW and Castile brines, and samples of the brine are being collected repeatedly
over several months. By monitoring the change in brine composition, the time required
to reach equilibrium will be determined. Another experiment will be run at 60°C to
determine if accelerating the reaction through heating results in a different equilibrium
mineral assemblage. In the equilibration experiment, cement and brine were mixed in
varvine ratios. and once eouilibrium has been reached (after the time interval determined
by the rate experiment), sdlid and liquid phases will be'sampled and analyzed chemically
and mineralogically. In these mixed batch systems, the small size of the cement grains
and the conti&ouiagitation should preclu&formation of mineral coatings, and
equilibrium assemblage of alteration minerals should form. In the leaching experiment,
brine and cement are being continually mixed and allowed to equilibrate, and the
electrolyte is periodically centrifuged off, and fresh brine added. The composition of the

."

Figure 1. Solubility of AI(OH3) (gibbsite) in CaC12 electrolytes. a) Titration data
for 0.1 M, 0.3 M. 1.0 M, and 2.0 M CaCh solutions. The slopes of the lines
represent the factor necessary to correct pH to pCH, b) AI(OH)3 (gibbsite) solubility
data for CaClz electrolytes at varying ~ C H .
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brine and the solid phase are monitored at each step. This equilibrium "mixing tank"
experiment will provide information on cement degradation rates based upon equilibrium
conditions--that is, based on a mass balance of cement and brine reactants.
The degradation rate experiments consist of two types: batch experiments with cement
wafers, and core-column (flow-through) experiments. In the wafer experiments, 3 mm
thick wafers of cement were placed in 200 ml of GW and ERDA-6 brines, and will be
sampled periodically and analyzed by SEM to observe the mineral coatings that form and
possible effects these may have on the alteration mineral assemblage that forms in the
underlying cement. Formation of low-porosity mineral coatings may significantly
deplete cement pore waters in some aqueous species, resulting in formation of different
alteration products than those observed in the crushed cement batch systems.
The core-column experiments will evaluate the kinetics of cement degradation in a
system in which the cement is continually being exposed to fresh brine. Brines will be
pumped through whole and synthetically fractured cement cores, and the effluent will be
collected and analyzed. Eventually, the cores will be removed from the holders,
sectioned, and characterized texturally and petrographically by optical microscopy and
SEM imaging. Some material will be crushed and analyzed by XRD to determine the
alteration phases present, or digested and chemically analyzed to determine the chemical
changes associated with alteration. These experiments will provide information on the
effects of non-equilibrium processes, such as diffusion and mineral precipitation
(gypsum, brucite, ettringite, and carbonate minerals are likely precipitates) on cement
permeability and degradation.

Sampling During Well Maintenance and Abandonment
In WOO and EYO1, samples were taken from several monitoring wells at the WIPP site.
No opportunities for cement recovery occurred--cement recovery is generally limited to
cases where a poor cementlcasing bond requires that the casing be pulled from the hole
prior to pouring a cement plug. Samples of casing corrosion were collected from several
wells, but only from depths above the Salado Formation. In the Compliance Certification
Application (CCA), borehole plugs at these depths are assumed to fail rapidly (CCA.
Appendix MASS, DOE, 1996), so casing corrosion is of relatively little interest.
Unfortunately, corrosion samples from depths below the repository, where casing
corrosion models are critical to estimating the borehole plug lifetimes, have not yet
become available.
The casing corrosion samples from above the Salado were densely cemented and orangeblack, and strongly magnetic. Sample mineralogy and texture was determined by XRD
analysis and SEM examination. Sample mineralogy was surprisingly similar in all cases
(XRDpatterns for 5 samples are shown in Figure 2), consisting mostly of magnetite
peso4), goethite (FeOOH), and lepidocrocite ( FeO(OH&13 ). Examination by SEM
shows that the samples consist dominantly of dense layers, presumably formed parallel to
the steel casing surface, of finely crystalline mixed magnetite, goethite, and lepidocrocite
(Figure 3a). Lens-like vugs occur between the layers, and contain more coarsely
3.3 - 8
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Degrees 28

Figure 2. XRD patterns for casing scale, collected from several boreholes at supraSalado depths. Patterns are identical, and indicate that the material contains magnetite
(M), goethite (G), and lepidocrocite (L). Peak heights are not indicative of mineral
abundance.

of casingscale:
a) low magnification
image, showing the
-Figure 3. SEM images
--overall layered structure; b) goethite lining a lens-like vug, pseudomorphing a
coarsely-bladed precursor mineral.
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crystalline goethite, present as plate-like clusters apparently pseudomorphing a coarsely
bladed precursor mineral (Figure 3b).
The concentration of iron in the ferrous state was determined by wet chemistry, and used
to quantify the amount of magnetite present in each sample. Results are given in Table 2.
The similarity in mineralogy and in magnetite content of the samples suggests that the
corrosion pathway for all samples was similar. This pathway probably involves
formation of a precursor mineral, possibly pyroaurite ("green rust"), a mixed
ferrous/fenic oxide that can contain significant amounts of chlorine. Decomposition of
this mineral into magnetite, goethite and lepidocrocite could yield the mineralogy and
replacement textures seen in the samples.
The corrosion pathway observed in these samples, collected from the oxidizing or at most
mildly reducing groundwater above the Salado, is unlikely to apply to casing corrosion
below the repository, where highly reducing conditions are expected. However, the
presence of a ferrous iron-containing phase, magnetite, in the reaction products suggests
that the model for casing corrosion at depth advanced in the CCA, in which goethite is
the end product, is probably not realistic. The corrosion pathway is of importance
because it determines the rate of hydrogen gas production, and it was proposed in the
CCA that corrosion-generated hydrogen gas would inhibit casing corrosion and failure.
Another important parameter in performance assessment is the permeability of boreholes
after plug failure. In the CCA, the boreholes were assumed to be filled from top to
bottom with corrosion products that flaked off the casing walls, and that this material was
texturally and hydraulically similar to fine sand. To test this, an effort was made during
P&A sampling to collect samples of the bottom sediments prior to scraping and cleaning
holes for plugging. Only holes that were cased from top to bottom were considered
candidates for bottom hole sampling--in uncased holes, geologic materials that cave or

l'able 2. The magnetite content of several WIPP casing corrosion samples.

-

I bottom of the hole.
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Figure 4. Size distribution for casing scale recovered from the bottom of Hole P-15.
This material flaked off of casing walls naturally-it was not scraped. Sand size
fractions are listed across the top of the figure. The material is dominantly fine-grained
sand.

spall from the walls dominate the bottom hole sediments. Only one sampling opportunity
for bottom-hole sediments, borehole P-15, occurred. The collected material was sieved,
and the results of the size analysis are shown in Figure 4. Although the material contains
rare coarse (>1 mm)fragments of scale, and some finer, silt-sized material, the majority
of the sample is indeed fine sand. The sample volume was too small to actually measure
porosity and permeability, but this data does offer support for the CCA assumption of
"fine sand" in the borehole.
Although the results of the plugging and abandonment sampling program are of interest,
it is apparent that collection of downhole cement and of casing corrosion samples from
repository depths and greater is necessary for this program to significantly modify the
current CCA models for borehole plug degradation. Such opportunities will be taken, if
they arise.
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3.4 Panel ~losures'
Physical Barriers Studies involving the Panel Closure Systems (PCS) are reported in this
section. This work addresses WBS element 1.3.5.4.3.2,which comprises both the reevaluation of the PCS and studies of cementitious materials. The term "Eneineered
"
Barriers" in the context of repository investigations includes MgO hydration, carbonation
and colloids, cementitious materials research, and panel closure systems. In order of
maturity of investigations, the MgO work in ~arlsbadis now weli underway,
cementitious materials laboratory studies in Carlsbad are initiating and panel closure
evaluations have been re-directed as recently as January 7,2002.
The CBFO has identified new panel closure considerations to be evaluated by Sandia. A
summary of the expected path forward will be given. Over this recent reporting period,
effort was lent to address an array of issues pertaining to PCS. A short review of the PCS
issues and material delivered to the CBFO this reporting period is given here.
First, a condition of the EPA certification requires use of the Option D panel closure
system. The compliance submittal panel closure system was designed by the M&O for
operational RCRA considerations. The WIPP project's perception at the time of the CCA
was that the panel closures were constructed only for operational and RCRA
considerations, and not for long-term performance.
Second, the construction specifications contained several sections that could be
improved. Construction enhancements pertaining to Option D were compiled and
submitted to the EPA (April 17,2001). Subsequently, this submittal was withdrawn by
CBFO on September 4,2001.

