[7590-01]
NUCLEAR REGULATORY COMMISSION ABNORMAL OCCURRENCES FOR SECOND QUARTER CY 1994
DISSEMINATION OF INFORMATION
Section 208 of the Energy Reorganization Act of 1974, as amended,
requires NRC to disseminate information on abnormal occurrences (AOs) (i.e.,
unscheduled incidents or events that the Commission determines are significant
from the standpoint of public health and safety). During the second quarter
of CY 1994, the following incidents at NRC licensees were determined to be AOs
and are described below, together with the remedial actions taken. The events
are also being included in NUREG-0090, Vol. 17, No. 2, ("Report to Congress on
Abnormal Occurrences: April-June 1994"). This report will be available at
NRC's Public Document Room, 2120 L Street NW. (Lower Level), Washington, DC
20037 about three weeks after the publication date of this Federal Register
Notice.
OTHER NRC LICENSEES
(Industrial Radiographers, Medical Institutions,
Industrial Users, etc.)
94-8

Multiple Medical Brachytherapy Misadministrations at
Deaconess Medical Center in Billings. Montana

One of the AO reporting guidelines notes that a therapeutic exposure
which affects two or more patients at the same facility (regardless of any
health effects) can be considered an AO.
This report documents two misadministrations involving brachytherapy
procedures performed at the licensee's facility in September and November
1993, which are related to nine other events identified at another NRClicensed medical facility, because the events are the result of a common root
cause.
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Date and Place - September and November 1993; Deaconess Medical Center;
Billings, Montana.
Nature and Probable Consequences - On March 22, 1994, representatives from
Northern Rockies Cancer Center (NRCC), Deaconess Medical Center (DMC), and St.
Vincent Hospital and Health Center (SVHHC) notified the NRC Region IV office
of a misadministration involving a brachytherapy treatment performed at MC on
September 24, 1993 (Preliminary Notification of Event or Unusual Occurrence
PNO-IV-94-010; March 23,1994; Docket No. 030-02389). The event was not
discovered until March 20, 1994, during the course of a thorough review of a
select group of treatments performed at DMC and. SVHHC under treatment plans
developed at NRCC. The three licensees participated in the telephonic
notification because NRCC provides brachytherapy planning services to both DMC
and SVHHC, and the potential cause of the misadministrations involved errors
in treatment plans developed at NRCC. (NRCC is jointly owned by DMC and
SVHHC.) The licensees reported that based upon initial information developed
by the physics staff at NRCC, it appeared likely that additional brachytherapy
treatment errors had occurred at both DMC and SVHHC.
The following day, March 23, 1994, the licensees reported an additional
brachytherapy misadministration at DMC, and nine other incidents due to the
same error that resulted in administered doses greater than prescribed (one at
DMC and eight at SVHHC) (Preliminary Notification of Event or Unusual
Occurrence PNO-IV-94-O1OA; March 24, 1994; Docket No. 030-02389). The
misadministrations reported by DMC involved administration of radiation such
that the doses received by the patients exceeded the prescribed doses by 21
and 24 percent.
beam as well as

In each case, the patient had received radiation by external
boost" doses administered via brachytherapy. The overdoses

noted above pertain only to the brachytherapy component of each treatment.
During the initial telephonic report, NRCC staff explained that during a
recent routine treatment setup a new staff member identified errors in a dose
table generated by a Theratronics Theraplan L treatment planning system.
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Following considerable review of treatment plans and data generated using the
treatment planning system, the physics staff at NRCC, with assistance from
Theratronics, concluded that the data in a software file used to compute dose
tables for cesium-137 (Cs-137) sources were deleted and were later replaced
with data which did not properly characterize the Cs-137 sources used by DMC
and SVlHC. The computer-generated dose tables that were computed using
erroneous data were in error by as much as 20 to 25 percent. The errors were
not detected because an incorrect reference dose table was used to verify and
adjust the output of the treatment planning algorithm and individual patient
treatment plans.
An NRC inspection was conducted at the facility on March 28 through
April 1 and April 5 through 29, 1994. In addition, the events were reviewed
by regional and headquarters NRC staff accompanied by personnel from the Idaho
National Engineering Laboratory on April 6 through 8, 1994, to examine generic
aspects of the root causes and contributing factors.
The physics staff at NRCC promptly corrected the data in the Theraplan L
software and recalculated the doses received by the patients. Based upon a
review of the recalculated doses conducted by the authorized users and an
independent medical consultant contracted by NRCC, the authorized users have
determined that no long-term adverse health effects beyond those normally
expected for this form of treatment are anticipated for the patients. The
licensee has been informed that an NRC medical consultant will review each
case in order to provide an independent assessment of the potential
consequences of the overdoses..
The patients involved in the misadministrations were notified both
orally and in writing.
Cause or Causes - The inspection disclosed that the root cause of the
misadministrations was a failure to conduct independent (manual) verification
checks of treatment plans that were adequate to determine the accuracy of
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computer-generated dose tables (Letter from Leonard J. Callan, Regional
Administrator, NRC Region IV, to Lane Basso, Chief Executive Officer,
Deaconess Medical Center, Docket No. 030-02389, License No. 25-01051-01, dated
May 26, 1994; and Letter from Samuel J. Collins, Director, Division of
Radiation Safety and Safeguards, to Mr. Lane Basso, Chief Executive Officer,
Deaconess Medical Center, forwarding NRC Inspection Report 030-02389/94-01,
Docket No. 030-02389, License No. 25-01051-01, dated June 10, 1994). Several
factors involving clarity of instructions provided in the Theraplan user's
manual, and in prompts and data presented to treatment planning system users
in printed format and at the system console, were identified as contributing
factors to the inadvertent entry of and failure to detect the erroneous data
entered in program software for linear Cs-137 sources.
The inspection also disclosed significant weaknesses in DMC's
implementation of its quality management program (QMP) for brachytherapy
procedures. In addition, several apparent violations of NRC requirements
relating to DMC's QMP and its implementation were identified.- One apparent
violation involved a failure to establish a QMP in January 1992, as required,
although the inspection confirmed that DMC later established a QMP in May
1992. However, the QMP established by DMC failed to meet the following
requirements: (1) that written directives are signed by authorized users and
completed in accordance with NRC regulations; (2) that final plans of
treatment are in accordance with the respective written directive; and (3)
that each administration of radiation is in accordance with the applicable
written directive. Other apparent violations included failures to (1) conduct
an annual review of the QMP during the calendar years 1992 and 1993, (2) train
all individuals working-under the supervision of DMC's authorized users in the
provisions of its QMP, (3) train nursing personnel who cared for patients
undergoing brachytherapy treatment in accordance with the conditions of DMC's
license, and (4) record all required information in survey records related to
brachytherapy and in brachytherapy source usage records.
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Actions Taken to Prevent Recurrence
Licensee - DMC voluntarily suspended its brachytherapy program until certain
corrective measures could be-implemented. -However, because the findings of
the inspection indicated significant, programmatic weaknesses in DMC's QMP and
its implementation, the NRC sought to confirm with DMC staff the specific
actions planned for completion prior to resuming brachytherapy treatments.
The licensee's proposed corrective actions were documented in a Confirmatory
Action Letter (CAL) issued by the NRC on May 3, 1994 (Letter from by Leonard.
J. Callan, Regional Administrator, NRC Region IV, to Lane Basso, Chief
Executive Officer, Deaconess Medical Center forwarding Confirmatory Action
Letter, Docket No. 030-02389, License No. 25-01051-01, dated May 3, 1994).
of the date of this report, the licensee has not yet completed each of the

As

actions described in the CAL and has continued suspension of its brachytherapy
program.
NRC - An enforcement conference was held with the licensee on June 28, 1994,
to discuss the apparent violations described above and to review the
corrective actions taken by the licensee. NRC is continuing its deliberations
regarding any proposed enforcement action.
An NRC Information Notice has been drafted to inform other licensees of
the particulars of this case and of the importance of conducting adequate
checks of computer-generated treatment plans. NRC has also discussed concerns
related to the Theraplan treatment planning system software, and related
instructions provided by the manufacturer, with representatives from the U. S.
Food and Drug Administration (FDA). FDA has recently cleared the software for
the treatment planning system to allow modifications of existing software to
be imported into the United States.
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A medical consultant will review each misadministration and provide NRC
with an independent assessment of the overdoses and the potential adverse
health effects to patients.

94-9

Medical Brachytherapv Misadministration at Memorial HosDital
in South Bend. Indiana

One of the AO reporting guidelines notes that a therapeutic dose that
results in any part of the body receiving.unscheduled radiation can be
considered an AO.
Date and Place - April 13, 1992; Memorial Hospital; South Bend, Indiana.
Nature and Probable Consequences - On April 13, 1992, the first of two
brachytherapy treatments was begun. Each of the treatments was to deliver 15
gray (Gy) (1500 rad) to the patient's cervix. For the first treatment, five
cesium-137 (Cs-137) sources were to be loaded into a treatment device, known
as a Fletcher-suit applicator, which was placed in the patient's vagina. The
sources were placed into afterloaders by a dosimetrist in preparation for
placement in the applicator. The afterloaders were then placed in the
applicator by the treating physician.
About eight hours later, the patient's care provider discovered a Cs-137
source on the floor near the foot of the patient's bed. The source was found
after the care provider had changed the patient's bed linen.. The care
provider recovered the source with long handled forceps and placed it in a
shielded container.
The treating physician and the licensee's Radiation Safety Officer (RSO)
were notified. They determined that one afterloader in the applicator was
empty and that the Cs-137 source had not been placed in the applicator. The
6
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source was then placed in the afterloader and loaded into the applicator to
continue the patient's treatment.
The first treatment was then completed, giving the patient a dose to the
treatment site of 13.83 Gy (1383 rad), which was 8 percent less than the
intended dose. The second treatment was then performed on April 27 and 28,
1992, without incident.
The licensee investigated the incident and concluded that the source had
fallen on the floor while it was being placed in the afterloading device by
the dosimetrist. The incident was not reported to NRC because the radiation
dose to the treatment site differed by only 8 percent from the intended dose.
This variance would not require reporting as a misadministration.
During an NRC inspection on May 4 and 5, 1994, the inspector reviewed
the circumstances surrounding the treatment incident. The inspector evaluated
the routine radiation surveys of the patient's room that were done after the
radiation sources were placed in the applicator. The surveys showed that it
was unlikely that there was an unshielded Cs-137 source on the floor of the
room.
Further inquiry by the inspector led to the determination that the
source likely fell from the afterloader while it was being placed in the
applicator. The physician reported having difficulty in placing the
afterloader in the applicator, and, according to the treatment chart, the
patient had reported that she felt a small metal object fall next to her skin
during the source placement.
As a result, the source may have been next to the skin of the patient's
thigh for about 7.5 hours resulting in a radiation dose of up to 10.34 Gy
(1034 rad), according to the licensee's calculation.
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An NRC medical consultant was retained to evaluate the case and
concluded that the radiation dose to the patient's thigh could result in some
later damage to the tissue of the patient's thigh.
Because this incident resulted in a radiation dose to the wrong
treatment site, this constitutes a misadministration.
The licensee notified the patient and the patient's physician of the
misadministration on May 6, 1994. However, the licensee did not provide a
written report to the patient until June 27, 1994, after NRC inquired about
patient notification.
Cause or Causes - The incident apparently was the result of the source falling
out of the afterloader as it was being placed in the applicator. The
physician reported some difficulty in placing the sources and apparently did
not observe the source when it fell.
Actions Taken to Prevent Recurrence
Licensee - The licensee has revised its procedures for placing the radiation
sources, including use of a pillow under a patient's pelvis in difficult
situations.

Its investigation of any future incidents will also include an

evaluation of radiation doses to unintended treatment sites.
NRC - The NRC inspection during May 4 and 5, 1994, identified two violations
of NRC requirements. They were (1) failure of the licensee's Radiation
Safety Committee and RSO to adequately investigate a possible
misadministration to include consideration of possible radiation doses to the
wrong treatment sites; and (2) failure to provide a written report to the
patient within 15 days of the discovery of a misadministration. A Notice of
Violation (Letter from Roy J. Caniano, Chief, Nuclear Materials Safety Branch,
NRC Region III, to George Soper, Senior Vice President, Memorial Hospital,
forwarding Notice of Violation and Inspection Report 030-17335/94001, Docket
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Nos. 030-17335 and 030-191173, License Nos. 13-18881-01 and 13-18881-02, dated
July 15, 1994) was issued to the licensee on July 15, 1994.

There was no

Civil Penalty involved.

94-10

Teletherapv Misadministration at Jewish Hospital. Washington
University Medical Center. in St. Louis. Missouri

One of the AO reporting guidelines notes that a therapeutic exposure to
a part of the body not scheduled to receive radiation can be considered as an
AO.
Date and Place - April 22, 1994; Jewish Hospital, Washington University
Medical Center; St. Louis, Missouri.
Nature and Probable Consequences - A patient was being treated for cancer of
the brain. The written prescription directed that a 3000 centigray (cGy)
(3000 rad) total absorbed dose be delivered in a series of 10 treatments of
300 cGy (300 rad) each. Each treatment was to consist of 150 cGy (150 rad)
from the left side, and 150 cGy (150 rad) from the right side.

The eyes were

to be shielded during the treatments. The patient's first treatment on April
21, 1994, was delivered without incident in accordance with the prescription.
On April 22, 1994, the licensee informed NRC that after administering
the first treatment to the patient, the physicians decided to include the
patient's right eye orbit into the whole brain treatment field for subsequent
treatment fractions. The radiation therapist was verbally instructed of the
change, but the written directive was not changed.
The first portion of the second treatment was properly delivered using
the modified treatment plan. However, the radiation therapist erroneously
changed the treatment angle for the second portion of the treatment. The
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error meant that the left eye orbit received the radiation dose instead of the
right eye orbit.