I
-

I
I
I
I
I
I
I

Third, a performance calculation is necessary to establish a technical baseline. This will
incorporate parameters from the EPA P A W calculations. In addition, the Technical
~aseiine gat ion (TBM) will provide detail of the baseline calculatibns with an Option
D panel closure configuration. These calculations will be conducted under guidelines of
an Analysis Plan, which is being drafted at this time. The PCS team has contributed
parameters and parameter justification to this Analysis plan.
Fourth, subsequent to the TBM evaluation, sensitivity calculations regarding the PCS will
be executed. It is possible that an alternative to the Option D would provide a more
optimal panel closure system for both long-term performance and RCRA operational
considerations.
During this reporting period, numerous discussions were held between the CBFO, WTS
and Sanrliaregwding ~aneielesur&ues.-As ofthis revotz S a n W s eontribution to the
path forward (based,; redirection by CBFO on 01/07/62) looks like this:

' This work is covered by BOE #1.3.5.4.3 and WBS #1.3.5.4.3.2
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Sandia will perform calculations to migrate the baseline to the Option D Panel Closure
System using a refined mesh for BRAGFLO and parameter distributions for the DRZ and
the panel closure concrete. Two main purposes emerge from this analysis:

1. It provides a technical baseline migration which includes P A W parameters and
2. Results will be used for evaluation of proposed changes.
Subsequently, this information will be compared to a PA sensitivity analysis, where
properties of the PCS and DRZ are varied to represent other possible configurations of
the PCS. A technical revort will summarize these results and will vrovide a basis for
recommendations for specific design changes to the panel closure system. The schedule
calls for these calculations to begin in February 2002 and completed by the next
Milestone Report (July 31,2002).
One of the panel closure options considered during this reporting period involved the use
of temporary panel closures that allowed gas monitoring. The gases could include RCRA
volatile organic compounds (VOC) and gases pertinent to PA. Sandia prepared a draft
assessment of the use of microsensor technology for this purpose. The monitoring
memorandum is included here.

I
I
I
I
I
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Air Monitoring in a Temporarily Closed WIPP Waste Panel with Microsensor Technology AM
i Feasibility Study
Introduction

To response the suggestion of the National Academy of Science (NAS) on
monitoring gas generation in a closed waste panel in the Waste Isolation Piiot Plant (WnrP),
the Department of Energy (DOE) Carlsbad Field Office (CBFO) is currently evalua* the
possibility of using microsensor technology for such monitoring. This memorandum
summarizes the results of our preliminary study on the availability of microsensor technology
and the feasibility of using such technology for NAS proposed waste panel monitoring.
Robert C. Hughes (Dept. 1744), Clifford K. Ho wept. 61IS), Donald E. Wall wept. 6821),
David Guerin (6820), and James W. Gamer (Dept. 6821) partly contributed the information
summarized below. This study intends to provide information only for .a programmatic
decision. The M e r work, if it is decided to go forward, will follow Sandia National
Laboratories WIPP Quality Assurance Procedms.
Compounds to Be Monitored and Related Chemical Procesrss
The chemical compounds to be monitored are listed in Table 1. The gases of &, CQ,
C&, Nz, and &S are generated h m either of three chemical processes: metal corrosion,
microbial degradation of organic materials, and radiolysis. It is assumed in the WIPP
Compliance Certification Application (CCA) that the contribution of radiolysis to gas
generation will be negligible relative to the other two processes. It is also assumad that any
C@ generated in a disposal room will be instantaneously removed by MgO reactions.
Additionally, it is expected that atmospheric 9 initially present in the repository will be
consumed quickly by both metal corrosion and microbial degradation, thus mating a
reducing environment in a disposal room. The partial pressure of Hz0 vapor h a closed
waste panel could be an important parameter for microbial reactions and other chemical
processes. The water vapor pressure is expected to be significantly lower than that buffend
by a WIPP brine, due to the hydration of MgO backfill. In short, the in-situ monitoring of Hz,
eai-C!I4;Nz;-Hfi, 9,and HzO in a closed waste panel will provide valuable information
on gas generation and other chemical processes in the actual repository environment and thus
will be important for further demonstrating the robustness of WIPP long-term performance.
Currently, nine volatile organic compounds (VOCs) are required to be quantified in
waste characterization. Room-based concentration limits of these compounds are listed in

INFORMATION ONLY

,,,

-2-

Frank D. Hansen @ept. 6822)

August 20.2001

Table 2. The in-situ monitoring of these VOCs in a closed panel will provide useful
information for establishment of a credible argument for relaxing the existing waste
characterization requirements for headspace gas sampling and analysis. We suggest that as a
first step the air monitoring in a closed panel be focused on one or two representative VOCs
(e.g, carbon tetrachloride) due to the current limitation of microsensor for differentiation of
multiple VOCs,. As the technology advances, more VOCs will be included.
Table 1. Availability of microsensor technology for air monitoring
Related Chemical Process I Availability of Mimsensorl
Chance for succsss
~echnolog~
I
Commercially available; I Very high, lonn-tem~
corrosion and, to a leae
developed by Sandia
~&ility-~etr b ur
extent, fium radiolysis
National Laboratmiss and
licensed to DCH
I
Generated fiom microbial Commercially available
Very high; long-tom
degradstion; presumably
stability yet to be tested.
co~sumed.b;'~gO
I Generated from mimbial Commercially available
Vny high; long-tom
I degradation and, to a l w
stabilii y a to be tssted

I Compound 1

(

CO1

I

CH.

I1

-

1

1

1

,,

degradation

I

I

I

Hd
-

I

H.0

I Controlled by brine inflow
( and MgO hydration

0,

I initially present in the air.

-

Volatile
organic
compounds

Generated from microbial

I degradation

II

I

cons&& by both m o d .
w m l o n and microbial
degradation
Evolved from wastes

I

Available for representative Very high; long-tesm
VOCs: Sandia National
stability and sensitivity wt

1

Availability of Microsewor Technology
As shown in Table 1, microsensor technologies are commercially available for the
first seven chemical compounds listed in the table. The ranges of concentration changes of
these compounds in a closed panel are listed in Table 2. These ranges an estimated from the
CCA gas generation model using maximum gas generation rates (Helton et al., 1998, fig.
7.3.1). Since the detection limits of most commercially available microsensors can be as low
as 10 ppmv, as shown in Table 2, the concentration changes of the relevant compounds in a
closed panel can be easily detected by microsensors even in the first couple of years afta

apnel closure, if the gas generation predicted in the CCA is realized. Therefon, the in-situ air
monitoring in a closed panel will provide very useful information for testing the gas
generation model used in the CCA.
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n b l e 2. Concentration limit of gaseous compounds in a closed waste panel estimated fmm the CCA gas
generation
model. The maximum gas
- -generation ram were used in the estimation. Ibc daection
limits of commercially available microsensors can bedown to 10 ppmv.
Compo~d
Concentration @pmv)
1 1 Year after'
1 5 Yean after
Initial
0.51
12,000
120,000
Hz
CO,
I
n
I
n

-

-

presence of atmospheric Q.

Certain chemiresistor sensors developed at Sandia National Laboratories are available
for detecting VOCs such as carbon tetrachloride and tetrachloroethane. As shown in Table 3,
the chemiresistor sensors combined with a pre-concentrator are capable of detecting a l l nine
monitored VOCs. A major limitation of the existing microsensors is the difficulty with
differentiating coexisting multiple (>3) compounds. It is expected, however, that this
limitation will be significantly improved in the next few years. Sandia National Laboratories
an funding a Laboratory Directed Research & Development (LDRD)project in FYO2
through FY04. One of the objectives of this LDRD project is to optimize the ability of
microsensors for the differentiation of individual VOCs in transwanic wastes. The optimized
VOC sensors can be incorporated in WIPP underground air monitoring as needed.
n b l e 3. Room-bad concentration limits for nine volatile organic compounds and detection limits of VOC
microsensom.
Volatile Organic
Room-Based
Typical Headspace Detection limit of
Compound
Concentration Limit Concentration in micmscnso? (ppmv:
limit of
mutcstream'
r n i c m ~
(ppmv)
with p
@pmv)
wncend
I (ppmv)
Carbon tetrachloride
0.1 1,230
For solidiflad
organics: >3,340
120
1
9,625
10
Chlorobenzcne
<1
0 260
13,000
210
Chl01'0f01m
0 280
2
9.930
2
240
0-240
1.1-Dichlomethane
5,490
110
1
I,2-Dichioroethane
0 230
2,400
-460
5
0.3 -2550
Methylene chloride
100,000
1.12210
<1
~etra&orOethane
0 2 230
2,960
30
<1
Toluene
0.4 360
11,000
130
1
' I,l,l-Trichloroethane
8 6590
33,700

1

-

1

-

-

I

-

X

i

Z

-

t

-

i

--

Z

f

i

Environmental Laboratory (R'IEEL) and Rocky Flats Environmental Technology Site (RFETS) (Connolly et
al., 1998).
'~etectionlimits of VOC microsensors are usually about 0.1% of VOC vapor p r e 8 9 ~ 1'Ihe
~ . rapor pmssum of
VOCs arc taken fmm hnp//c&.sMdhgov/cgl-bin/mdlseorNohrlang.pI.The actual detection b i t s of VOC
sensors need to be tested.
%se of a prs-conccntrator could reduce the detection limits by a factor of -100.
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In-situ air monitoring in a closed waste panel requires microsensors to be durable and
long-term stable in WIPP repository environments, in order to avoid fnsuent maintenance
and calibration. All these sensors used for the monitoring will be tested for their.long-term
stabilities.
Possible Confiption and Duration
Conceptually, microsensors can be emplaced in two ways: (1) Once microsensors are
emplaced, the panel will be sealed, and the sensors can be accessible only by signal
transmission wires. (2) Small pipe tubes are placed in a panel seal, through which
microsensors can be placed and retrieved. Depending on the long-term stabiiity of
microsensors, the second option may be more preferable. It will be necessary to emplace
multiple sensors at various locations due to the possibility of gas stratification in the disposal
room. All these sensors will be ~ 0 ~ e c t to
e done centralid data acquisition system.
As shown in Table 2, the optimal duration for the proposed monitoring is about 5
years. Over that time period, sufficient gas composition changes will be induced due to both
steel corrosion and microbial degradation.
.. .

Cost Analyaii and P b
The wst of a microsensor system has been estimated. The commercial sensors would
probably wst $2 K 15 K per package that includes a specific type of gas sensors and a
compact data acquisition system. (Microsensors themselves are cheap, probably less thaa $1
K each; but the manufactures usually prefer not to sell them separately.) Since the multiple
types of sensors will be needed for multiple gaseous wmpounds, the largest expense would
be sensor integrationlpackaging, software development, data fusion, and testing, which
ranges probably from $100 K to $150 K. Therefore, a complete microsensor system for the
intended air monitoring, which will include multiple gas sensors and a c e n t r a l i i data
acquisition system, could cost $200 K. Note that once a system is set up, the wst for adding
additional sensors is minimal.

-

Use of microsensors for air monitoring is very preferable as compared with Gas
Chromatography-Mass Spectrometer (GC-MS) gas sampling and analysis. A OC-MS
analysis for VOCs could cost $100 to $300 per sample. Assuming that m need to take 10
samples each time and sampling 100 times per year, the cost for analysis alone would be
$100 300 Wyear, besides the cost for sampling. However, once a microsensor system is
setup, the cost for the subsequent years will be minimal. In addition to cost saving, the
microsensors will provide real-time, continuous, and in-situ measurements: In contrast, with
GC-MS analysis, taking a representative air volume over a long pipe tube in a'closed panel
could pose a significant sampling problem. Furthermore, a GC-MS is not set up for detecting
- WIPP ~erfo&anceAssessme&elated gases: Hz, C01, CH4, N2, HzS, H20, and
A OCMS c d d be used to detect C02 and H2S, but it requires a special setup, which could double
the cost for sample analysis.

-

a.
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Schedule and Plan:

I

Year 1:
Long-term stability and sensitivity test of microsensors
Integration of sensor system
Conceptual design

I
I

I

Year 2:

.

Field implementation
Data ac&sition

Budget:

I
I
I
I
I
I

Labor (2 FIEs): $500 K
Equipment:
$200 K
Total for Year 1: $700 K

.

Total for Year 2: $700 K

.

.

.

I
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4.0 Rock Mechanics
4.1 An Overview of DRZ Studies in the WIPP ~epository'
Terry L. MacDonald
Sandia National Laboratories, MS 1395
4100 National Parks Highway
Carlsbad, NM USA 88220

Abstract
This report briefly describes the Disturbed Rock Zone (DRZ) repository studies conducted in the
Waste Isolation Pilot Plant (WIPP) repository during the current reporting period. Tests
associated with these studies were performed in accordance with the Sandia National
Laboratories (SNL) National Waste Management Program (NWMP) Test Plan TP 99-04.
Disturbed Rock Zone Characterization Test Plan @RZ Test Plan). DRZ repository studies have
been limited to activities associated with ultrasonic velocity tests in the Air Intake Shaft (AIS)
and near the Q Room.
Introduction
Considerable experimental data and operational evidence supports the existence of a DRZ in the
WIPP repository. In the Department of EnergyICarlsbad Field Office's (DOEICBFO)
Compliance Certification Application (CCA), these data provided the basis for the modeling of
the DRZ around both the waste storage panels and the vertical shafts. However, considerable
uncertainty remains concerning the transient behavior of the DRZ, its role in brine inflow, and
the likely heterogeneous distribution of its permeability. To reduce this uncertainty, the DRZ
Test Plan was written to complement, not duplicate, the historical database used in the previous
modeling of the DRZ. DRZ repository studies to include:
Ultrasonic velocity tests near the Q Room
Data analysis and maintenance of the ultrasonic velocity test arrays in the AIS
Completion of ultrasonic velocity tests borehole mechanics documentation and technical
Papers.
The strategy to be implemented in EY2002 is still being negotiated with the CBFO. The scope
of work for FY2002 will likely include evaluation of deep boreholes (up to 100 feet),
development of a mine-by test plan, and preparation of a comprehensive document on the DRZ
(with implications to WIPP PA). These topics will be updated both in the biannual progress
reports and as separate milestone deliverables.

.
.

This report briefly describes DRZ repository studies performed during the current reporting
period, and studies planned for the future. Current DRZ repository study reports, pertaining to
the Q Alcove ultrasonic velocity tests, are provided in greater detail in Sections 4.2 and 4.3 of
this technical baseline report

Current DRZ Repository Studies
- Additional ultrasonic velocity tests conducted by David Holcomb (6117) and Bob Hardy (6117)
near the Q Room were the main DRZ repository studies accomplished during the current
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reporting period. Specifically, these tests were conducted in 4-in diameter boreholes located at
two DRZ test locations:
1) Location 1 (in the S-90 Drift/Q Room Access Drift)
2) Q Alcove southeast (SE) comer.
The boreholes at Location 1 are perpendicular to the drift wall, while the boreholes in the Q
Alcove are parallel to a plane that bisects the SE comer ("into" the alcove comer). New P-wave
ultrasonic velocity transceivers were used to obtain complementary cross-hole, and same-hole
data to compare with data collected previously at these test locations. The analysis of the most
current ultrasonic velocity data compares favorably with the previously collected data. These
data show a decrease in the ultrasonic velocity near the drift/alcove surface, which correlates to
the DRZ near the surface. These data also indicate that the effect of the DRZ may extend further
into the host rock than previously assumed. Analysis of the Q Alcove data indicates the
geometry of the SE comer has an effect on the depth and direction of the DRZ in this region of
the host rock. In particular, the DRZ near the alcove comer is less extensive than the DRZ that
develops at Location 1. The results of the Q Alcove ultrasonic velocity tests were compiled into
an abstract for the NARMS-TAC 2002 EDZ Workshop to be held in Toronto in July 2002
(Section 4.2) and into an October 2001 DOEICBFO level4 milestone report (Section 4.3).
Access for the ultrasonic velocity test equipment to study the DRZ in the WIPP repository
required the drilling of 4-in diameter boreholes at Location 1 and in the Q Alcove SE comer.
Upon the completion of the boreholes, detailed borehole survey data and diametric data were
recorded and provided to Dave Holcomb and Bob Hardy to complete the analysis of the
ultrasonic velocity test measurements. This information was recorded on forms and submitted to
the SNUCB Records Center for archiving. Cores were extracted and preserved during the
drilling of the boreholes. Some of theses cores were used during DRZ observational core studies
(Section 4.4). A detailed core log was generated for each core section recovered. Copies of
these core logs were submitted to the SNUCB Records Center for archiving.
The three AIS ultrasonic velocity tests arrays, first installed in 1989, continue to monitor the
DRZ in the AIS. These arrays require periodic downloading of the data by Westinghouse TRU
Solutions (WTS). An electronic copy of the data is sent to Bob Hardy for analysis. These
ultrasonic velocity arrays also require periodic maintenance. During this current reporting
period, a corroded connection in a junction box for the array at AIS Level 1575 (ft) was repaired,
and the array was brought back on line. The Level 1575 array had been out of service for two
years before the repair was completed.