Consequently, the left eye orbit erroneously received a dose

of approximately 150 cGy (150 rad) and the right eye orbit received 150 cGy
(150 rad) less than intended. The licensee stated that the patient received
an explanation of the event and that the error did not affect the treatment.
The entire treatment was completed on May 6, 1994, without further incident.
The patient subsequently died as a result of the cancer. The NRC consultant
determined that the misadministration had no impact on the patient's death.
Cause or Causes - Failure of the authorized physician to prepare a change in
the written directive, and failure to effectively supervise the administration
of the treatment.
Action Taken To Prevent Recurrence
Licensee - The licensee's corrective actions included (1) policy changes to
clarify the radiation therapists' responsibility when treatment plan changes
are made; (2) retraining staff on quality management program (QMP) procedures;
(3) requiring that on the first day of treatment the setup is supervised by a
physician; (4) modifying the written directive form used for documenting
written directives and subsequent revisions; and (5) reviewing and revising
the current QMP and submitting the changes to NRC for review.
NRC - NRC Region III conducted an inspection from May 2 through June 9, 1994,
to review the misadministration. NRC also contacted a medical consultant to
review the incident.

Significant violations of NRC requirements were

identified during the inspection. The violations included (1) failure to make
a written revision to a written directive prior to administering a revised
teletherapy dose to a patient; (2) failure to review the written prescription;
(3) failure to verify that details of the administration of the verbally
revised dose were in accordance with the written directive and plan of
treatment; (4) failure to follow the written QMP procedures established by the
licensee; and (5) failure to include in written directives the overall
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treatment period.

On July 11, -1994, NRC Region III issued a Notice of

Violation (NOV) with a Severity Level III violation with no fine assessed
(Letter from W.L. Axelson, Director, Division of Radiation Safety and
Safeguards, to Walter Davis, Jr., Assistant Dean and Chief Facilities Officer,
Washington University Medical Center, forwarding Inspection Report No. 03015101/94001, Docket No. 030-15101, License No. 24-00063-10, dated July 11,
1994).

The NOV requires the licensee to document the specific actions taken

and any additional actions planned to prevent recurrence.

94-11

Medical Brachytherapv Misadministration at The Queen's Medical Center
in Honolulu. Hawaii

One of the AO reporting guidelines notes that administering a
therapeutic radiation dose greater than 1.5 times that intended from a sealed
source should be considered an AO.
Date and Place - May 2, 1994; The Queen's Medical Center; Honolulu, Hawaii.
Nature and Probable Consequences - A patient was prescribed to receive two
treatments of 1000 centigray (cGy) (1000 rad) to the patient's right eye using
a strontium-90 (Sr-90) eye applicator. The treatment plan called for the two
treatments to be scheduled one week apart. The first treatment was properly
delivered on April 25, 1994, by keeping the source in contact with the
patient's right eye for 18 seconds. On May 2, 1994, when the patient returned
for the second treatment, the same physician treated the patient, but a
different oncology nurse assisted. The physician did not refer to the written
directive or to the dose-rate information available with the eye applicator,
although he had used other applicators in the past. He also did not discuss
the procedure with the oncology nurse prior to the second treatment. At the
end of the desired 18-second period, the nurse raised her voice and paused at
the count of "18" (as she had been trained) without saying "stop" as the
11
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physician expected. As a result, the treatment continued until 32 seconds had
passed, when the physician realized that the desired time must have elapsed.
As a result, the patient received 1778 cGy (1778 rad) to the right eye during
the second treatment, rather than the prescribed 1000 cGy (1000 rad).
The Radiation Safety Officer reported the misadministration to the NRC
Operations Center at 8:37 p.m. on May 2, 1994. The referring physician was
also notified on the same day. The patient was notified of the event during
follow-up examinations by the referring physician on May 5 and May 14, 1994.
No clinical damage was observed by the referring physician, and none is
expected. The patient will be examined during subsequent follow-up visits to
the medical center.
The NRC staff retained a medical consultant to evaluate the potential
medical effects on the patient as a result of the misadministration. The
medical consultant stated that dosimetry for Sr-90 eye applicators is
difficult, due to calibration factors, clinical factors, and-treatment
technique. The consultant will send an update on the dosimetry and
calibration in the near future. The medical consultant stated that the
increased unintended dose is within the range of normal treatments. He
indicated that the medical consequences of the misadministration would be
negligible.
Cause or Causes - Part 35 of Title 10 of the Code of Federal Regulations
states that licensees must establish and maintain a written quality management
program (QMP) to provide high confidence that each administration is in
accordance with the written directive. However, at the time of the treatment,
the licensee did not have a written procedure to require that staff members
confirm that the planned administration will be as specified in the written
directive. Consequently, neither the physician nor the oncology nurse
referred to the written directive, nor did they discuss the procedure before
it took place. Inconsistent training given to the oncology nurses in the
method of timing treatments was also a contributing factor.
12

[7590-01]
Actions Taken to Prevent Recurrence
Licensee - The licensee revised the QMP procedures to prevent recurrence of
similar misadministrations. The new procedure specifies that prior to the
procedure, the staff will determine that the eye applicator is as specified in
the written directive. It also states that the staff must seek guidance prior
to continuing if they do not understand any aspect of the written directive.
NRC - NRC Region IV conducted an inspection at The Queen's Medical Center on
May 16-17, 1994, to review the circumstances associated with the
misadministration and its probable cause(s). The NRC staffis currently
reviewing the inspection results for possible violations, and enforcement
action is pending.

94-12

Medical Sodium Iodide Misadministration at Stamford Hospital in
Stamford. Connecticut

One of the AO reporting guidelines notes that administering a
radiopharmaceutical other than the one intended which results in any part of
the body receiving unscheduled diagnostic radiation, and the actual dose to
the wrong body part, is five times the upper limit of the normal range of
exposures prescribed for diagnostic procedures involving that body part, can
be considered an AO.
Date and Place - May 17, 1994; Stamford Hospital; Stamford, Connecticut.
Nature and Probable Consequences - On May 19, 1994, the licensee notified the
NRC Operations Center that on May 17, 1994, a patient was administered 37
megabecquerel (MBq) (1 millicurie [mCi]) of sodium iodide iodine-131 (1-131)
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for a whole body scan when no such study was prescribed.

The licensee

identified this misadministration during review of the scan by the authorized
user.
A patient was scheduled by a referring physician to have a "whole blood
red cell mass" test, correctly known as a "red blood cell volume" test. This
test involves withdrawing an amount of blood from the patient, and labeling
the patient's red blood cells in vitro with the radionuclide chromium-51
having a nominal activity of 1.02 to 3.7 MBq (30-100 microcurie [Ci]). This
is followed by reinjection of the labeled red blood cells into the patient,
and measurement of radioactivity in blood samples withdrawn from the patient
10 to 30 minutes later. The referring physician contacted the patients's
Health Maintenance Organization (HMO), as the HMO requires that it place the
order with Stamford Hospital. The HMO wrongly contacted the central booking
area for Nuclear Medicine at Stamford Hospital, rather than the Clinical
Laboratory which performs this test as authorized in Part 35.100 of Title 10
of the Code of Federal Regulations.

The central booking secretary, and the

HMO secretary, in an attempt to fit the procedure into one of those listed
under Nuclear Medicine, converted the prescribed "Whole Blood Red Cell Mass"
test into "Whole Body I-131 Scan," a scan that uses 37 MBq (1 mCi) of I-131.
The central booking secretary then printed the name of the referring physician
at the bottom of the form for "Consultation for Nuclear Medicine," and sent it
to the Nuclear Medicine Department where it was received on May 13, 1994. A
nuclear medicine technologist (NMT) looked at the form and saw that it was for
"total red cell mass," but since the NMT knew the referring physician, the NMT
assumed that this was a new test using 1-131 to determine "total red cell
mass." The NMT ordered the requested 37 MBq (1 mCi) I-131 capsule, which was
administered on May 16, 1994.

The patient was scanned on May 17, 1994, and

May 18, 1994, the authorized user (AU), who is also the Radiation Safety
Officer (RSO), read the films.

The AU immediately noticed the error and

notified the referring physician, who notified the patient.
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The licensee estimated that the patient received a whole body dose
equivalent of 4.7 millisievert (470 millirem) and a thyroid absorbed dose of
800 centigray [cGy] (800 rad). NRC was notified within 24 hours of the
discovery of the misadministration. The licensee submitted a written report
of the misadministration to NRC Region I on May 31, 1994.
Cause or Causes - The licensee had failed to establish a quality management
program (QMP) for administering quantities of I-131 and iodine-125 (1-125)
greater than 1.11 MBq (30 Ci) which would require written directives and
failed to instruct supervised individuals in NRC requirements of a QMP.
Actions Taken to Prevent Recurrence
Licensee - The licensee now requires that (1)all requests for diagnostic or
therapeutic procedures be in writing and sent via facsimile transmission from
the referring physician's office; (2) all administrations above 1.11 MBq
(30 pCi) of 1-131 be done only by written order from the AU/RSO or other AU's
authorized to do so; (3) all diagnostic and therapy requisitions will be
reviewed by a radiologist, and designated as approved or not approved; (4)all
technologists will be trained in regard to the clinical diagnosis for which
each test is applicable; (5) the central booking staff will meet with the RSO
and will be informed that the clinical diagnosis must match the test being
requested, and that any deviation from the match or any diagnosis that they
don't understand must be challenged and brought to the attention of the
radiologist; and (6)the RSO and physicist will review the MP annually and
discuss it at the Radiation Safety Committee meeting and with the entire
nuclear medicine staff.
NRC - NRC Region I conducted a special inspection on May 23 and 24, and June 1
and 6, 1994, to investigate the circumstances of the misadministration. An
NRC inspection report (Letter from Charles W. Hehl, Director, Division of
Radiation Safety and Safeguards, to Andrew H. Banoff, Vice President,
Ambulatory Services, Stamford Hospital forwarding Inspection Report No. 03015
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01265/94-001, Docket No. 030-01265, License No. 06-06697-02, dated June 15,
1994) was issued June 15, 1994, and identified the following five apparent
violations: (1) failure to establish a QMP for amounts of I-125 and I-131
greater than 1.11 MBq (30 pCi); (2) failure to conduct annual reviews of the
QMP; (3) failure to have records specifying the methods used to verify patient
identity which can be audited; (4) failure to have written directives signed
by the authorized user; and (5) failure to instruct individuals in the QMP.
An NRC medical consultant reviewed the information in the NRC's inspection
report, the licensee's 15-day misadministration report, and the preliminary
notification, and conducted telephone interviews with the RSO/AU. The medical
consultant concluded that without an actual measurement of the thyroid uptake
of 1-131 there was a moderate uncertainty in the estimate of the radiation
dose to the thyroid, and estimated a radiation absorbed dose of approximately
530-to-1600 cGy (530-to-1600 rad). The medical consultant further stated that
it is unlikely that the misadministration will result in a clinically
detectable effect on the patient's thyroid. The impact on the patient's
health should be negligible, with no expected long-term disability.
An enforcement conference was held with the licensee on June 24, 1994.
The five violations were classified as a Severity Level III problem and a
Notice of Violation and Proposed Imposition of Civil Penalty (Letter from
Thomas T. Martin, Regional Administrator, to Andrew H. Banoff, Vice President,
Ambulatory Services, Stamford Hospital forwarding Notice of Violation and
Proposed Imposition of Civil Penalty - $1,250, Docket No. 030-01265, License
No. 06-06697-02, dated July 11, 1994) for $1,250 was issued on July 11, 1994.

94-13

Medical Brachytherapy Misadministration at Blodgett Memorial Hospital
in East Grand Rapids. Michigan
One of the AO reporting guidelines notes that a therapeutic dose that is

greater than 1.5 times the prescribed dose can be considered an AO.
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Date and Place- June;14, 1994; Blodgett Memoriald~edical Center; East Grand
Rapids, Michigan.
Nature and Probable Conseauences - On June 15, 1994, the licensee notified NRC
that a misadministration occurred on June 14, 1994, during the second of a
series of three treatments to an eye surface lesio. using a strontium-90 (Sr90) eye applicator. The misadministration resulted in the patient receiving a
total dose that was 53.6 percent above the intended total dose.
The patient was to receive 25.5 gray (Gy) (2550 rad) in a series of
three equal treatments. The intended treatment time for each of the three
treatments was 19.1 seconds. The first treatment was performed as intended.
During the second treatment, the treatment time was misread and the patient
received treatment for 1 minute and 9 seconds. The second treatment dose was
30.68 Gy (3068 rad) instead of the intended 8.5 Gy (850 rad). The third
treatment was not administered.
dose of 39.18 Gy (3918 rad).