Future DRZ Repository Studies
Additional DRZ repository studies outlined in the DRZ Test Plan, along with several new
studies, were scheduled to commence in FY 2002. The new studies, designed to complement
data collected during the ultrasonic velocity tests in the WIPP repository, received concurrence
from cognizant DOWCBFO, SNLCB, and WTS personnel. These activities will be discussed
with CBFO counterparts and initiated if SNUCB budget is available.
The DRZ Test Plan outlined the implementation of two feasibility studies to evaluate the effect
of the DRZ on moisture content (pore water saturation) and porosity of the host rock in the WIPP
repository. Neutron probe testing and gamma ray densitometryltomography were the testing
methods recommended by the test plan to measure moisture content and porosity, respectively.
A neutron moisture probe and gamma ray densiometer have been purchased and are awaiting
setuD and evaluation.

Hydrological tests are planned for implementation in boreholes drilled at b a t i o n 1 and the Q
Alcove SE comer. The hydrological tests, as planned, would study the effect of the DRZ on the
permeability of the host rock. Data from the hydrological tests would be correlated to results of
the ultrasonic velocity tests and to DRZ observational studies (Section 3.3) associated with these
locations. A test planttest plan addendum to the DRZ Test Plan will be written for the
hydrological tests.
A mine-by experiment near the WIPP repository Panel 3, utilizing several ultrasonic velocity test
arrays embedded in the host rock, received concurrence from cognizant DOWCBFO, S m B ,
and WTS personnel. The purpose of the mine-by experiment is to study the formation and
growth of the DRZ during and after the mining of an opening in the WIPP repository. The
information gathered from this study will complement data from a previous mine-by experiment.
Additional tests (i.e., hydrological tests) can be incorporated into the mine-by experiment, as
funding allows. A test plan will be written for the mine-by experiment.
Results from the recently completed ultrasonic velocity tests at Location 1 and in the Q Alcove
SE comer indicate that the depth of the DRZ may extend farther into the host rock than
previously assumed. Cognizant DOEICBFO, S W C B , and WTS personnel recommend
deepening the 4-in boreholes planned for DRZ Location 2 (next to Location 1) to 100 ft to study
the depth of the DRZ into the host rock. These boreholes will undergo ultrasonic velocity
testing, and their cores will undergo DRZ observational studies (Section 4.4). These boreholes
will also determine the depth and alignment that 4-in boreholes can be drilled in the WIPP
repository using current drilling equipment and will serve as a validation of drilling techniques
for the mine-by experiment planned near Panel 3.
References
Knowles, M.K., 2001, Disturbed Rock Zone (DRZ) Characterization Test Plan, SNL National
Waste Management Program (W)
Test Plan TP 99-04, Revision 1, effective date 3/28/01,
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Using Ultrasonic Waves to Assess the Disturbed Rock
Zone (DRZ) in an Alcove Corner Excavated in Salt at the
WIPP (Waste Isolation Pilot Plant)
There is a continuing need to understand the spatial and temporal development of the
disturbed rock zone (DRZ) around openings at the Waste Isolation Pilot Plant (WIPP).
Possible leakage paths around seals, performance assessment models, and safety issues are
affected by the DRZ. An alcove constructed about 12 years ago provides an opportunity to
conduct geophysical investigations of the damage that has developed in the salt for a complex
three-dimensional configuration. Specifically, an interior room comer is used to study the
damage caused by stress fields unique to the comers of rectangular openings in salt
formations. The mature DRZ is the macroscopic manifestation of grain-scale and larger
cracks that form as a result of the shear stress around the newly created opening, and as a
result of creep-related deformation over a period of years. ks part of a suite of measurements
designed to study the hydrological and mechanical properties of the salt in the alcove comer,
twelve, 10-cm diameter ultrasonic transducer emplacement holes were drilled in the alcove
comer rib to a depth of about 7.5 m. Elastic wave velocity and attenuation in the salt are a
function of the density of cracks, as is the permeability. The design of the borehole array and
the transducer assemblies allows the measurement of elastic wave velocities and amplitudes
(for attenuation studies) along vertical and horizontal paths tangential to the alcove comer
and, within the same hole, at a 4 5 k g l e to the rib. Orthogonal paths are necessary to detect
the anisotropy of the cracking in the DRZ.
Transducer positions were carefully surveyed, allowing absolute velocity measurements.
One set of measurements was completed at roughly 30-cm intervals in 12 boreholes to a
depth of 6 m, vertical, horizontal and perpendicular to the alcove comer axis, giving a
complete and r e d d a d data s X
set of measurements included 17 cross-hole paths and
12 axial paths. A second set of measurements was repeated in 5 of the boreholes a t roughly
15 cm intervals for the first shallowest 2 m, and at 30 cm intervals for an additional 4 m.
These measurements were made along paths through the salt near the back, floor and center
of the alcove corner, to detect the effect of the varying stress state
on the development of the
TIC?, in these lO~-Ons.
The data can be used to delineate the DRZ as a function of depth from the alcove comer and
as a function of the varying stress state around a rectangular alcove comer cross-section. The

paper will report results from the acquired data sets. Results will be related to the damage,
due to microcracking, required to produce the observed changes. The results are expected to
be useful to other studies of the long-term deformation characteristics of salt. The
significance of the results lies in the length of time the DRZ has had to develop
(approximately 12 years), the geometrical complexity of the alcove corner, which will allow a
more rigorous test of models than is possible in simpler geometries, and the hydrological
measurements to be made in conjunction with the velocity and attenuation measurements.
Understanding the time-dependent changes in damage, and thus permeability, as the DRZ
develops is important because these changes strongly affect the sealing of underground
openings a t the WIPP.
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Top Left: A typical ultrasonic wave test setup in the Q Alcove SE comer for studying the DRZ. Top Right: The
array of boreholes in the Q Alcove SE comer used for studying the DRZ using ultrasonic waves. Bottom Center:
Velocities from several sets of cross-hole measurements, in the holes indicated by the filled green circles, are plotted
as a function of distance from the rib face. The complexity of the DRZ at this location reflects the 3-Dgeometry.
Near the back and floor (top and bottom traces), a DRZ extends in approximately 1.5 m. At the intermediate levels
there is little or no DRZ evident in the data, except possibly at the shallowest depths.
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Introduction:
There is a need to understand the spatial and temporal development of the disturbed rock
zone (DRZ) around openings at the Waste Isolation Pilot Plant (WIPP). Possible leakage
paths around seals, effects on closure rates and safety issues related to deterioration of the
salt mechanical properties are issues affected by the DRZ. An alcove constructed about 12
years ago provided an opporhmity to conduct geophysical investigations of the damage that
has developed in the salt for a complex three-dimensional (3-D) configuration. Specifically,
an interior room comer was used to study the damage caused by the complex stress fields
existing near the comers of rectangular openings in salt formations. The mature DRZ found
in such a location is the macroscopic manifestation of grain-scale and larger cracks that form
as a result of the instantaneous shear stress induced around a newly created opening, and as a
result of creeprelated damage over a period of years. Velocity and attenuation of elastic
waves in the salt are a function of the density of cracks, as is the permeability.
As part of a suite of measurements designed to study the hydrological and mechanical
vroverties of the salt in the alcove comer, twelve, 10-cm diameter ultrasonic transducer
emplacement holes were drilled in the alcove comer rib to a depth of about 6 meters. The
design of the borehole array and the transducer assemblies allows the measurement of elastic
wave velocities along vertical and horizontal paths parallel to the walls intersecting at the
alcove comer and, within the same hole, at a 45' angle to the rib. Orthogonal paths are
necessary to detect the anisotropy of the cracking in the DRZ.

-
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Previous work at the WIPP, (Munson et al., 1995, Holcomb, 1999, Hardy and Holcomb,
2000, and Holcomb and Hardy, 2001) delineated the DRZ as a function of depth from the
drift wall and as a function of the varying stress-state around the approximately rectangular
drift cross section. Using results published by Brodsky (1995), changes in velocity can be
related to the damage, due to microcracking, required to produce the observed changes.
Holcomb and Hardy (2001) discussed the results of measurements conducted in the near-by
Q Room Access Drift, which is geometrically simpler than the current study area because the
drift's length results in a plane stress-state around the drift. Cross-hole and same-hole
velocity measurements gave a consistent picture of the DRZ around the Q Room Access
Drift. The DRZ was well developed at mid-height on the rib, extending in 2 m and possibly
as much as 4 meters. Near the back and floor, the DRZ was shallower (I meter or less) or
not detectable. Compressional mode (P) waves in same-hole measurements are most
sensitive to the DRZ because of favorable orientation of particle motion perpendicular to the
cracking. Changes in compressional velocity, Vp, as large as 22% were observed for P waves
propagating perpendicular to the drift axis at room mid-height. Using results from Brodsky
(1995 Figure 4-2), these changes would correspond to the velocity changes observed in salt
loaded close to failure in triaxial compression.
It is expected that the current results will be useful to other studies of the long-term
deformation characteristics of salt. The data delineate the DRZ as a function of depth from
the alcove comer and as a function of the varying stress-state around a rectangular alcove
comer cross-section. The significance of the results lies in the length of time the DRZ has
had to develop (approximately 12 years), the geometrical complexity of the alcove comer,
which will allow a more rigorous test of models than is possible in simpler geometries, and
the hydrological measurements to be made in conjunction with the velocity and attenuation
measurements. Understanding the time-dependent changes in damage, and thus
permeability, as the DRZ develops is important because these changes strongly affect the
sealing of underground openings at the WIPP.
Approach:

Open cracks and loosened grain boundaries decrease elastic moduli and therefore, elastic
wave velocities. The effect on elastic wave velocities is strongest for cracks oriented
perpendicular to the particle motion induced by the wave. Thus, the physical extent of the
disturbed zone can be determined by propagating elastic waves through successive portions
of the formation until an undisturbed zone is reached, as indicated by a constant velocity with
increasing depth from the rib. In this case, the cracking responsible for the disturbed zone is
expected to vary as a function of distance from the walls of the Q Room Alcove and to
depend on the position of the measurement path relative to the back, floor and comer.
Measurements were made in holes cored parallel to a line bisecting the comer angle, along
horizontal and vertical ~ a t h lvinrr
s. " in vertical lanes parallel to the comer walls. Transducer
positions were surveyed to an accuracy of 1 mrn, allowing absolute velocity measurements.
One set of measurements was completed at approximately 30-crn intervals in 12 boreholes to
a depth of about 6 m, along cross-hole verticaland horizontal paths parallel to the comers of
the alcove and same-hole paths, necessarily at 45' angles to the room walls. This set of
measurements included 17 cross-hole paths and 12 same-hole paths. A second set of
measurements was repeated in five of the boreholes at approximately 15-cm i n t e ~ d for
s the
first shallowest 2 m, and at 30-cm intervals for an additional 4 meters.

+

The cross-hole measurement paths were nominally one-meter long, while the same-hole
measurements all had the same fixed path length of 33 centimeters. Figure 1 shows the
arrangement and naming scheme for the measurement holes, QGU30, QGU31, ... QGU41.
Travel time measurements were made using the technique commonly used for laboratory
determinations of sound speed in rock; a sound pulse was applied to the rock at a known time
and place and, after traveling through the rock, was received by a transducer at a known
distance. The travel time and distance combine to give the average velocity over that path.
Lithology and Hole Layout
Twelve holes were cored (see Figure 1) to sample the lithologies exposed in the alcove
comer and the stress-state as it varied near the comer. Two rows of holes, 1 and 3 counting
from the top, were in halite, while rows 2 and 4 were in argillaceous salt. Each hole was
10.16 cm (4 inches) in diameter, 6+ m deep and as close to horizontal as possible. Great
effort and care was taken by the surveying and drilling crews to align the holes parallel and
horizontal, resulting in hole-to-hole separations that varied by less than 10 cm over the 6 m
depth, indicating very good control on the starting angle and carefully controlled drilling.
Hole locations were chosen that sampled the map units present (labeled halite and
argillaceous in Fig. I), and also the expected variation in damage around the comer.
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Figure 1: Layout of holes for the Q alcove, with holes used for ultrasound
measurements indicated in red. Other holes indicated are for the associated
hydrological studies.
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Measurement System:

Piezoelectric transducers were used as both the transmitter and receivers of the ultrasonic
elastic waves. In the current work, only compressional mode transducers were used, although
in certain configurations, a shear mode can be generated. A 300 kHz, PZT-5A piezoelectric
disk was the basic element; four of these were used, two as transmitters and two as receivers.
Each disk was mounted inside of a housing that could be pressed against the side of the 4inch boreholes using air pressure. Suitably curved faces on the aluminum housing increased
the area of contact when the housing was extended by pressurization to, typically, 60 psi. To
further, and very substantially, increase the energy transmission across the housing-rock
interface, a couplant was extruded between the housing face and the rock. Corn syrup was
used for this work; it is inexpensive, cleans up easily and provides good coupling for both
compressional and shear elastic waves.
Two transducer housings were coupled together (Figure 2) to form the tool inserted into the
borehole. Each transducer was electrically independent, meaning that either could be driven
and/or act as a receiver. One advantage of this approach is the ability to make two
measurements at one tool position; repositioni&the tool occupied about half the
measurement time, so cutting the number of re~ositioninesin half accelerated the
measurement pace. An addiiional capability isgained by placing two transducers in one
hole; one transducer can be driven as a transmitter while the other acts as a receiver. In this
way, measurements can be made along paths normal to the rib face and orthogonal to the
cross-hole measurements. As the orientation of the damage is expected to be anisotropic, it
adds information to be able to measure the effects of damage along orthogonal paths. In
particular, it is expected that the cracking planes will be preferentially parallel or sub-parallel
to the rib, resulting in the largest changes in velocity along paths normal to the rib.

-

In addition to measurements of compressional mode (P) velocity, this technique allows the
generation and propagation of shear (S) waves through the material parallel to the hole axis.
A similar technique is discussed by Maxwell et al., (1998). Although it is common to talk
about P and S mode transducers, it is a misnomer. All PZT-5 ceramic transducers expand
and contract along the axis parallel to the direction of polarization when an electrical field is
applied, and generate an electrical field when an impinging mechanical disturbance causes
strain along the axis of polarization. A disk of PZT-5, none as a P mode transducer, is
polarized parallel to the axis of the disk; application of an electrical field results in the disk
getting thicker or thinner, according to the sense of the electrical field. When coupled
mechanically to the surrounding medium, as discussed above, the rapid change in shape
causes a wave to propagate into the rock, much as if a tiny hammer had struck the side of the
hole. In the direction parallel to the disk axis, the result is a wave where the particle motion
is parallel to the propagation direction - a P wave, analogous to a sound wave in air.
However, at right angles to the disk axis, a disturbance propagates also, with the particle
motion still parallel to the disk axis, but the propagation direction is now orthogonal. This is
a shear wave, characterized by particle motion perpendicular to the direction of propagation,
and has no analogue in fluids such as air. Thus, a "P" transducer can in fact generate and
detect S waves and this was done using the pair of transducers in a single hole.
Once positioned and pressurized, a 100-volt square pulse, with a rise time of about 200 ns,
excited the chosen transducer. The resulting wave was detected by the chosen receiver,
4.3 - 4
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amplified by 60 dB and recorded on a digital oscilloscope to 16-bit precision, at a sampling
rate of 10 or 20 MHz. Each data set, consisting of the recorded driving pulse and received
pulse, was transferred to computer storage for later analysis. To enhance signal quality, 100
signals were averaged at each position. For cross-hole measurements, only P waves were
recorded, with measurements made at approximately one foot intervals from the full depth of
the holes to the surface, or as close as possible. Positioning was done by measuring the tool
depth relative to surveyed marks on reference plates affmed as a collar at the hole's entrance.
Calculating velocities requires an accurate knowledge of the transmitter and receiver
positions.

Figure 2: Transducer assembly showing two air-actuated clamping heads. Enlarged
photograph is a close-up of one of the heads with the direction of motion
during clamping indicated by arrows.
Surveying

The goal was to determine wave speeds with an accuracy of 0.5% or better. Path lengths
ranged from about 1 m for the cross-hole measurements to a fxed 0.33 m for the same-hole
measurements. The wave speed for P waves in salt is approximately 4500 rnls for
undisturbed salt. Thus travel times were exvected to be in the range of 200 to 70
microseconds. To maintain the desired accuracy, the path length had to be known to
substantially better than 0.5%, or 5 mm for the cross-hole paths. No direct measurement of
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path length was possible, so the path had to be determined indirectly by determining the 3-D
position of each transducer as a function of depth in the hole.
A survey was carried out by Westinghouse True Solutions (WTS) to locate the centerline of
each of the measurement holes to an accuracy of 1 millimeter. A repeated survey showed
that this accuracy was attained, and surpassed.