Therefore, the patient's eye received a total

The patient and referring physician were notified of the incident by the
licensee. The licensee and the referring physician do not anticipate any
serious health consequences to the patient and have conducted follow-up
medical examinations.
Cause or Causes - The licensee reported that when the first treatment fraction
was performed on June 7, 1994, the treatment time of 19.1 seconds was
erroneously recorded on the medical chart as 1.91 seconds. When it came time
for the second treatment fraction to be administered, the therapist made the
assumption that the treatment time was 1 minute 9 seconds. The physician did
not verify the specific details of the administration prior to administering
the brachytherapy dose, and did not confirm the treatment time.
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the licensee failed to establish a written Quality Management Program (QMP)
for the Sr-90 eye application eye application, and the therapist was not
instructed in the licensee's QMP.
Action Taken To Prevent Recurrence
Licensee - The licensee reported that in the future the brachytherapy quality
management program (MP) will be strictly adhered to when performing eye
applications, and a physics check will be done before each treatment fraction.
In addition, a source activity decay chart for Sr-90 will be provided to the
physicians for immediate reference.
NRC - NRC Region III conducted an inspection from June 28 through July 6,
1994, to review the circumstances of the misadministration. An NRC medical
consultant, retained to review the case, concluded that chances are favorable
that the patient will suffer no health complications, but the risk of future
complications is not zero.
On August 18, Region III issued a Notice of Violation (Letter from John
B. Martin, Regional Administrator, NRC Region III, to Randy Oostra, Assistant
Vice President, Blodgett Memorial Medical Center, forwarding Notice of
Violation, NRC Inspection Report No. 030-02008/94001, Docket No. 030-02008,
License No. 21-01424-03, dated August 18, 1994) to the licensee for the
following violations: (1) treating a patient with the Sr-90 eye applicator
without preparation of a written directive; (2) failure to establish and use a
written QMP for the Sr-90 eye applicator; (3) investigation of the
misadministration by the Radiation Oncology Department instead of the
Radiation Safety Officer as required; (4) failure to maintain required records
of the Sr-90 source usage; (5) failure to maintain the manufacturer's
instructions for the eye applicator as required. There was no Civil Penalty
assessed for the violations.
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94-14

Medical Brachytherapy Misadministration that Required Medical
Intervention at The William W. Backus Hospital in
Norwich. Connecticut

One of the AO reporting guidelines notes that a therapeutic dose that
re;ults in an actual dose greater than 1.5 times the prescribed dose can be
considered an AO.
Date and Place - June 21, 1994; The William W. Backus Hospital; Norwich,
Connecticut.
Nature and Probable Consequences - NRC Region I was notified by the licensee
on June 21, 1994, of a therapeutic misadministration that had occurred at its
facility earlier that day. The misadministration involved a patient who was
prescribed to receive a prostate implant of 112 iodine-125 (I-125) seeds
having a radionuclide activity per seed of between 15.9 and 17.0 megabecquerel
(MBq) (0.43 and 0.46 millicurie [mCi]), but who instead was implanted with 112
1-125 seeds having an activity of 166 MBq (4.49 mCi) each.
Following the preplanning dosimetry performed at Yale-New Haven Hospital
(YNHH), a written directive was prepared by an authorized user and was sent
via facsimile transmission to The William W. Backus Hospital on June 16, 1994,
by the dosimetrist from YNHH. (YNHH is under contract with The William W.
Backus Hospital to provide radiation oncologists, dosimetrists and health
physicists, and two of the physicians from YNHH are listed as authorized users
on The William W. Backus Hospital's NRC license). The Chief Nuclear Medicine
Technologist (NMT) received the drective and called Medi-Physics-in Arlington
Heights, Illinois, to place the order for the required 1-125 seeds. The
package containing the seeds arrived at The William W. Backus Hospital on
June 17, 1994, and was received by one of the NMTs, who was not the same
individual who had ordered the seeds. The NMT opened the package after making
the required radiation surveys. In accordance with the licensee's established
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procedure, information on the packing slip that accompanied the package was
compared with the information that was posted on the lead "pig" that contained
the seeds. The verified information included the number of seeds (112),
activity per seed (166 MBq [4.49 mCi] per seed), and total activity (18,600
MBq [502.88 mCi]), and was entered into the sealed source inventory log book
by the NMT.
On June 21, 1994, the dosimetrist from YNHH arrived at The William W.
Backus Hospital to assist in the implant procedure. The same dosimetrist had
performed the preplanning dosimetry, and had prepared the written directive
that was signed by the authorized user.

The dosimetrist took the package

after reviewing the documentation, but failed to notice that the activity of
the seeds was 10 times higher than the prescribed activity. The dosimetrist
made entries into the log book before removing the container from the nuclear
medicine hot lab, and the entries documented that 112 seeds with activity of
166 MBq (4.49 mCi) each were taken to the operating room.
The implant procedure was completed between 10 and 11 a.m. on June 21,
1994, in the presence of the authorized user, who at the completion of the
procedure documented that 112 I-125 seeds with total activity of 1840 MBq
(49.73 mCi) were implanted. Following the implant procedure, the required
radiation surveys were made by the dosimetrist and the dose rate of 1
microcoulomb per kilogram (4 milliroentgen) per hour at 1 meter (39 inch) from
the patient was recorded by the dosimetrist.
The patient was moved to the recovery area, and the dosimetrist returned
to the nuclear medicine department to complete the documentation required by
the licensee's procedure. At this time, the dosimetrist noted discrepancies
between the entries made in the log book by the NMT at the time of receipt of
the package, and those made by himself earlier that morning.

The dosimetrist

assumed that these were clerical errors, and therefore "corrected" two of the
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three sets of entries in the log book by drawing lines across them and
entering the "correct" figures as 16.6 MBq (0.449 mCi) per seed and 1860 MBq
(50.288 mCi) total, respectively.
The dosimetrist realized the possibility of an error when it was noted
that the packing slip also indicated that each seed had an activity of 166 MBq
(4.49 mCi). The dosimetrist contacted the Chief NMT, and together they both
called Medi-Physics to verify the activity of the seeds. Upon confirmation by
Medi-Physics that each seed had an activity of 166 MBq (4.49 mCi), the surgeon
was notified of the error. (The surgeon was also the patient's referring
physician.) Unable to contact the authorized user who had supervised the
implant procedure, the surgeon consulted with a second authorized user (also
from YNHH) and the two agreed that a surgery to explant as many seeds as
possible was the most appropriate approach under the circumstances. This
involved removal of the patient's prostate gland where a majority of seeds
were-located. The patient and his family were informed of the
misadministration, and the patient was brought back to the operating room and
prostatectomy was completed at approximately 4:00 p.m.
The licensee was able to explant 69 of the 112 seeds that were
implanted, leaving 43 seeds still remaining inside the patient's body.

During

the explanting procedure, one of the 1-125 seeds was ruptured. The patient
was administered prophylactic potassium iodide to block the possible uptake of
1-125 by the patient's thyroid. The licensee also collected the fluids and
the tissue that may have been contaminated. Approximately 5 liters (5.28
quarts) of fluid were collected and appeared to be contaminated with
approximately 1.85 MBq (0.050 mCi) of 1-125. The personnel who were present
in the operating room during the surgery were also monitored for possible
uptake, and the results indicated no internal contamination of these
personnel.
The patient was transferred to YNHH on June 23, 1994, in order that a
more precise localization of the remaining seeds could be made by the use of
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equipment available at that facility. At YNHH three-dimensional scans were
taken, and on June 27, 1994, the patient was again operated on and an
additional 15 seeds were explanted.

This left 28 seeds still remaining in the

patient. The remaining seeds appeared to be scattered in the lower pelvic
region and the licensee decided that further mitigating surgery at this time
was not warranted. The patient appeared to be in stable condition.
Preliminary dose calculations by the licensee indicated that the remaining
seeds would cause the body tissue to receive a radiation dose of the same
order of magnitude as would have been received by the surrounding organs and
tissue if the originally planned seeds were permanently implanted.
patient was discharged from YNHH on July 4, 1994.

The

Cause or Causes - There was a misunderstanding in communication between the
Chief NMT who ordered the seeds, and the representative of Medi-Physics who
received the order. The Chief NMT and the NMT were not familiar with the
magnitude of the radionuclide activities that are used in prostate implant
procedures. The NMT did not inform the Chief NMT as to the activity received.
The Chief NMT was confused by the two telephone calls that were received from
Medi-Physics subsequent to placing of the order, but failed to act to clear
the confusion. The licensee did not have any procedure that required a
comparison of the material ordered and the material received. The YNHH
dosimetrist failed to notice that the activity of the seeds was 10 times
higher when he logged out the seeds.

The licensee did not have a procedure

that required an independent verification of the activity that was being
loaded into the implant needles. The authorized user relied totally on the
dosimetrist and did not verify the activity of the seeds. Dual control (by
the licensee and YNHH) of the radiation safety program related to
brachytherapy procedures caused the YNHH to assume that the Chief NMT was
familiar with the ordering of the radioactive material and did not need
additional training.
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Actions Taken to Prevent Recurrence
Licensee - The licensee made a commitment to voluntarily suspend its
brachytherapy program until written authorization is granted by NRC to resume
the program. This commitment was documented in a Confirmatory Action Letter
(Letter from Charles W. Hehl, Director Division of Radiation Safety and
Safeguards, to Brian J. Smithwick, Vice President and Chief Executive Officer,
The William W. Backus Hospital, forwarding Confirmatory Action Letter 1-94010, Docket No. 030-01287, License No. 06-11734-02, dated June 23, 1994). The
licensee was considering a requirement that radioactive sources be assayed
prior to implantation, and that the implant sources be ordered in writing from
the supplier.
NRC - NRC Region I dispatched an inspection team, which arrived at the
facility at approximately 2:00 p.m. on June 22, 1994, to review the
circumstances surrounding the misadministration. An NRC medical consultant
was engaged to assess the effects of the misadministration on the patient.
The medical consultant reviewed the events and the mitigating actions that the
licensee had taken to minimize the impact of the misadministration on the
patient. The consultant advised NRC that the licensee's actions appeared
appropriate. On June 23, 1994, NRC Region I, in consultation with the NRC
Office for Nuclear Material Safety and Safeguards (NMSS) and the NRC Office
for Analysis and Evaluation of Operational Data, upgraded its inspection
effort to an Augmented Inspection Team (AIT). NMSS contacted the U.S.
Department of Energy's Idaho National Engineering Laboratory (INEL), who
formed a team of consultants to provide technical support to the AIT. The AIT
and INEL support consultants returned to The William W. Backus Hospital on
June 28, 1994, and also to YNHH. NRC Region I issued a press release on
June 23, 1994, and the AIT held a public exit meeting with the licensee at The
William W. Backus Hospital on July 7, 1994. NRC has received the information
gathered on the incident by INEL support team and incorporated this
information in the AIT report issued to the licensee on August 4, 1994
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(Letter from Charles W. Hehl, Director, Division of Radiation Safety and
Safeguards, to Michael T. Moore, President and Chief Executive Officer, The
William W. Backus Hospital, forwarding NRC Augmented Inspection Team (AIT)
Report No. 030-01287/94-001, Docket No. 030-01287, License No. 06-11734-02,
dated August 4, 1994). In a letter to the licensee dated August 10, 1994, NRC
indicated that its review of the AIT report noted two apparent violations: (1)
10 CFR 35.32(a); and (2) 10 CFR 35.25(a) (Letter from Charles W. Hehl,
Director, Division of Radiation Safety and Safeguards, to Michael T. Moore,
President and Chief Executive Officer, The William W. Backus Hospital,
forwarding NRC Inspection Report No. 030-01287/94-001, Docket No. 030-01287,
License No. 06-11734-02, dated August 10, 1994). NRC will discuss these
apparent violations at an Enforcement Conference scheduled for August 24,
1994.

Dated at Rockville, MD this ;

G oday of

Eyleb

., 1994.

FOR THE NUCLEAR REGULATORY COMMISSION

o
Joh g Hoyle
Acting Secretary of the Commission
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ABSTRACT
In order to better review a potential license application to construct and operate a geologic repository
for spent nuclear fuel and high-level radioactive waste (HLW), the Nuclear Regulatory Commission
staff (and its contractor) has expanded and improved its capability to conduct performance
assessments. This report documents the demonstration of the second phase of this capability. The
demonstration made use of the scenario selection procedure developed by Sandia National
Laboratories to provide a set of scenarios, with corresponding probabilities, for use in the
consequence analysis of a potential HLW disposal site in unsaturated tuff. Models of release of
radionuclides from the waste form and transport in groundwater, air and by direct pathways provided
preliminary estimates of releases to the accessible environment for a 10,000 year period. The input
values of parameters necessary for the consequence models were sampled numerous times using Latin
Hypercube Sampling from assumed probability distributions. The results from the consequence
models were then used to generate Complementary Cumulative Distribution Functions (CCDFs) for
either release to the accessible environment or effective dose equivalents to a target population.
CCDFs were calculated for probabilistically significant combinations (scenarios) of four disruptive
events; drilling, pluvial climate, seismicity and magmatism. Sensitivity and uncertainty analyses of
the calculated releases and effective dose equivalents were also used to determine the importance of
the parameters. Because of the preliminary nature of the analysis and the lack of an adequate data
base, the results and conclusions presented In this report should be carefully interpreted. They should
not misconstrued to represent the actual performance of the proposed Yucca Mountain repository nor
serve as an endorsement of the methods used.
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EXECUIIVE SUMMARY

1.0

INTRODUCTION AND BACKGROUND

Phase 2 of the Nuclear Regulatory Commission Iterative Performance Assessment (PA) program is
the second major effort undertaken by analysts at the NRC and its contractor, the Center for Nuclear
Waste Regulatory Analyses (CNWRA), to demonstrate the capability to review a performance
assessment for a proposed geologic repository for spent nuclear fuel and high-level radioactive waste
(HLW) at Yucca Mountain, Nevada.
The primary objective of the IPA program is to develop, maintain, and enhance the NRC staff
capability to review effectively performance assessments submitted for support of the U.S.
Department of Energy's (DOE's) prelicensing activities such as site characterization, and for the
license application. Additional and related objectives include:
Evaluating the ongoing DOE site characterization program (including field studies,
laboratory studies, and analyses, and interim performance assessments generated by
DOE or its contractors).
*

Evaluating ways to implement the 10 CFR Part 60 performance objectives.

e

Providing input to the ongoing evolution of the radiation protection standard for the
geologic repository, set forth by the U.S. Environmental Protection Agency (EPA) in 40
CFR Part 191, which is incorporated by reference in 10 CFR Part 60.