Data Analysis
Calculating the velocity was a several step process involving coordinate determination,
corrections for various offsets and choosing the arrival time for the P or S wave at the
receiver. Coordinates were determined by parameterizing the North, East and vertical
coordinates (N, E, 2) of the surveyed centerline of each hole as a function of depth into the
hole. Three, second order-fits for N, E, and Z, as functions of depth, were determined and
found to reproduce the surveyed coordinates within the required precision. For each
measurement set, the measured depth of emplacement for the transducer was used in the
second-order fits to calculate the coordinates of the transducer in space. Offsets were applied
to account for the actual position of the transducer against the wall, instead of the centerline
of the hole. Knowing the coordinates of the transmitter and receiver, the path length could be
calculated. Non-systematic errors are estimated to make the uncertainty in cross-hole path
length less than 3 millimeters. Same- hole measurements used the fixed 0.33-m separation of
the transducer heads (see Figure 2), eliminating path length as a systematic error.
Determining the travel time requires knowing the difference between the time of the
initiating electrical pulse applied to the transmitter and the time of arrival of the P or S wave
at the receiver. Pulse time, which is easily determined from the recorded rapidly rising
square wave to an accuracy limited only by the typical sample interval of 50 or 100 ns,
contributed a negligible amount to uncertainty in velocity. It is much more difficult to fix the
arrival time of the wave at the receiver. The waveform is an emergent sinusoid, not a square
wave pulse, whose unsharp beginning is additionally obscured by electrical noise in the
highly amplified signal. S waves, which travel slower and arrive later than P waves, are
additionally confounded by the coda of the P wave that extends into the S-wave signal.
Although signal quality was improved by signal averaging, the determination of arrival times
could still be difficult especially for measurement paths that passed close to the surface
where damage was greatest, resulting in high attenuation of the signal. Typically, the first
arrival is small in amplitude, making it easy to miss the first cycle or more in a highly
attenuated signal. This would result in unacceptable errors in the travel time and velocity.
Visual comparison of the signals in a given data set can be used to minimize the risk of
missing first arrivals. Low pass filtering was also used on some data sets to equalize the
frequency content of the signals, easing comparison of the filtered traces.

An interactive Matlab program has been developed that allows the signals from a given data
set to be plotted, and offset so that the arrival times are aligned. When arrival times are
correctly chosen, the similarity of the signals is usually obvious. The program allows the
arrival times to be adjusted interactively until the signal-to-signal correlation is good. For the
measurement paths at some distance from the free surface, the actual arrival time is easily
determined, allowing these signals to be used as a guide for choosing the arrival time for the
less distinct signals from paths near the free surface. Typically, one clear arrival is used as a

reference and all the other signals are adjusted to correlate well with that reference. This
builds in a systematic error corresponding to the error in picking the reference signal, but
reduces the scatter between measurements, making it much easier to see trends in the
velocity with depth. The systematic error is determined by the error in picking the arrival
time of the reference, which for the cross-hole P waves is less than 200 ns, a negligible
amount. Same-hole P waves are much lower amplitude because of the unfavorable geometry
of the transmitter and receiver. As a result, the errors are larger, and the effect more
significant due to the shorter path lengths. The systematic error is close to 1% for these
paths, but of course, that is a constant error for all measurements. Trends are not obscured as
a result.
Shear waves travel slower than P waves and there is always energy emitted as P waves.
Thus, the S wave arrival must be detected while the P wave is still influencing the transducer.
Typically a large, fairly sharp sinusoid emerging from the P wave coda is taken as the S wave
arrival. The technique of comparing waveforins is essential to get consistent results for S
waves as determining the actual arrival time is usually difficult. A reference signal with the
sharpest S arrival is chosen and a particular peak within the signal is used to align the other
signals. Inevitably, this introduces a systematic error of 1 or 2% in the S velocity, but the
trends are unaffected as the error applies to all the referenced signals.

Results and Discussion
Measurements were made for all cross-hole possibilities, resulting in nine sets of
measurements for vertical paths and eight horizontal paths in planes parallel to the comer
walls. Twelve same-hole measurement sets were completed. All of the data plots follow the
same format, consisting of a title giving the location data and the wave type, P or S, and the
data plotted as the measured velocity plotted at the depth of the transmitter. A typical title
would be

for a compressional wave measurement set, with the wave propagating between holes
QGU30 and QGU3 1 (see Figure 3). To ease comparison of various paths, data are plotted in
sets corresponding to logical subsets, such as all horizontal paths on the left-hand wall. An
icon in each data plot shows the subset being plotted; using filled green circles to indicate the
source of the data. For the current, work all data are from the Q Room Alcove.

Horizontal Paths
The P wave velocity, Vp, was measured at 30-cm intervals for the eight possible horizontal
paths. Figure 3 summarizes measurements made in the left-hand wall with four plots
arranged in the same way as the physical arrangement of the holes in the rib. The icon at the
right of the plots shows, using filled green circles, the eight holes where the four plotted data
sets were measured. Beginning at the top of Figure 3, Vp is plotted as a function of depth for
the horizontal path between the top left and top center holes nearest the back (Figure I), and
similarly for the next three hole pairs in descending order down the page and rib wall.
Results for the horizontal paths in the right hand wall are shown in an identical arrangement
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in Figure 4. Overall, the compressional velocity was observed to be 4.4 W s e c 5 0.1 W s e c
for all four levels at depths greater than about 1 m from the rib. A variation of less than 2%
indicates several things. First, the surveying and corrections for non-parallelism of the holes
has been correctly handled. Even with the excellent control on drilling the holes, the runout
between any given pair of holes frequently exceeded 10% of the hole spacing. If not
corrected for, the cross-hole velocities would show a significant trend with depth, and indeed,
several errors in the analysis were revealed by such trends. Second, small velocity
differences were observed between the two halite layers and the two argillaceous layers,
indicating little difference in the elastic moduli, despite the visual differences. There is a
difference between halite, where Vp = 4.5 kmhec and the argillaceous units where Vp at
depth is closer to 4.4 Wsecond.

+

Results for QGU31 --> QGU30 (Figure 3, first plot) show how constant the velocity can be
at depth. At depths greater than about 1 m, variations from the mean are less than 0.5%,
which is getting close to the attainable accuracy. Similarly, constant velocities were
observed in the other paths through halite (QGU37 --> QGU36, Figure 3, QGU31 -->
QGU32 and QGU37 --> QGU38, Figure 4). In contrast, Vp along paths in the argillaceous
layers varied by several percent even at depths beyond the DRZ. (QGU34-> QGU33 and
QGU40 - - > ' ~ G u 3 9Figure
,
3, QGU34 --> QGU35 and QGU4O -->QGU41, Figure 4). This
variation was particularly noticeable for the measurements made in the thin argillaceous layer
(Holes QGU33, QGU34 and QGU35). Given the constancy observed in the halite layers, it
is reasonable to argue that the variations of Vp with depth observed in the argillaceous layers
are real. In the access drift, Powers (2000, p 6 ) describes significant variations in lithofacies
for the core in the argillaceous layers and speculates that the differences may be of such
magnitude as to influence the elastic wave velocity. This observation is believed to be the
case in this study. Further work will be required to correlate the velocity results with the core
logging.
All four data sets for the horizontal cross-hole Vp measurements made in halite layers
indicate a constant velocity as the measurement depth approaches 6 meters. Two data sets
show clear evidence of a disturbed zone extending in about one meter - QGU31--> QGU30
(Figure 3) and QGU37-->QGU38 (Figure 4). At the surface, Vp is 4.1 km/s, 10% below the
value observed at depth. A smooth increase in velocity was observed over the fxst meter.
Little or no evidence for a DRZ was found in the other two measurements in halite -QGU37--> QGU36 (Figure 3) and QGU31-->QGU32 (Figure 4). Only at the shallowest
depth, where signal quality is lowest, was there any evidence for velocity reduction.
Because of the symmetrical arrangement of the hole pairs around the comer, it would be
expected that a similar pattern of DRZ development would be observed in the left and right
walls if the assumption is made that the stress distribution near the comer is unaffected by the
layout of the room and the Q-entry drift. Conversely, if stresses on either side of the comer
are significantly different, then a distinct asymmetry should be observed that 3-D modeling
could relate to the geometry of the room and its surrounding. Symmetry was not observed for
the paths in halite. There was a well-developed DRZ in the upper left comer (QGU31->QGU30) but not in the upper right comer (QGU31-->QGU32). Lower down, the second
set of hole pairs in halite did exhibit a more symmetric DRZ, with a slightly clearer
development seen in QGU37-->QGU38 than in the matching pair on the left side of the
comer, QGU37-->QGU38.