*

Providing Input to regulatory guidance and other regulatory products related to
performance assessment, especially the staff's License Application Review Plan (LARP).

*

Assisting in the definition of the Office of Nuclear Material Safety and Safeguards
(NMSS) technical assistance and research programs in the area of HLW.

IPA Phase 1, completed in 1990, was performed jointly by staff members from NMSS and the Office
of Nuclear Regulatory Research. IPA Phase 2 involved considerably more sophistication in model
and computer code development than Phase 1. Improvements include: the preparation of an executive
module to control and operate the computational modules comprising the total-system performance
assessment (PA) computer code; the use of a much more mechanistic and detailed source term
model and computer code; more refined modeling of flow and transport in both saturated and
unsaturated media, including the addition of gas flow to the transport analysis; the inclusion of
seismic and magmatic disruptive scenarios; and the addition of a dose assessment capability. Many of
the improvements to the IPA Phase 2 analysis were based, in part, on the preliminary
recommendations made as a result of the insights gained from the Phase 1 effort.
It should be noted that the results presented in the following chapters have had limited formal review,
are based on numerous simplifying assumptions, and use only limited site-specific data; thus, the
numerical results should not be taken as representative of the performance of the proposed repository
x-x
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at Yucca Mountain, Nevada. The analysis Is also replete with uncertainties regarding conceptual
models for consequences and scenarios. In the conduct of this limited study, the authors did not
encounter any definitive indications that the EPA standard could not be implemented. However,
because of the incomplete scenario analysis in this demonstration, not all aspects of the EPA standard
were tested (e.g., the difficulties in estimating scenario probabilities). Terefore, taking these
tentative results of a preliminary analysis out of context, or separating these tentative results from
these caveats, may lead to the inappropriate interpretation and use of the results.
Finally, this report should be considered as an interim demonstration of some of the methods that the
NRC staff might use to review a performance assessment submitted by DOE as part of any potential
license application. Thus, at the conclusion of some future phase of the IPA effort, guidance to the
NRC staff on which specific compliance determination methods will be used to review a DOE
performance assessment will be developed and documented in the LARP. This work may also aid in
developing guidance to DOE.
2.0

PURPOSE

As noted above, the primary purpose of IPA Phase 2 was to improve the capability of the NRC staff
to conduct and evaluate calculations of key aspects of a total-system performance assessment for a
proposed geologic repository. An independent assessment capability is considered to be an Important
aspect of the licensing review to be conducted by the NRC staff. Specific goals of IPA Phase 2 were
to:
*

Use the Tuff Performance Assessment Methodology developed by the Sandia National
Laboratories (SNL);

*

Provide for preliminary dose assessment capability;

*

Provide a gas source term and transport capability;

*

Provide an executive module to control run parameters;

*

Improve the existing IPA source term code;

*

Include the saturated zone in the evaluation of the groundwater pathway; and

*

Include more disruptive scenarios in the performance assessment.

In addition, IPA 2 achieved some worthwhile secondary goals, including:
*

Limited evaluation of existing analytical tools to conduct a performance assessment (both
methodologies and computer codes);

*

Obtaining insight into the needs for the improvement of existing, or the development of
new methodologies;

Xx
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*

Providing insights into the needs of site characterization; and

*

Providing a smooth transition of contractor support from SNL to CNWRA.

SCOPE

The scope of IPA Phase 2 consisted of the same basic steps as were performed for Phase I including:
system and subsystem definitions; scenario analysis; and consequence analysis, including disruptive
scenarios, analyses of results, and documentation. The IPA Phase 2 study included many
improvements over Phase 1, which expanded the scope and are discussed in Section 1.2.5 of this
report. The auxiliary analyses performed for IPA Phase 2 were performed by both NRC and
CNWRA technical staff members and supported modeling in the areas of regional hydrology, site
infiltration analysis, model testing, geochemistry, and source term.
The results of IPA Phase 2 included total and conditional complementary cumulative distribution
functions (CCDFs) for summed normalized releases to the accessible environment and effective dose
equivalents for the exposed population. Maximum concentrations of radionuclides in groundwater
were not compared with drinking water standards, and maximum doses to individuals were only
calculated approximately. Screening analyses were performed, with the results of the calculations, to
investigate the relationship between subsystem performance and overall system performance.
Recommendations in the areas of additional scientific input (research), modeling improvements, and
supporting analyses were formulated from the IPA Phase 2 work. The results of the sensitivity and
uncertainty analyses were also factored into the recommendations.
Development of all total-system performance assessment (TPA) computational modules, supporting
analyses, and analyses of results are documented in the IPA Phase 2 report. In addition, the values of
variables used, including the statistical distributions, are included in the appendices.
4.0

ELEMENTS OF THE EPA PHASE 2 TOTAL-SYSIEM PERFORMANCE
ASSESSMENT

This report Is largely structured along the same lines used to conduct IPA Phase 2, as noted below:
TPA Computer Code Development
The TPA computer code described in Chapter 2 consists of an executive module and several
computational modules, which are linked together to calculate, in a Monte Carlo probabilistic
manner, the total-system performance of a geologic repository. Both cumulative releases to
the accessible environment and radiologic population dose are computed. In addition to
controlling the execution of the various modules, the executive module computed the total
CCDF by combining the results from the consequence modules and the probabilities of
various scenario classes, which were determined separately. The TPA executive module also
controlled data transfer between modules, including: (a) global data common to all modules;
(b) sampled data, parameters sampled from a Latin Hypercube Sampling (LHS) module (see
Appendix A); and (c) special input files for the various scenarios or particular consequence
modules. The modular construction of the systems code is expected to allow for relatively
easy modification or replacement of the various consequence modules, without changing the
i
..
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overall structure of the TPA computer code.
Scenario Analysis
Scenario analysis is comprised of scenario identification, scenario screening, and estimates of
scenario probabilities. As noted in Chapter 3, four fundamental events were combined to
form 16 mutually exclusive scenario classes. These fundamental events are: (1) change to a
pluvial climate; (2) human intrusion by exploratory drilling; (3) seismic disruption; and (4)
magmatic disruption. Only four scenarios classes were selected for inclusion in the
simulations to estimate the radionuclide release CCDF representing repository performance.
Of the remaining 11 scenario classes, another 5 were included in the simulations for the
purpose of comparing undisturbed repository performance with disruptions caused by single
disruptive events.
How and TrnsporrAnalysis
The flow and transport analysis described in Chapter 4 consisted of constructing models of
radionuclide transport from the source term through both liquid and gaseous pathways. For
the liquid pathways, the repository was divided into seven distinct regions, to represent the
spatial variability. Radionuclide transport in ground water was assumed to be vertical in the
unsaturated zone and primarily horizontal along the water table in the saturated zone. Thus, a
water transport pathway, for a particular region, consisted of a series of individual onedimensional segments, each representing a hydrologic unit associated with that region. The
matrix-fracture flow characteristics of these one-dimensional flow paths, used for the TPA
code simulations, were based on a detailed modeling of unsaturated flow, using a dualcontinuum approach, to represent the fracture and matrix system. Gaseous transport was
modeled in two dimensions, using the time-varying temperature distribution which resulted
from the repository thermal loading to determine a set of time-dependent velocity fields.
Time-varying releases of ' 4C from the source term model were tracked from the repository to
the atmosphere, to determine the release over the performance assessment period and to
provide input to the dose assessment model. The TPA system code provided sampled
hydrologic parameters (described in Appendices A and B) to both the liquid- and the gastransport models, for each simulation.
Source Term Analysis
The source term module described In Chapter 5 mechanistically modeled the Interaction
between waste packages and their immediate environment. Failure of waste package
containers was modeled as occurring in three categories: () due to initial defects; (2) via
corrosion of the waste package, followed by buckling; and (3) failures due to disruptive
events. The initiation of corrosion was assumed to require the presence of water in the liquid
state, which in turn was assumed to depend on whether the temperature computed for a
location had dropped below the boiling point. After initiation, corrosion proceeded according
to sampled corrosion parameters supplied by the TPA system code. Modeling of spent
nuclear fiel alteration, dissolution, and near-field transport (the last two processes for releases
in the liquid pathway only) was employed to determine the time-varying liquid and gaseous
releases for use by the transport models.

xxiii
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Disruptive Consequences Anaysis
Disruptive consequence modeling described in Chapter 6 estimated the effects of four
disruptive events on the performance of the geologic repository. The drilling model assumed
a random process to determine the number, location, and time-of-drilling for boreholes, and
whether a waste package canister was hit for each simulated borehole. Excavated waste or
contaminated rock provided a surface release for transfer to the total release and dose
calculations. The seismo-mechanical model determined waste package failure of the
corrosion-weakened waste package canisters from a randomly-sampled earthquake acceleration
and supplied the information to the source term code, to calculate releases. The magmatic
model randomly selected the time of the magmatic event, its size, location, and orientation.
Distributions for these parameters were based on geologic evidence. The intersection of these
magmatic features, both dikes and cones, with the repository layout, determined the amount
of the emplaced inventory contributing to the releases to the accessible environment (either to
the groundwater or surface, or, in the case of extrusive magmatic events, airborne release).
Climate change was modeled by a shift in the distribution assumed for infiltration, and the
depth to the water table under the repository horizon.
Dose Assessment
A dose assessment capability was included as part of the TPA system code activity; this
assessment capability is described in Chapter 7. The dose assessment provided estimates of
population and individual effective dose equivalent for each simulation. The dose model
employed a static biosphere and determined dose to humans from five exposure pathways: (1)
inhalation; (2) air submersion; (3) ingestion of vegetable crops; (4) ingestion of animal
products; and (5) ground-shine. Dose related parameters were not sampled in the analyses.
Sensitty and Uncerinty Analysis
With the simulation results from nine scenario classes and 400 realizations from the sampled
parameters, sensitivity and uncertainty analyses were performed. These analyses included
regression and differential analyses described in Chapter 8 of this report. The regression
analyses included stepwise regression analysis to identify the most significant variables and the
construction of linear and transformed regression models, to test the ability of regression
modeling to emulate the performance calculation with a limited set of variables. A number of
coefficients were computed from the regression analysis, to represent sensitivity and
uncertainty. Differential analysis was performed using additional system code runs with
selected input variables (without sampling). Sensitivity and uncertainty parameters were
calculated directly and compared with those determined from the regression analysis.
Anayticl Results

Analyses of the results of the TPA system code simulations also included scatter plots of the
releases from various disruptive scenarios compared with the base case releases; sensitivity
plots showing the sensitivity of the CCDF to various screening criteria; and histograms of
calculated variables such as approximations to waste package failure times and groundwater
travel times. These analyses are presented primarily in Chapter 9 of this report.
Fourteen auxiliary analyses were also conducted to support the tasks listed above. Most of the
auxiliary analyses support modeling in the areas of regional hydrology, local infiltration,
xxiv
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geochemistry, and radionuclide transport. These analyses provided inputs to the performance
assessment consequence models such as the transport characteristics of flow paths, elevation of the
pluvial case water table, and geochemical parameters for liquid and gas transport. Other analyses
supported the source term model by determining volatile radionuclides that could be released during a
magmatic event, and providing a basis for using a representative waste package for the source term
for each of the seven repository regions modeled. The results of these analyses are summarized in
Chapters 4, 5, and 8. Details regarding how 12 of the 14 auxiliary analyses were conducted are
described in detail as Appendices C to M of this report. Also described in the text of the report are
other short analyses, as well as analyses that have been published elsewhere.
5.0

OVERALL SYSTEM AND SUBSYSTEM PERFORMANCE ASSESSMENT RESULTS

The results of the PA computer code simulations using the parameter distributions provided in
Appendix A of this report and the scenario probabilities provided in Chapter 3 are presented in
Chapter 9 in Figures 9-7a, 9-7b, 9-8a, and 9-8b. The results as shown In these figures indicate noncompliance with the EPA release standard, where the probability of release exceeding the EPA limit
is greater than 0.1. Median population effective dose equivalents exceed 10 person-rems. The
dominant contributor to the EPA normalized releases is C, primarily in the gaseous pathway. The
primary contributor to population dose is from the liquid pathway and the ingestion of beef raised on
a farm 5 kilometers from the repository. Major radionuclides Identified as contributing to dose
include O4Nb, 2?Pb, Am, and ='Np.
NRC's subsystem performance requirements (10 CFR 60.113)' are designed to add to the confidence
that the overall system requirements will be met. Even though no direct quantitative correlation
between subsystem requirements and the overall system requirement is stipulated in the NRC
regulation, an effort was made to determine how subsystem performance contributed, to or was
related to, overall system performance. For these analyses, only the CCDF of normalized release
was used. Four measures of liquid or hydraulic travel times were considered: (1) fastest path;
(2) average; (3) most flux; and (4) flux weighted. Evaluation of each of these potential measures
showed that long hydraulic travel times were generally correlated with smaller cumulative releases.
However, the nature of the travel time distribution for the fastest path and most flux were such that
most travel times were 800 and 1200 years. The distribution for average and flux-weighted travel
times showed no vectors with travel times less than 10,000 years. For these reasons, the
appropriateness of any given criterion was not directly evaluated. The relationship between release
and waste package lifetime was found to be strong, with significant sensitivity of the CCDF to waste
package lifetimes in the 300 to 1000-year range. Little correlation was found between the EBS
release rate criterion and the normalized EPA release. Meeting the EBS release rate criterion alone
did not guarantee a normalized EPA release less than 1.0. The correlation of consequences with
various potential measures of subsystem performance is discussed in Section 9.5 of this report.