Large variations in velocity occurred for paths in the upper argillaceous layer (QGU34 ->QGU33 and QGU-->QGU35), making it difficult to discern a DRZ. Certainly, there is no
obvious pattem of low velocity near the surface that could be interpreted as evidence for a
DRZ. Measurements on both paths in the lower argillaceous layer QGU40--> QGU39
(Figure 3) and QGU40-->QGU41 (Figure 4) do show a DRZ, with a very low value of Vp
near the surface, extending in about one meter. The DRZ appears to be symmetrically
developed about the comer axis in the lower argillaceous layer.
Previous work (Holcomb and Hardy, 2001), in the access drift leading into the Q Room
Alcove, showed a much simpler pattern of DRZ development and a more extensive damaged
zone. In the access drift, where the geometry is essentially two-dimensional (2-D), the DRZ
was observed to be best developed at mid-height of the drift and to extend in as much as two
meters. The complexity observed in the current work reflects the influence of the 3-D
geometry on the stress-state and subsequent development of the DRZ.
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Figure 3: Vp for the four sets of horizontal cross-hole paths parallel to the left-hand
wall of the alcove corner. The center column holes were drilled into the
intersection of the comer walls.
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Figure 4: Vp for the four sets of horizontal cross-hole paths parallel to the right-hand
wall of the alcove corner. The center column holes were drilled into the
intersection of the corner walls.
Vertical Paths

Nine sets of vertical cross-hole paths were used to measure Vp, one set of three paths each in
the left and right walls and one set of three in the walls' intersection. Results for the paths in
the walls will be discussed together and contrasted with the observed velocities in the
intersection.
Figure 5 contains the results of measurements made along vertical paths in the left wall,
showing Vp to a depth of seven meters. All three sets of data indicate a shallow DRZ,
extending to a depth of no more than 1 m and more reliably to about 0.5 meters. Velocity
decreased the most in the center hole pair (QGU33-->QGU36) where Vp was lowered by
about 9% from the far field value of 4.4 W s e c to 4 W s e c at the surface. Only the
outermost 0.5 m shows a clear DRZ. In the upper and lower hole pair,
QGU33-->QGU30 and QGU36-->QGU39, the evidence for a DRZ is slight; a small decrease
in Vp appears to exist in the outermost 0.3 m, particularly near the top of the room between
QGU33 and QGU30.

As discussed earlier, the symmetry of the vertical paths about the comer can be used to
examine the symmetry of the stress state and the influence of nearby openings such as the Q
Access Drift. A symmetric stress state would be expected if the local geometry dominates,
leading to the expectation that the pattem of velocities should be identical for the paths in the
left and right walls. As indicated by the results shown in Figure 5 and Figure 6, this was
closer the case than was observed for the horizontal paths discussed earlier. Partly this is true
because there is less evidence of damage for measurements made along the vertical paths, as
compared to the horizontal paths. Between QGU35 and QGU32, (top plot, Figure 6),
considerable variation in Vp was observed, at three distinct points near 0, 1.5 and 6.3 m
depth. These appear to be real, as indicated by the duplication of the values at adjacent
points, but are rather large to be due to lithology fluctuations. Localized macro-cracking may
explain the results at shallow depths but seems unlikely at 6.3 meters. Examination and
filtering showed that the anomalous velocity values were associated with signals that, when
compared to the signals observed at adjacent points, appeared to have had the high frequency
components removed during their passage through the salt. Distributed damage typically
acts as a high frequency filter, providing credibility to the possibility that real damage is
being observed, especially given the duplication at adjacent measurement points. At this
time, there is no better explanation for the anomalous results, particularly the low values of
Vp observed near 6.3 meters. The data give clear evidence of a DRZ in the region between
QGU38 and QGU41 (bottom plot, Figure 6) where the decrease in Vp extends in almost a
meter.
Compared to the horizontal paths discussed earlier, damage measured along vertical paths is
less extensive, reaching shallower depths and producing smaller changes in Vp. The general
pattem of damage is similar and slightly asymmetric, with greatest damage observed in the
upper portion of the left wall and the lower portion of the right wall.
A very different picture of damage was observed in the third set of vertical paths that lay in
the plane bisecting the room comer (Figure 7). To the limits of measurement accuracy, no
DRZ was observed, even at the shallowest depths. This is a novel observation and unlike
anything observed at other locations in the WIPP. This is also the only measurement of Vp
made into a room comer at WIPP, although the geometry is related to the arrangement in the
Air Intake Shaft (AIS) (Holcomb, 1999, Hardy and Holcomb, 2000), where measurements
are being made in the wall of a 24-foot diameter shaft. Only a shallow DRZ has been
observed in the AIS. Given the length of time the Q Room Alcove has been open, to find no
DRZ is a surprising result.
Damage along the entire measurement path contributes to the decrease in velocity that is a
signature of the DRZ. Thus, the constant Vp observed in the alcove comer along vertical
paths indicates that no point from ceiling to floor has experienced significant damage in the
form of cracks that could decrease the speed of a compressional wave propagating vertically.
Cracks oriented peruendicular to the direction of propagation
. - are most effective in decreasingVp; in this case, horizontal cracks would be most effective. Thus, it appears that little or no
horizontal cracking has occurred near the bisecting plane of the comer, at any depth, even 12
years after excavation. A meter away, the stress-state is sufficiently different that Vp in the
vertical direction is decreased, indicating some horizontal, or at least non-vertical, cracking
did occur.
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Rgure 5: Vp for the three sets of vertical cross-hole paths in the left-hand wall of the
alcove comer.
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Rgure 6: Vp for the three vertical sets of cross-hole paths in the right-hand wall of the
alcove corner.
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Figure 7: Vp for the three sets of vertical cross-hole paths in the alcove corner. The
center column holes were drilled into the intersection of the corner walls.
Same-hole Paths
Same-hole paths, where the transmitter and receiver are in the same hole offer a number of
advantages:
maximum sensitivity of Vp to the expected orientation of cracks, fixed path length to
eliminate surveying as a source of error, and the ability to measure both P and S waves with
one set of transduc&. To offset these advantages there is the poor quality of the P wave
signal due to the geometry of the transducer arrangement and the lower sensitivity of Vs. In
this arrangement, the shear wave is propagating perpendicular to the expected crack
orientation, but the particle motion is parallel to the plane of the cracking, thus reducing the
effect of the DRZ on the velocity of the shear wave.
Because of the shallowness of the DRZ and to check the absence of a DRZ in the comer, a
more extensive series of measurements was carried out in some of the holes. Measurements
were made every 0.1 5 m for the first 2 meters. The same general pattern of damage seen in
the cross-hole measurements was observed in these same-hole measurements. Two sets of
data are particularly effective in showing the strong variation in damage near the comer; Vp
measured along the axis of QGU36 and QGU37 is plotted in Figure 8. A DRZ is clear in
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QGU36, located about a meter to the left of the comer, but only a hint of a DRZ is observed
in QGU37, drilled directly into the comer. Vp decreased from 4.4 to 3.8 k d s , with the
decrease beginning at about 1.5 m, indicating that there was substantial damage at this
location. Just a meter to the right, in QGU37, there is little or no evidence of damage. There
is a slight decrease of VP through the shallowest 0.3 m, but it is not obviously due to damage.
The fluctuations observed deeper in QGU37 are of the same size. In any case, the DRZ is
clearly much less well developed here, than in the same horizon only a meter away. A short
distance from the comer, the DRZ is similar to that observed in the access drift (Holcomb
and Hardy, 2001). Cleirly the difference is due to the dependence of the stress-state on
proximity to the comer.
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Figure 8: Same-hole measurements for adjacent holes, one in the left-hand wall (red)
and in the corner (black).
Comparison of Laboratory and In Situ Results