1 The egulations in 10 CFR 60.113 etblish specific performance objectives for the following rpository subsystems:
(1) the engineered barrier system (EDS; ad (2) the geologic sting.
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6.0

INSIGHTS AND CONCLUSIONS FROM MODEL DEVELOPMENT AND THE
SENSITIVTY AND UNCERTAINTY ANALYSES

The most significant information gained from the IPA Phase 2 study was determined to be insights
and conclusions regarding the evaluation of the IPA Phase 2 methodology and analyses, aspects of the
site and repository design that might be important to performance, and the results of the overall
system and subsystem performance assessments. These items are discussed in more detail in Chapter
10 of this report.
In regard to the adequacy of the IPA Phase 2 methodology, it was concluded that although the
methodology can and must be improved as performance assessments become more detailed and
sophisticated, the present methodology is adequate to identify important parameters and processes,
gain insights regarding model development and repository performance, and evaluate research and
technical assistance needs.
The scientific basis for analysis, that is the published information regarding the site properties and
repository design, was not considered adequate to represent the performance of the repository in
regard to compliance. For this reason, the most important information gained from the performance
calculations is considered to be the identification of important parameters and processes and the
relative effects of events and criteria on the CCDFs.
Significant insights and conclusions from model development and the sensitivity and uncertainty
analysis include the following:
*

The fractured unsaturated matrix of the site can greatly influence repository performance
by providing pathways for fast transport of liquids and vapor. he fractured unsaturated
matrix is also difficult to model realistically.

*

Percolation rate was identified as the most Important parameter, from the sensitivity uncertainty analysis in scenarios where there was a distribution of both matrix and
fracture flow (the non-pluvial scenario classes).

*

Abstracted flow models used in IPA Phase 2 probably do not include all of the important
characteristics of the flow system and should be supported by three-dimensional, nonisothermal, two-phase models.

*

Fracture geochemistry appears to be more important than geochemistry for the matrix
for gas and liquid transport.

*

Corrosion- and dissolution-related parameters were found to be important, in all scenario
classes, for dose and release.

*

Near-field hydrothermal processes may greatly influence container lifetime in terms of
wetting time and corrosion rate.
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*

Repository heat load is likely to be an important variable and should be evaluated in
terms of performance sensitivity, in future IPA analyses.

*

Uncertainty regarding the probability and consequences of the existing model, for
magmatism, justifies more sophisticated modeling efforts.

RECOMMENDATIONS

Recommendations for additional scientific input generally follow the insights and conclusions
determined from model development and the sensitivity and uncertainty analyses. These
recommendations described in Section 10.4.1 of this report include:
*

Research regarding fracture-matrix hydraulic and geochemical interactions, including
those affecting gas transport, should be undertaken or continued.

*

Regional hydrogeology will have to be understood sufficiently to determine the effects of
disruptive events on site water levels and hydrologic boundary conditions.

*

A relationship correlating percolation with precipitation at the site needs to be developed
by DOE. This may allow the incorporation of expert judgment or future climate
modeling into the estimation of the base case and pluvial climate percolation range and
distribution.

*

The effects of high humidity and/or water with high ionic strength on waste package
corrosion need to be quantitatively understood for incorporation into the waste package
failure component of the source term model.

*

Realistic source term modeling will require input from near-field hydrothermal research,
which may need to consider alternative waste package designs and placement
configurations.

*

Research in magmatism, including the role of volitiles, multiple dike intrusions, preexisting geologic structure, and uncertainty in geochronological data, needs to be
undertaken.

In Section 10.4.2 of this report, additional recommendations resulting from the IPA Phase 2 work are
listed by chapter. The types of recommendations vary, from being very model-oriented, in the
modeling chapters (4 to 6), to requiring additional analyses or procedures such as in Chapters 2, 7,
and 8. The recommendations for modeling improvements and/or supporting analysis by chapter are:
*

Recommendations concerning the TPA computer code (Chapter 2) include better
adherence to software quality assurance procedures, the need for greater model
abstraction, and need for the TPA computer code be continually upgraded.

*

Recommendations in the area of scenario analysis (Chapter 3) consist of the need to
reassess staff judgments and probabilities assumed in the screening of events and
xxvii
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processes, and the need to examine partitioning of scenario classes.
*

Flow and transport recommendations (Chapter 4) include model improvements in the
area of unsaturated flow, including more complex modeling of fracture-matrix
interactions, two-phase fluid movement, and the effects of fracture imbibition on
percolation. Also recommended is a closer examination of hydrogeologic features and
heterogeneity in the unsaturated zone, to find possible fast pathways or short Circuits."
The recommendations also call for Improvements in saturated zone modeling, after
evaluating more alternative approaches and adding more output (from intermediate
calculations) to the computer models, to better interpret results.

*

Source term recommendations (Chapter 5) include modeling improvements in the waste
package area, such as near-field hydrothermal and heat transfer modeling, more
mechanistic corrosion models, and more realistic waste package failure models. Also
included in the source term recommendations were improvements in the release
modeling, such as accounting for spatial and temporal variability, improved gaseous 'C
releases, and improved dissolution modeling.

*

Recommendations associated with disruptive consequence modules (Chapter 6) include
the need to improve the drilling, seismic, and volcanism models. There is also a
recommendation to include recently obtained information from expert judgment in the
pluvial climate consequence simulations.

*

Dose assessment recommendations (Chapter 7) include improvements to the input and
means of presentation of the DITlY code results, and the need to perform sensitivity and
uncertainty analysis on the dose assessment parameters. It is also recommended that
other dose assessment codes be evaluated, as well as methods employed by international
organizations.

*

Recommendations from the area of sensitivity and uncertainty analysis (Chapter 8)
consist of developing techniques specifically for evaluating probabilistic quantities and
the need to incorporate correlation between variables into the regression model.

xxviii
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1.

INTRODUCTION
M.P. Le/NMSS, R.G. WescoftINMSS, NA. Eftenberg/NMSS, and J.S. Trpp/NMSS

1.1

NRC'S ITERATIVE PERFORMANCE ASSESSMEWT PROGRAM

1.1.1
Background
Work performed under the first demonstration of the staff's capability to execute critical parts of a
performance assessment for a geologic repository for high-level radioactive waste (HLW)' was
intended as an initial step in a sequence of planned iterative performance assessments (IPAs) to be
undertaken by the Nuclear Regulatory Commission staff and Its contractor - the Center for Nuclear
Waste Regulatory Analyses (CNWRA). His report describes the results of the second phase
(designated IPA Phase 2') of the continuing demonstration of the development of the NRC staffs
capability to review a performance assessment for a geologic repository. This capability helps the
NRC staff assess whether the U.S. Department of Energy's (DOE's) site characterization activities are
adequate, during the pre-licensing phase, and later, helps the staff review a potential license
application to construct a geologic repository for HLW.
As its name indicates, IPA involves repeated iterations directed at improving both the NRC staff's
capability for reviewing DOE's demonstration of repository performance and the staff's understanding
of combined systems and events and processes that are key to repository performance. Performance
assessment of a geologic repository, like other systematic safety-assessment methodologies, benefits
substantially by being conducted in an iterative manner, primarily because the lessons learned
regarding modeling improvements, data needs, and methodology can be addressed in subsequent
iterations.
1.1.2
Objectives
Under Section 114(d)2) of the Nuclear Waste Policy Act of 1982 (NWPA), as amended (Public Law
97-425), the Commission Is required to Issue a final decision on the Issuance of a construction
authorization for a geologic repository for HLW no later than 3 years after DOE's license application
is submitted, although the Commission may extend this deadline for 12 months, for good cause, in
accordance with the NWPA, as amended. Meeting this schedule depends greatly on the following:
(1) early and open pre-licensing consultation between NRC and DOE on the information that would
be needed for licensing; (2) adequate DOE site characterization plans and activities; (3) DOE's
submission of a complete and high-quality license application; and (4) NRC staff effective
preparation for the license application review process, by having its technical assessment capability in
place.
The overall objective of NRC's IPA program, therefore, is to maintain and enhance the staff
capabilities necessary to support these geologic repository program activities. During the prelicensing phase, the specific objectives of NRC's IPA program thus include:
*

Evaluating the ongoing DOE site characterization program (including field studies,

As used in this document, HLW includes spent nuclear fuel and ansuranic wastes, unless otherwis specifically
sAtd.
I
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laboratory studies, and analyses, and interim performance assessments generated by
DOE or its contractors).
*

Evaluating ways to implement the 10 CFR Part 60 performance objectives.

*

Providing input to the ongoing evolution of the radiation protection standard for the
geologic repository, set forth by the U.S. Environmental Protection Agency (EPA) in 40
CFR Part 191 (Code ofFederalRegulations, Title 40, Protection of Environment")
which is incorporated by reference in 10 CFR Part 60.

*

Providing input to regulatory guidance and other regulatory products related to
performance assessment, especially the Draft License Application Review Plan (see
NRC, 1994).

*

Assisting in the definition of the Office of Nuclear Material Safety and Safeguards
(NMSS) technical assistance and research programs in the area of HLW.

Additional specific objectives of NRC's IPA program, during the licensing phase, include:
*

To provide an independent calculation of key aspects of DOE's total-system performance
assessments submitted as part of a license application.

*

To probe DOE's assessment for potential weakness, based on a familiarity with the
methods, data, and assumptions used In the performance assessments.

1.1.3
Regulatory Basis for IPA
NRC's basic licensing and related regulatory authority are provided by the Atomic Energy Act of
1954 (Public Law 83-703), as amended. This authority applies to certain facilities of DOE (as
successor to the Energy Research and Development Administration) under Section 202 of the Energy
Reorganization Act of 1974 Public Law 93-438). Congress further defined NRC's role, as it relates
to the disposal of HLW in geologic repositories, in NWPA and the Nuclear Waste Policy
Amendments Act of 1987 (Public Law 100-203).
Section 121(a) of NWPA, as amended, called for the EPA to promulgate generally applicable
environmental standards for the management, storage, and disposal of HLW. In addition, NWPA
prescribed (Section 121(b)) that the EPA standards be implemented by NRC as part of the procedural
and technical regulations it was to promulgate for the licensing of geologic repositories for the
disposal of HLW. The EPA promulgated its standard in the form of 40 CFR Part 191 (EPA, 1985)P;
the NRC standard is in the form of 10 CFR Part 60 (NRC, 1983).
40 CFR Part 191 establishes containment requirements that limit releases of radioactive material to
the accessible environment, weighted by a factor approximately proportional to radiotoxicity, and

2 40 CFR Pat 191 Was vacated by the U.S. Court of Appeals for the First Circuit and Etmanded to the EPA for
further consideration.
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integrated over a period of time (10,000 years is the current regulatory requirement) following
permanent closure of the geologic repository. 10 CFR Part 60 incorporates 40 CFR Part 191 as the
overall performance requirement for a geologic repository.' The requirements in 10 CFR 60.112 set
an overall system performance objective that amounts to meeting EPA's containment requirements,
while certain other sections (10 CFR 60.113) set forth subsystem performance objectives. (The use
of subsystem performance objectives is consistent with the Commission's multiple barrier, defense-indepth concept and contributes to developing reasonable assurance that the EPA standards will be met.)
40 CFR Part 191 specifies three broad quantitative performance requirements for the overall geologic
repository system:
*

Limits on the cumulative release of radioactivity at the boundary of the accessible
environment over 10,000 years (40 CFR 191.13 - containment requirements).

*

Limits on dose to individuals for the first 1000 years (40 CFR 191.15
protection requirements).

*

Limits on permissible concentrations of radionuclides in special sources of groundwater
for the first 1000 years (40 CFR 191.16 - groundwater protection requirements).

-

individual

As for the subsystem performance objectives, the regulations in 10 CFR 60.113 establish specific
performance objectives for the following repository subsystems: (1) the EBS and (2)the geologic
setting. These performance objectives require the following:
*

Substantially complete containment of waste in the waste packages for a minimum period
of 300 to 1000 years after closure (10 CFR 60.113(a)(1)Cti)(A)).

*

Controlled fractional release rate from the EBS, based on the inventory at 1000 years
after closure (10 CFR 60.113(a)(1)(ii)(B)).

*

Prewaste-anplacement groundwater travel time (GWT) of at least 1000 years (10 CFR
60.113(a)(2)).

Cuantly, a revised s Of dandards specc to the Yucca Mountaitn st s bing developed i accordance with the
provisions of the Energy Policy Act of 1992. The Energy Policy Act of 1992 (Public lAw 102486), dated October 24, 1992,
directs NRC to promulgatc a Nile, modifying 10 CFR Part 60 of its regulations, so that thes regulations am consistent with
EPA's public health and safety standards for protection of the public firn releases to the accessible cnvironment fm
radioactive materials stored or disposed of at Yucca Mountain, Nevada, consistent with the findings and recommendations made
by the National Academy of Sciences, to EPA, on issues relating to the anvironmental standards governing the Yucca Mountain
repository. It is anticipated that the revised EPA standards for the Yucca Mountain site will not be substailly different frn
those currently contained in 40 CFR Part 191, particularly as they pertain to the need to conduct a quantitative performance
assessment as the means to estimate postclosure performance of the repository system.
'

4 As used here, the repository system rfer to the combination of: (i) emplaced wastes; (ii) the engineered barsier
system (EBS); (iii) the engineerd disposal facility; and (iv) the geologic medium surrounding the geologic repository
operations aea (ROA) facility (i.e., wtin the controlled area).
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Because the EPA standard is probability-based, the demonstration of compliance must also be
probability-based. However, a probabilistic evaluation is useful regardless of the nature of the
standard because of large uncertainties. Accordingly, the measure of total system performance for a
geologic repository can be expressed by the complementary cumulative distribution function (CCDF)
for cumulative normalized radioactive releases to the accessible environment over 10,000 years. The
representation of repository performance by a CCDF incorporates:
*

Consideration of the various parameters affecting the performance of the geologic
repository; and

*

Consideration of a range of anticipated and unanticipated processes, conditions, and
events that could affect future geologic repository performance.

In conducting a total-system performance assessment, the analysis needs to account for the various
uncertainties that are inherent in those processes, conditions, and events considered. The present
performance assessment approach undertaken by the staff in its PA effort incorporates both
parameter uncertainty and scenario probability into a single CCDF. Alternative representations show
the entire set of single-vector CCDFs or single conditional CCDFs for each scenario. Both of these
alternatives are capable of representing parameter uncertainty and scenario probability as separate
factors.
1.1.4
Steps In Performing a Total-System Performance Assessment
The general approach to developing and analyzing a total-system performance assessment can be
defined by the following steps, outlined below, and shown in Figure 1-1. For both the IPA Phase 1
and Phase 2 efforts, all these steps were performed to various levels of detail.
Step No. 1 - System Description
The repository is broken into its component parts for the purposes of modeling. These
components include the waste form, the mined geologic repository system (including the
engineered barriers such as the waste package), and the portion of the geosphere surrounding
the geologic repository through which the radionuclides, in time, may migrate. The system
description therefore should include information that supports the development of models
describing repository performance, and should identify data and parameters for the models
used to support the ScenarioAnalysis (Step No. 2 - described below).
Step No. 2- ScenarioAnalysis
Scenarios representing alternative possible future states of the environment, as they reflect the
repository, are identified and screened. For this analysis, scenarios are formulated based on
classes of events and processes external to the repository system. (Events and processes
internal to the repository system are treated in the Consequence Analysis (Step No. 3described below). Probabilities were estimated for the selected scenarios.
Step No. 3 - Consequence Analysis (release, transport, and dose modeling)
Models are developed to describe the performance of the subsystems of the geologic
repository and are linked to describe overall performance. Overall repository performance, in
terms of cumulative releases of radionuclides to the accessible environment, over a specified
I-4
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Figure 1-1.

Components of a total system-performance assessment.
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time period (in this study, 10,000 years), Is calculated for each scenario, using numerous
simulations of possible ranges of parameter values. In addition to the CCDF for cumulative
releases (Step No. 4), other types of system performance measures, such as maximum doses
to Individuals, can also be considered.
Step No. 4- ProbabilisticPeformance Measure Calculation (the CCDF)
For each scenario Identified in Step No. 2, the consequences, in terms of normalized
cumulative releases of radionuclides to the environment over a specified period of time, are
calculated and the results displayed in a plot of total releases versus the probability that such
consequences are exceeded (i.e., the CCDF of total releases to the accessible environment for
10,000 years, normalized by the EPA release limit for each radionuclide and summed over all
contributing pathways). The total results Incorporating scenario probability are compared
with release limits established by the EPA standard.
Step No. 5 - Sensitivity and UncertaintyAnalysis
A sensitivity analysis is conducted to evaluate the fractional change in calculated results
caused by incremental changes in the values of input parameters and data. An uncertainty
analysis is also conducted to quantify the uncertainty in performance estimates in terms of the
major sources of uncertainty, in input parameters. Uncertainty in modeling, however,
including conceptual model uncertainty and uncertainty regarding the probability of future
states, was not quantified in either IPA Phase 1 or Phase 2.
Step No. 6. - Docuntation
Documentation is developed to clarify the assumptions used in the analysis, their bases, and
the implications of their uses. An important aspect is documentation of auxiliary analyses,
which evaluate the adequacy of the consequence modules and the assumptions underlying
them, synthesize data into parameters, and provide other insights.
IPA PHASE 2: OVERVIEW

1.2

1.2.1
Purpose and Scope
As noted earlier, the primary purpose of IPA Phase 2 was to enhance and improve the capability of
the NRC staff to conduct and evaluate calculations of key aspects of repository performance by
performing a limited total-system performance assessment. It is believed that the NRC staffs
capability to perform an independent assessment will be an important aspect of its licensing review.
The specific goals of IPA Phase 2 were to:
*

Use the Tuff Performance Assessment Methodology developed by Sandia National
Laboratories (SNL);

*

Provide for a preliminary dose assessment capability;

*

Provide a gas source term and transport capability;

*

Provide an executive module to control run parameters;
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*

Improve the existing IPA source term code;

*

Include the saturated zone in the evaluation of the groundwater pathway; and

*

Include consideration of additional disruptive scenarios.

In addition, IPA Phase 2 achieved some worthwhile secondary goals, including:
*

Limited evaluation of existing analytical tools for conducting a performance assessment
(both methodologies and computer codes); and

*

Insight Into the need for the improvement of existing methodologies or the development
of new ones.

IPA Phase 2 also provided a smooth transition of contractor support from SNL to the CNWRA.
The scope of IPA Phase 2 consisted of the same basic steps (described in Section 1.1.4) as were
performed for IPA Phase 1, including: system description, scenarioanalysis, consequence analysis,
CCDF calculation, and documentation. The IPA Phase 2 study included many improvements, over
IPA Phase 1, which expanded the scope and are discussed in Section 1.2.5. The auxiliary analyses
undertaken for IPA Phase 2 were performed by both NRC (NMSS and the Office of Nuclear
Regulatory Research (RES)) and CNWRA technical staff members, and supported modeling in the
areas of regional hydrology, site infiltration analysis, model testing, geochemistry, and source term.
The results computed in the total-system performance assessment included total and conditional
CCDFs for summed normalized releases and effective dose equivalents for the exposed population.
Maximum concentrations of radionuclides in groundwater were not compared with drinking water
standards and maximum doses to individuals were only calculated approximately. Screening analyses
were performed, with the results of the calculations, to investigate the relationship between subsystem
performance and total system performance. Recommendations in the areas of additional scientific
input (research), modeling improvements, and supporting analyses were formulated from the IPA
Phase 2 work. le results of the sensitivity and uncertainty analyses were also factored into the
recommendations.
Development of all computational modules, supporting analyses, and analyses of results are
documented in the IPA Phase 2 report. In addition, the values of variables used, including the
statistical distributions, are included in the appendices.
1.2.2
IPA Organization and Staffing
NRC staff members from both NMSS and RES, and the CNWRA participated in IPA Phase 2. The
technical staff involved in IPA Phase 2 came from all three organizations. To coordinate the efforts
of the three participating organizations, the organizers designated a technical project manager from
NMSS (M. Lee), and three technical coordinators: one respectively from NMSS (R. Wescott
succeeding N. Eisenberg); RES (. McCartin); and the CNWRA (R. Baca succeeding B. Sagar).
The assignment of staff to the technical efforts in Phase 2 was done regardless of organizational
affiliations and focused on individual technical capabilities.
I
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The project manager and technical coordinators facilitated communication among the various task
leaders and technical participants. he technical coordinators also proposed plans for technical
activities, schedules, and staffing for IPA Phase 2, for approval by the IPA Management Board. The
IPA Management Board was comprised of M. Federline (NMSS) (succeeding R. Ballard); M.
Silberberg (RES/Waste Management Branch (WMB)); and B. Sagar, succeeding W. Patrick
(CNWRA).

Each of the six major divisions of technical activity was assigned to a working group with a
designated task leader. The principal staff (including task leads) assigned to each of these working
groups is indicated at the beginning of each chapter of this report: these staff were responsible for
conducting the respective analyses and documenting the results. The specific staff responsible for the
total-system performance assessment (PA) module development is described in Section 2.1.3 of this
report.
However, other NMSS, RESfWMB, and CNWRA staff made substantial contributions during the
formative stages of the IPA Phase 2 analysis, as indicated below. Those additional staff members that
participated in the initial scoping deliberations for the scenario analysis described in Section 3.3 of
this report are listed in Table 1-1. Similarly, in Chapter 5 ('Source Term Module'), important
contributions to the analysis were made by: P. Nair, G. Cragnolino, and N. Sridhar of the CNWRA;
T. Torng of the Southwest Research Institute (SwRI); and K. Chang and N. Eisenberg of NMSS.
Finally, in Chapter 6 (Disruptive Consequence Module'), the Phase 2 analysis benefited from
contributions made by those additional staff listed in Table 1-2.
1.2.3
Quality Assurance
The following discussion is intended to briefly outline the quality assurance (QA) measures applied to
the software for the PA Phase 2 computational modules.
As noted earlier, IPA Phase 2 was performed jointly by NMSS, RES, and CNWRA staff. IPA Phase
2 planning and development was performed in accordance with QA guidelines established in the draft
IPA Phase 2 Program Plan. The computer programming performed was under the controls of the
CNWRA's QA program to avoid the necessity of developing equivalent NMSS/RES procedures for
this activity. The CNWRA's implementing procedure in the area of computer codes is Technical
Operating Procedure (TOP)-018 (CNWRA, 1992). This procedure imposes methods for configuration
management of the scientific and engineering software (e.g., computer codes) acquired, developed,
and/or modified and used by NMSS, RES, and CNWRA staff. The procedure is intended to ensure
the integrity of such codes by maintaining an auditable and traceable record of any needed changes.
It should be noted that QA requirements contained in TOP-018 conform to the broader QA guidance
contained in NUREG-0856 (NRC, 1983). NUREG-0856 recommends guidelines for DOE to use
when preparing the documentation for scientific and engineering software used in those analyses
submitted in support of any DOE license application for a geologic repository for HLW.
However, it should be noted that User's Guides for all computational modules are planned and/or
under development at this time, to satisfy the requirements of TOP-018.

I-
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Table 1-1. Staff Participating In the IPA Phase 2 Scenario Analysis

Indvdual/Organzation

[

Dfrcipline(s)

G. Birchard/RES

geochemistry

J. Bradbury/NMSS

geochemistry

P. Brooks/NMSS

performance assessment

R. Cady/RES

waste package/engineered barrier system

K. Chang/NMSS

waste package/engineered barrier system

D. Chery/NMSS

hydrology, climatology

D. Codell/NMSS

performance assessment

N. Eisenberg/NMSS

performnce assessment

B. GureghianlCNWRA

hydrology, climatology

R. Hofmann/CNWRA

geophysics

A.B. Jbrahim/NMSS

geophysics

H. Lefevre/NMSS

economic geology

L. Kovach/RES

geology, volcanism

T. McCartin/RES

hydrology

M. Miklas/CNWRA

geology/climatology

E. O'Donnell/RES

geology

G. Stirewalt/CNWRA

geology

J. ParkINMSS

performance assessment

J. Trapp/NMSS

geology

D. Turner/CNWRA

geology
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Table 1-2. Staff Participating In the Analysis of Scenarios used in the EPA Phase 2 Consequence
Analyses

Scenario Class

Analysis
A
Team/Organation

Climate

M. MikLas/CNWRA
1. Park/NMSS
N. Eisenberg/NMSS
B. Sagar/CNWRA

N. FsenbergINMSS
J. Firth/NMSS
A. Drake/CNWRA
C. FrietaslCNWRA
1. Park/NMSS

Drilling

B. Sagar/CNWRA

Seismicity

N. Elsenberg/NMSS
R. Codell/NMSS
K. ChangtNMSSA. Chowdhury/CNWRA
D. DancerlNMSS
C. Frietas/CNWRA
A.B. IbrahimtNMSS
P. Nair/CNWRA
B. Sagar/CNWRA

Volcanism

R. BacalCNWRA
L. Abramson/RES
L. Lancaster/RES
R. Codell/NMSS
A. Drake/CNWRA
N. EisenberglNMSS
L. Kovach/RES
T. Margulies/RES
J. Park/NMSS
B. Sagar/CNWRA
3. TrapplNMSS
C. LinNMSS

Bold type designas principal invesator.
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1.2.4
Approach and Content of the Report
An interdisciplinary, integrated approach was used to conduct the EPA Phase 2 analyses. Working

groups or teams of NMSS, RES, and CNWRA staff were organized that roughly correspond to the
methodological steps for a performance assessment shown in Figure 1-1. In IPA Phase 2, the areas
of investigation included:
*

Scenario analysis and selection;

*

Simulation of groundwater flow and radionuclide transport;

*

Calculation of radionuclide source terms;

*

Analysis of disruptive events;

*

Modeling of radioactive transport to the biosphere; and

*

Analysis of the sensitivity and uncertainty in data, models, and performance estimates

This report is largely structured along the same lines used to organize the work. Chapters 2 through

8 of this report describe the work performed by the various working groups, as noted below:
aOwp

70-k

2
3

"Total-System Performance Assessment Computer Code"
'Scenario Analysis'

4

'Flow and Transport Module'

5
6
7
8

'Source Term Module'
"Disruptive Consequence Analysis'
'Dose Assessment Module'
'Sensitivity and Uncertainty Analysis'

A computer code was used to provide the computational algorithms to estimate values of the various
performance measures and to performing the calculations leading to an estimate of the CCDF for
normalized release and dose.' This computer code takes into account a number of the interactions
studied among subsystems, components, future states, and processes associated with the geologic
repository. Chapter 2 of this report provides a description of this computer code.
One of the IPA Phase 2 activities was a demonstration of the estimation of the total system
performance measure (cumulative releases to the accessible environment), as well as some calculation
of estimates of those measures related to the performance of natural and engineered barriers.
Analytical results from the EPA Phase 2 demonstration and analysis are presented in Chapter 9.
Chapter 10 (Conclusions and Recommendations for Further Work') presents some preliminary
thoughts on the adequacy of the staff's current performance assessment capability, as well as some

-
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tease and dose ar described in Sections 9.2.1 and 9.3.3,
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recommendations on the direction of future NRC IPA efforts.
Finally, auxiliary analyses were conducted as part of the Investigations described above to examine
specific processes and factors that may be important to total system performance. Auxiliary analyses
support the performance assessment by using more detailed models to:
*

Provide greater Insight into cause-and-effect relationships;

*

Evaluate conservatism of model assumptions;

*

Evaluate alternate modeling approaches; and/or

*

Interpret field and laboratory data.