Previous laboratory work (Brodsky, 1995) determined the changes in Vp under axisymmetric
stress conditions. However, the in-situ stress-state is fundamentally non-axisyrnmetric with
the minimum compressive stress approaching zero along the normal to the surfaces of
openings. Parallel to the surfaces, stress concentrations vary, depending on the shape of the
opening and its orientation. For a long drift, stress parallel to the drift is essentially the same
as the far field lithostatic stress, which is about 15 MPa. The vertical stress concentration
factor is approximately two, leading to a vertical stress of 30 MPa, although higher values
can be attained initially near comers. Damage due to cracking is driven by both
instantaneous processes and time-dependent creep, both of which produce more damage at

higher stress differences. An experiment was carried out to help separate the instantaneous
and time-dependent contributions to damage.
Using a true-triaxial test frame, WLPP salt was subjected to a stress path designed to simulate
the instantaneous (short-term) stress path experienced by salt near a drift as it was mined. In
the following discussion, a numbered coordinate system will be used to refer to the axes
along which stresses and strains were measured, using subscripts to denote the proper axis.
Thus, the stress or strain measured along the one (1) axis would be 01 or &I. By the usual
convention for geomechanics, the maximum compressive stress is applied along the one (1)
axis, intermediate stress is parallel to the two (2) axis and the minimum compressive stress is
parallel to the three (3) axis. During this test, the maximum compressive stress, ol, was
increased from 15 to 30 MPa, the intermediate stress, q,was held constant at 15 MPa, and
the minimum compressive stress, 0 3 , decreased from 15 to 0 MPa. This condition
approximated the in-situ stress during mine-by and allowed the effect of the instantaneous
damage on Vp to be determined. Figure 9 summarizes the experiment, showing the sample
and the stress-strain data from the test. Samples were approximately 5 cm by 5 cm in cross
section and 12 cm long. After jacketing with copper foil, strain gages and LVDT gages were
mounted to measure the three principal strains. PZT transducers mounted on the sample or in
the platens were used to measure Vp at intervals during the test. Stresses were servocontrolled so that 01 and a 3 changed in equal but opposite increments, while a 2 was held
constant. The intermediate stress was slightly above the goal of 15 MPa for experimental
reasons. Strain in the one direction, corresponding to maximum compressive stress, was the
control variable, increasing at a fixed rate during the test.
Figure 9 includes a plot of strains versus 01, with compression to the right; strain parallel to
the maximum compressive stress is plotted as a black line, strain parallel to the intermediate
stress is plotted as a green line, and in the minimum compressive stress direction, strain is
indicated by the red line. Yielding occurred after ol surpassed 22 MPa, followed by moreslowly increasing stress, until the test was halted after 0 3 reached 0 MPa. At that point, all
stresses were returned to the initial values. Dilatational strain, assumed to be due to opening
of cracks as the salt was damaged, can be seen in ~ 3 3 which
,
began increasing rapidly when
a 1 exceeded the yield stress. In contrast to both EII and ~ 3 3 EZZ
,
remained unchanged.
Velocities, measured along the stress axes, are plotted in Figure 10 superimposed on the
stress history using the same color-coding as for the strains in Figure 9. Solid lines show the
stress history as a function of time, beginning near hydrostatic stress-state and evolving to the
final stress of (30, 17, 0) MPa, before the stress was returned to the starting values. Colored
dots are used to plot the normalized values of Vp during the course of the test (right-hand
scale). Parallel to 01 and 0 2 , the maximum and intermediate compressive stresses, Vp was
essentially constant as shown by the black and green dots, respectively. Although initially
constant, Vp3 began to decrease when the yield stress was exceeded and decreased
throughout the test, reaching a final value about 3.5% below the starting value.
Strains and velocities are telling a consistent story of anisotropic damage under stresses
similar to those expected instantaneously during a mine-by. Compressive strain along the
one (1) axis (maximum compressive stress) would close, not open cracks, leading to little
change in Vp along the axis parallel to 01. Along the two (2) axis, parallel to 6 2 , little strain
was observed at any time during the test. Again, this is consistent with no cracks opening
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and no change in Vpz. Dilatational strain was only observed in the three (3) direction,
parallel to the minimum compressive stress, and this is the direction where a decrease in Vp3
was measured. The primary strain contribution of cracks opening in the three (3) direction
would be to cause the magnitude of g3 to increase more rapidly than would be observed for
the Poisson contribution in the more-or-less elastic, low-stress, portion of the test. Increased
dilatational strain is assumed to be the result of cracks opening under the shear stress being
applied and newly opened cracks cause Vp to decrease for waves propagating in the direction
of the opening cracks. The primary strain contribution of cracks opening in the three (3)
direction would be to cause the magnitude of ~ 3 to
3 increase more rapidly than would be
observed for the Poisson contribution in the more-or-less elastic, low-stress, portion of the
test.
Instantaneous damage under stresses similar to what would be encountered near a drift, or
other opening being mined, only changed Vp in the direction of the minimum compressive
stress and then by only 3.5 percent. As the previous discussion and earlier work in the Q
Access Drift (Holcomb and Hardy, 2001) showed, much larger changes were observed insitu. Figure 11 compares the in-situ results (in red) with the laboratory experiment discussed
above (in black). In-situ, Vp was found to be change by up to 7% in the vertical and
horizontal directions, parallel to the drift, and 20% perpendicular to the drift. Equivalent
results for the instantaneous effects of applying appropriate stresses in the laboratory were
0% change in the horizontal and vertical directions and 3.5% in the minimum stress
direction, which is equivalent to perpendicular to the drift. The prominent difference is a
measure of the impact of time-dependent deformation on the production of damage in-situ.
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Pigure 9: Photograph of sample, unjacketed and ready for testing, with stress-strain
data for a test simulating results of a mine-by.

Time (sec)
Figure 10: Stress history (solid lines) and normalized Vp (dots, right axis) as a function
of time for the mine-by simulation experiment.
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Figure 11: Summary of velocity changes obsewed in the simulated mine-by experiment
compared to the results obsewed in situ. Sketch indicates orientation and
magnitude, relative to a drift.

Summary:
Previous work had examined the DRZ in simple geometries, typically a room wall or a long
drift. The current work is an extensive look at what happens in the comer of a room, an area
intentionally chosen for its complexity. As expected, the pattern of damage was found to be
more complex than in the simpler geometries previously studied. Two features were
unexpected: damage did not extend in as far as in the previous studies, and along the
bisecting axis of the comer, no DRZ was observed.

-

First, the similarities will be summarized. Near the floor and ceiling the DRZ was less
pronounced than in similar zones closer to the mid-height of the room. Damage was clearly
anisotropic, with the maximum decrease in Vp being observed in directions closer to
perpendicular to the walls. This fits with the assum&on that the DRZ is the result of cracks
opening in the direction of minimum compressive stress. The decreases in V p were similar to
those observed before, but the spatial variation of DRZ development was very different.
In previous work, velocity measurements typically indicate a DRZ extending in about 2
meters. An exception to that rule was found in the AIS (Hardy and Holcomb, 2000) where
the DRZ only extends 0.5 to 1 meters. In the current work the DRZ, when found at all, only
extended in about 1 meter and there were many areas that did not appear to be damaged. Of
greatest interest are the results from the cross-hole, vertical path and the same-hole
measurements made in holes drilled into the bisecting axis of the comer. No DRZ was
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observed here, even for the same-hole measurements, which are most sensitive to damage in
the expected orientation. Same-hole measurements made in a hole only a meter away from
that hole where no DRZ was observed found a well-developed DRZ. The complete absence
of discernable damage, even after 12 years, indicates the effectiveness of a rounded interior
comer in suppressing damage.
This observation suggests a possibility for constructing seals that would avoid the effects of
the DRZ on permeability. If a slot with a rounded end were mined into the wall of an
existing drift to a depth of about 3 meters, then the slot would extend past the DRZ induced
by the drift, reaching relatively undisturbed, low-permeability salt. The results of the current
work suggest that there would be a zone, approximately along the axis of the slot, where no
or limited damage would occur, either immediately or for years. Thus, leaks past the seal
through a DRZ could potentially be eliminated since the DRZ may not form to begin with.
Given the complexity of the geometry studied in the current work, it is clear that a more
systematic investigation would be required to substantiate this possibility. In particular, the
details of the influence of curvature and width of the slot on extent of the DRZ would need to
be studied to see if the absence of a DRZ is reproducible and predictable.
A comparison of laboratory and in-situ results show that plastic creep is producing more
crack damage than was produced by the instantaneous effect of applying shear stresses
equivalent to the 3-D stress expected in-situ.
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4.4 DRZ Core studies'
A snap-shot of the DRZ core studies is summarized in Table 4.4.1. Our observational
work in the Carlsbad laboratory includes quantifying fracture porosity, free dislocation
density, mineralogy and moisture. In addition to WIPP cores, we are evaluating similar
properties of DRZ cores from sites in Germany. The German information will be
compared to WIPP data and discussed with researchers involved in the BAMBUS I1
consortium research. A published paper on the completed portions of this work was
provided in the previous (07/31/01) milestone report.

WIPP Mine Run
WIPP Mine Run
WIPP Mine Run
QGU39
German TSDE
Core #I

TBD

TBD

TBD

TBD

German TSDE
Core #1

TBD

TBD

TBD

TBD

m

d
C: Analysis Completed
AIP: Analysis In-Progress
NIA: Analysis Will Not Be Performed
TBD: Analysis Will Be Performed When Core is Procured from BAMBUS I1 Collaborators

' This work is covered by BOE #1.3.5.4.4 and WBS #1.3.5.4.4.2
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