Summary descriptions of these auxiliary analyses are given in Chapters 4, 5, and S.
12S
Improvements Since Phase 1
The following discussion summarizes the improvements achieved during IPA Phase 2 in the staff
capability to execute a performance assessment for a geologic repository for HLW. This summary is
structured along the same lines used to organize the work. It should be noted, though, that some of
these improvements were based, In part, on the preliminary recommendations made as a result of the
insights gained from the IPA Phase I effort (see Preliminary Suggestions for Further Work in
Codell et at., 1992). The suggestions for technical improvements were grouped into three categories:
*

Suggestions to improve or extend the modeling capability for reviewing performance
assessments;

*

Suggestions for refining or adding auxiliary analyses to help better evaluate the
performance estimates; and

*

Suggestions for refinements or additions to the scientific bases, including the
methodologies available and field and laboratory data, for arriving at estimates of
repository performance.

Table 1-3 summarizes the IPA Phase 1 recommendations and the extent to which these
recommendations were treated in IPA Phase 2. However, some of these recommendations were not
implemented, and to the extent that they still apply, they are discussed in Chapter 10 of this report.
Refer to Chapters 2 through 8 of this report for a more detailed discussion of these improvements.
Tota-System Perfomance Assessment Computer Code (Chapter2)
In IPA Phase 1, the staff developed a system code to process externally generated information needed
to construct the CCDF to represent the performance of the geologic repository for a limited set of
scenario classes. In IPA Phase 2, the staff developed a more sophisticated computer code to control
the flow of data to and from the computational modules and the sequencing of their execution. This
arrangement is believed to offer advantages in eliminating potential data transfer errors and provides
1 - 12
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an easier means of making changes which affect several modules.
The principal features of the staff's more sophisticated computer code in IPA Phase 2 are:
*

The execution of the various scenarios is performed under the control of the TPA
executive module with, consistent data (including sampled variables) provided
automatically to all the consequence modules; and

*

The system executive is responsible for invoking modules automatically and processing
release values to construct a CCDF for each run (by nuclide, pathway, zone, module,
vector, scenario, and overall, as specified).

In summary, the IPA Phase I analysis relied heavily on manual manipulation of files rather than the
relatively high degree of automation provided by the system driver for Phase 2.

1 - 13
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Table 1-3. IPA Phase 1 Reeommendatlons Implemlented during IPA Phase 2

Phase I Recmm
.. endan

imPvmerdi and Ertnsf

ji

mew*ttimh
h
IA

Selo f IPA Phase 2 Repast

to AMddbt:

General
Add the capability for modeling additional seio clases.

Limited

Sections 6.2 and 6.4

Control the CCDF generation with the ytern code, using the consequence code as
subroutines, instead of generating data sets extrl to the ytem code.

Full

Chapter 2

Acquire, test, nd evaluate codes that SNL developed for a repositoty in the unsaturated zone.

Full

Chapter 4, Appendices C, 0, and J

Evaluate additional computer codes, which could not be acquied and evaluated during the [PA
Phase I effort, to determine whether existing odes can meet the NRC modeling needs, or
whether additional code development is eed .

Limited

Chapter 4, Appendices C, 0, and J

Explore, with the CNWRA, the adptation of the Fast Probabilistic Performance Assessment
methodology to generate the total stm CCDF.

Limited

section 8.8

Performt a s

iv

analsis, usi

both drilling and groundwater transort parameters.

No longer applicable

Flow ad sp rt
Refine groundwater modeling (e.g., by considering more dimensions).

Limited

Chapter 4

Incorporate a model of gasphway transport in the calculation of the CCDF.

Full

Section 4.3

Inclde flow and transport through the saurated zone.

Full

Chapter 4

Use a mor sophisticated computational model for transpot through partially turted,

Limited

Chapter 4

fractured roc

-Limited and ful- ae relative terms intended to convey the degree of modeling improvement between IPA Phase I and Phase 2. The term limited" suggests only
marginal modeling impoverm over EPA Phase , wher
fu suggets mignifc t
g impvem over EPA Pha 1.
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Table 1-3 (continued)
IrA Pha I

fm1emen

I_______________________________________

lEA

Seefen of IPA Phe 2 Re

hs

j________________

Phe 2

Some em

Uited
Chapter 5
Attempt to develop or use a priously'devepd mecheitic model of waste-paciage
faloroI
hum.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Treat the repositoly as a smue of rdkonucides distributed in im a

space.

pull

Clepters 4 and 5

Pefom detailed geochemica anlyses to investigate the ue of Ko in estimating
radImclide tmnpot.

Linited

Appendix D

Evauate the imottanc of theml- and bometricaly-driven
perfonunce at Yocc M ountain.

Lited

Imvevemrd and Efnsfns to Aafav Andfysesr

r fw on epository

_

Pefrm detald hydrologic analyses for Yuc Mour , to provide a better p tot
transpot analysis and to emnine, in moe dtil, various atenae hypot
regarding
hrotog at Yuca Mountai
Rfvmmenda ns for

_

Sections 4.3, 5.42,
_

_

_

LiUnited

_

_

_

_

_

d 5.6.3
_

_

_

_

Appendices E and I

I Sdntfc
5dft
fnpwr

Develop nd demoste a mathemaically rigor
derario anals.

, scientifically robust method for

Limited

apter 3

Obtain geoscience hiptt for modeling vokenism

Full 7

Section 6.4

Obtain geoscien
Yu M outain

Liited

Section 6.2, Appendices P and H

Limited

Sections 4.3 and 5.6.3, Appendix H

and hydrologic input for modeling fautg, uplift, and subsidence at

Obtain feld and hborat
Yuc Mountain.

data on the transport of gseos

diorclldes, especily 'C, at

7 Despite implementation of this IPA Phase I eommendation in Phase 2, the ftff believes tt
and 6.6 for te ftf specific recommendations.
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Scenario Anayss (Chapter3)
As noted above, only a limited set of scenario classes is considered in IPA Phase 1. These classes
were the exploratory drilling (human intrusion) and climate change (pluvial) events leading to four
scenario classes. However, for the IPA Phase 2 analysis, the staff applied the SNL scenario selection
methodology for use in the consequence analysis of a potential HLW disposal site (see Cranwell et
at., 1990). Based on the staff evaluation and modification of the SNL methodology, four scenarios of
fundamental events were considered (climate change, seismicity, magmatism, and human intrusion)
from which 16 scenario classes resulted.
How and TansportModule (Chapter4)
The IPA Phase effort identified and accounted for a number of important attributes of the Yucca
Mountain site (e.g., stratigraphic changes below the repository in the unsaturated zone and differences
between matrix and fracture flow). The IPA Phase 2 effort not only has maintained the important
attributes identified in the Phase I study but has added further modeling complexity such as:
*

The number of zones used to represent the repository was increased from four to seven;

*

Saturated zone pathways to the accessible environment;

*

Calculation of radionuclide concentration for dose assessment; and

*

Distribution of mass flux between the fracture and matrix continua.

The additional detailed model complexity is expected to provide further insights into the performance
of fractured rock as geologic barrier, data requirements, and the capabilities of the computational
methods.
The flow and transport module in IPA Phase 2 built upon the Phase 1 effort. Three transport
pathways were considered in IPA Phase 2 (i.e., gaseous, aqueous, and direct) compared with two
transport pathways (i.e., both aqueous and direct) in IPA Phase 1. The flow and transport module in
IPA Phase 2 provided for treatment of:
*

Steady-state liquid phase transport (advection, dispersion, decay, and sorption) and

*

Timevarying gas-phase transport (advection, decay, temperature effects, and equilibrium
speciation)

Source Term Module (Chapter5)
Because the modeling of waste-package failure was nomnechanistic and rudimentary in IPA Phase 1,
improvement to this aspect of repository performance was sought in Phase 2. The model used by the
staff to calculate the source term in IPA Phase I was implemented In the NEFRAN (NEtwork Flow
and TRANsport) computer code developed by the Sandia National Laboratories (see Longsine et al.,
1987). In Phase 1, radionuclide releases were modeled to occur only after failure of the waste
package, characterized as a single failure time for the entire repository. The principal features of the
staffs source term analysis are discussed below.
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In IPA Phase 2, the analysts developed a new computer code to calculate the source term. The
SOEC (Source Term Code) module (see Sagar et at. (1992)) deals with the calculation of aqueous
and gaseous radionuclide time- and space-dependent source terms for the geologic repository. It does
so by considering the variations in those physical processes expected to be most important for the
release of radionuclides from the EBS. he repository radionuclide inventory was reduced to 20
radionuclides for consideration in the analysis. (e screening process, which selected the more
significant radionuclide contributors to the performance measures of interest, is discussed in Section
5.2.4.)
Three primary calculations are done in SOEC. (a) failure of waste packages because of a
combination of corrosion processes and mechanical stresses; (b) the leaching of spent nuclear fuel
and migration of radionuclides from the EBS; and (c) the release of 1CO2 gas from the oxidation of
U0 2 and other components in spent nuclear fuel and hardware.
Disrmptive Consequence Analysis (Chapter 6)
The ability of the undisturbed repository system to isolate HLW may be modified by a number of
disruptive events. These events, individually and in combination, have the potential to alter the
repository performance in several different ways. They may result in direct releases of radionuclides
to the accessible environment or modification of the undisturbed release process.
In IPA Phase 1, the staff developed a model and corresponding computer code to treat the disruptive
consequences of human intrusion to geologic repository performance by drilling. In IPA Phase 2, the
number of disruptive consequences considered was increased. In addition to the base case, the IPA
Phase 2 analysis considered four classes of fundamental causitive events: pluvial climate change,
human intrusion (including exploratory drilling), seismic effects, and magmatic events for a total of
16 mutually exclusive scenario classes.
Dose Assessment Module (Chapter 7)
A major difference between the IPA Phase I and IPA Phase 2 studies was the addition of a dose
assessment capability into the total-system performance assessment computer code in IPA Phase 2. In
IPA Phase 2, human exposures were evaluated using a dose assessment software package entitled
DJTY (Dose Integrated for Ten Thousand Years - see Napier et al., 1988a, pp. 3-16 - 3-18) that
was obtained from the Pacific Northwest Laboratories.
Sensitity and Uncertainty Analyss Module (ChapterS)
As noted above, performance assessments for a geologic repository will be based on conceptual
models based, in part on empirical data embodied as computer programs. Because of the inherent
variably of the empirical data and the description of processes included in the models, the predicted
performance will be uncertain. An important part of conducting an IPA for a geologic repository
therefore is quantifying the sensitivity of the results to the values of the input variables, and the
uncertainty associated with the probabilities of occurrence of credible scenarios.
In IPA Phase 1, the staff performed a statistical analysis of the liquid-pathway calculations using
several techniques including Latin Hypercube Sampling (LHS) and regression analysis methods (see
Section 9.5 ('Sensitivities and Uncertainties for Liquid-Pathway Analysis') in Codell et a., 1992).
In the IPA Phase 2 study, the capability to perform a statistical analysis of the total-system
- 17
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performance assessment results was expanded through the application of statistical techniques, in
addition to regression analysis. The LHS scheme was used to sample input parameters for the source
term, flow, and transport models, and disruptive consequences affecting the performance of the
geologic repository.
Aurffliay Analyses (Chapters 4, 5, a

)

In IPA Phase 1, 4 distinct auxiliary analyses were performed:
*

The potential for non-vertical flow;

*

Ihe sampling requirements for CCDF generation;

*

The consequences of 1 4 C0 gaseous releases; and

*

The statistical analysis of available hydrologic data for input to flow and transport
models

For the IPA Phase 2 analysis, the following 14 additional auxiliary analyses were performed:
In Chapter 4:
*

An evaluation of the DCM3D computer code for the analysis of three-dimensional
groundwater flow;

*

An evaluation of the distribution coefficient (K. approximation for radionuclide
retardation;

*

An analysis of a regional ground-water flow model for Yucca Mountain;

*

An evaluation of the effects of layering, dipping, angle, and faulting on twodimensional, variably saturated flow;

*

A DCM3D dual-continuum flow modeling demonstration;

*

An analysis of 4C02 transport;

*

An evaluation of U.S. Geological Survey regional flow modeling for the Yucca
Mountain region;

*

An evaluation of saturated zone flow modeling exercise, using DCM3D;

*

Considerations in modeling infiltration at Yucca Mountain;

*

An analysis of the exchange of major cations at Yucca Mountain; and

*

A comparison of NEF7RN ITto the UCBNE41 transport code.
I
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In Chapter 5:
*

Ensemble averaging for source term parameters; and

*

An analysis of the release and transport of gaseous radionuclides other than "C.

In Chapter 8:
*

An evaluation of several methods of sensitivity and uncertainty analyses.

Many additional, smaller-scope auxiliary analyses were performed as part of developing the
computational modules or other aspects of the IPA Phase 2 analysis. These analyses are given limited
documentation in this report in the respective chapters in which they occur.
1.3

DESCRIPION OF THE MODELED SYSTEM

As noted in Section 1.1, the first step in a total-system performance assessment is to develop a system
description of the geologic repository that includes information to support development of models
describing repository performance and to determine assumptions and parameters on which the models
depend. In this manner, the geologic repository is broken into its component parts for the purposes
of modeling. These components include the waste form, the mined geologic repository system, and
the portion of the geosphere surrounding the geologic repository through which the radionuclides, in
time, migrate. The following descriptions, in Sections 1.3.1 and 1.3.2, of the site and the geologic
repository (including the waste package), respectively, are condensed from the Site Characterization
Plan (SCP) (DOE, 1988) and other relevant sources and are the bases for the conceptual models
(described in Section 1.3.3) used in the IPA Phase 2 analysis.
1.3.1
Site Description
Although the performance assessment methodology chosen is generic, the transport models, disruptive
scenarios, and biological pathways are, to a large part, sitespecific. The following is a brief
description of the Yucca Mountain site geology, hydrology, mineral resource potential, and
climatology; with an indication of where, in the report, each was factored into the IPA Phase 2
analysis. Except as otherwise noted, the following general description of the site geology has been
condensed from Chapter 1 (Geology') of DOE's 1988 SCP.
The Yucca Mountain Site is located in Nye County, which is in southern Nevada, approximately 160
km northwest of Las Vegas. The site (by definition, the location of the controlled area) is entirely
located on Federal land managed by DOE and the Bureau of Land Management, whereas the extreme
northern portions of the site lie within, or abut, Nellis Air Force Range. Yucca Mountain is located
in the southern part of the Great Basin, the northernmost subprovince of the Basin and Range
Physiographic Province. Generally this province is characterized by more or less regularly spaced
sub-parallel ranges and intervening alluviated basins formed through extensional faulting. The site
region is generally arid, with sparse vegetation and low population density.
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Yucca mountain itself Is an irregularly shaped upland 6- to 10-kn wide and about 40-km long. The
crest of the mountain ranges between altitudes of 1500 and 1930 meters, about 650 meters higher than
the floor of Crater Flat to the west. The physiographic features of the mountain are dominated by a
sub-parallel series of en-echelon, north-trending ridges and valleys controlled by steeply dipping
faults. Fault blocks are tilted eastward so that, in general, the fault-bounded west-facing slopes are
generally high and steep, whereas the east-facing slopes are more gentle and deeply dissected by a
sub-parallel system of linear valleys. The mountain is bounded by Crater Flat on the west, by Jackass
Flat-Forty Mile Wash on the east and southeast, the Amargosa Desert to the south, and by the Timber
Mountain Caldera complex to the north.
The surface and near surface stratigraphy at Yucca Mountain is comprised of a gently dipping
sequence of Miocene ash-flow tufts, lavas, and volcanic brecias more than 1800 meters thick, and
flanked by younger alluvial deposits of late Tertiary and Quaternary age.
The rock unit being considered for a repository is a densely welded ash-flow tuff of the Topopah
Spring Member of the Paintbrush Tuff. Although the Paintbrush Tuff regionally is composed of six
major ash-flow tufts and three related lava-flow sequences, at Yucca Mountain only four ash-flow
tuffs are recognized. In the general area of the proposed repository, this unit ranges in thickness
from approximately 300 meters to almost 600 meters, generally thickest in the north and thinning to
the south and east. The Topopah Spring Member is the lowermost member of the Paintbrush Tuff
and Is the thickest unit in the area of the repository, ranging in thickness from 287 meters (USW G-2)
to 369 meters (SW H-1). This member is comprised of seven recognizable units, which in
ascending order are: the lower nonwelded to moderately welded zone (13 to 42 meters thick); the
basal vitrophyre (10 to 25 meters thick); the lower nonlithophysal zone (27 to 56 meters thick); the
lower lithophysal zone (43 to 117 meters thick); the middle nonlithophysal zone (20 to 50 meters
thick); the upper lithophysal zone (54 to 96 meters thick); and the caprock zone (39 to 62 meters
thick). In ascending order, above this unit, are three ash-flow tuffs: the Pah Canyon, Yucca
Mountain Member, and the Tiva Canyon Member. The Pah Canyon and Yucca Mountain Members
are relatively thin units in the area of the repository reaching a combined thickness of only slightly
greater than 100 meters in the area of USW G-2, while normally having a combined thickness of 20
to 30 m. These units are non-existent in the area of UE-25p#1. The Tiva Canyon Member is the
youngest bedrock unit present over much of the site region, thickening southward from about 90 to
nearly 140 meters in the central part of Yucca Mountain and then thinning southward again to about
125 m. Ten informal map units have been recognized in the Tiva Canyon Member. In ascending
order these are: the columnar unit, the hackly unit, the lower lithophysal unit, the red clinkstone, the
gray clinkstone, the rounded step, the lower cliff, the upper lithophysal, the upper cliff and the cap
rock unit. The relative proportion of the various units changes from north to south, with the
lithophysal units representing about 30 percent of the Tiva Canyon in the northern reaches and only
about 10 percent to the south.
Although the Tiva Canyon represents the youngest identified, exposed unit of the Paintbrush Tuff in
the Yucca Mountain area, a nonwelded ash-flow and ash-fall tuff has been identified in the
subsurface, in the vicinity of the proposed location of the surface facilities. It is possible that this
material, which reaches a maximum thickness of 61 meters, is the lateral equivalent of the Pinyon
Pass and Chocolate Mountain members of the Paintbrush Tuff.
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The Rainier Mesa Member of the Timber Mountain Tuff islocally present above the Tiva Canyon in
the lower reaches of Solitario Canyon, in core from boring UE-25p#1, and in Trench 14 on the west
side of Exile Hill. This suggests that the Rainier Mesa Member was present as a very thin unit above
the Tiva Canyon and has subsequently been eroded, or that this member was only deposited in the
lower elevations. The youngest volcanic rocks that have been identified to date, at Yucca Mountain,
Itself, are basaltic dikes located at the northern reaches of Solitario Canyon, where they are implaced
along a fault zone.
The basaltic dikes at the northern reaches of Solitario Canyon have been interpreted by Crowe et a.
(1993, p. 24) as part of the oldest of three main episodes of basaltic volcanisn that has occurred in
the Yucca Mountain region following the period of explosive siicic activity responsible for the thick
tuff accumulations. This first episode involved bimodal basalt-rhyolite eruptions from approximately
11 to Bmillion years before present (mybp). The second phase of basaltic eruptions, the older rift
basalts, range in age from 9 to 6.5 million year and include the basalts of Rocket Wash and Pahute
Mesa. The third episode of basaltic activity, which has continued into the late Quaternary, occurred
after a pause in volcanic activity from about 6.5 to 4.1 mybp and includes the basalts of Buckboard
Mesa, Crater Flat, and Lathrop Wells. More detail regarding magmatic activity and how it was
factored into the PA Phase 2 analysis may be found in Section 3.3.2.2(A) of this report.
Below the Paintbrush Tuffs are the rhyolite lavas and tuffaceous beds of the Calico Hills. In outcrop,
this unit comprises a sequence of ash-flow and ash-fall tuffs, volcanoclastic sediments, and rhyolitic
lavas. In the northern reaches of Yucca Mountain, this entire unit is zeolitized, but in the southern
reaches (near drill holes USW GU-3 and USW G-3) it remains vitric. Underlying the Calico Hills
unit are 1000 or more meters of older tuffs and volcanogenic rocks above the prevolcanic units.
The subsurface extent of pre-volcanic rocks in the Yucca Mountain area is poorly known; however,
based on the results from drill hole UE-25p#1, It is known that carbonate rocks of the Silurian age
Lone Mountain Dolomite and Roberts Mountain Formation are present. These rocks comprise part of
the lower carbonate aquifer, a regional aquifer used in many parts of Nevada as a primary watersupply source. Based on gravity data, it is suggested that the prevolcanic rocks are approximately
3000 meters thick; however, it is not known if these units are entirely upper Proterozoic and
Paleozoic strata, or if younger, post-Silurian units are found beneath the volcanics. It is suggested,
based on aeromagnetic data, that the northern portions of Yucca Mountain may be underlain by the
Mississippian Eleana Formation (Bath and Jahren, 1984).
Unconsolidated deposits in the region of Yucca Mountain consist primarily of colluvium, alluvium,
eolian sand, lacustrian deposits, and playa deposits. In the general site area colluvium, alluvium, and
sand deposits are the primary materials found. The thickness of these units is extremely variable,
ranging from 0 m thickness, over much of Yucca Mountain, to in excess of 1000 meters in the center
of the surrounding basins.
The main structural grain at Yucca Mountain, as seen from aerial photographs, is a pronounced northsouth trending linear fabric defined by parallel, east-tilted fault blocks. In general, the repository
block is considered to be a block outlined by faults, with the Solitario Canyon fault to the west, the
Drill Hole Wash structure to the northwest, and a zone of imbricate faults to the east and southeast.
This relatively simple pattern becomes complex on closer Inspection, as all ridge-bounding faults in
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this area appear to be connected to adjacent faults, most commonly by short, northwest, trending fault
splays (ONeil et al., 1992). The generally north-trending faults primarily display a down-to-the-west
sense of fault displacement, but also have a component of left-lateral slip that is displayed by offset
stream channels and en-echelon fault splays, commonly linked by pull-apart grabens (O'Neil et al.,
1992). Therefore, although the structure can generally be described as a series of high-angle faults
believed to merge downward into a detachment system reflective of the extensional mechanism that
appears predominant in this region, the actual structural domain is more complex. In general, from
north to south, the structural pattern appears younger and displays a clockwise rotation of structure
that may be as large as 30 degrees, since the middle Miocene. Although faults are generally
displayed as simple lines on maps and cross-sections, detailed field mapping is showing that these
fault zones are extremely complex. Ongoing work by Spengler (1993), indicates, for example, that
the Ghost Dance Fault, which has 38 meters of displacement along the southeastern margin of the
perimeter drift, s a zone of many small faults, with a mapped width of over 200 meters.
Within the Yucca Mountain Region, 32 faults have been mapped that display Quaternary
displacement. hese include faults such as: the Solitario Canyon Fault, with over 500 meters of
mapped displacement; the Paintbrush Canyon Fault, with over 200 meters displacement; and the Bow
Ridge Fault, with over 220 meters of displacement. Although the mapped displacement, per event,
on the units, is generally on the order of a few centimeters, this normally only includes the vertical
component of displacement, so the amount of total displacement for each episode of faulting is poorly
constrained. Based on ongoing work by DOE, it appears that the recurrence interval on the various
faults is on the order of 50 to 100,000 years for earthquakes of approximate magnitude 6.5.
is value would appear to be in the same general range as the Minimum
(Whitney, 1993).
maximum credible earthquake of dePolo (1993). Tat the Yucca Mountain area is tectonically active
has been demonstrated by the Little Skull Mountain earthquakes or the recent Rock Valley
Earthquakes. More detail regarding seismic activity and how it was factored into the IPA Phase 2
analysis may be found in Section 3.3.2.2(B) of this report.
A unique aspect of locating a repository at Yucca Mountain is the thickness of the unsaturated zone,
allowing the construction of a repository from 180 to 400 meters above the water table. The water
table forms the upper boundary of a tuff aquifer that is part of the Alkali Flats-Furnace Creek
groundwater subbasin. A major discharge point of the basin is Franklin Lake Playa, at Alkali Flats,
in California, through evapotranspiration. Another possible discharge point is at springs in Death
Valley near Furnace Creek Ranch. More detailed information regarding the groundwater hydrology
of the site and how It was factored into the IPA Phase 2 analysis may be found in Section 4.2 and
Appendices B, C, E, I, and of this report.
There are no perennial streams in the vicinity of Yucca mountain. The springs in Oasis Valley, the
Armagosa Desert, and Death Valley are the only reliable sources of surface water in the Alkali Flats
Subbasin. Most of the water discharged by the springs travels only a short distance before
evaporating or infiltrating into the ground. Floods may occur in the arroyos during heavy rain
storms.
The dominant cations in the Yucca Mountain groundwater are sodium, calcium, potassium, and
magnesium. Sodium is the most abundant cation, accounting for 65 to 95 percent of the cations
present. Minerals with high sorption capacity, zeolites and clays are present along potential
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groundwater flow paths beneath the repository. More detailed information regarding the site
geochemistry and how it was factored into the IPA Phase 2 analysis can be found in Appendices D,
K, and L of this report.
Yucca Mountain is located in a natural, resources-rich geologic region; however, site characterization
activities to date have not disclosed any direct evidence of significant mineral or petroleum reserves at
Yucca Mountain. Groundwater and zeolites are possible resources known to be present at the site;
however, they are more economically available elsewhere than in the Yucca Mountain region. More
detail regarding the potential for economic mineral resources at Yucca Mountain, and how exploration
for such resources was factored into the IPA Phase 2 analysis, may be found in Section 3.3.2.2(D) of
this report.
Finally, the present climate at the Yucca Mountain site is classified as a mid-latitude desert climate.
Temperatures approach 49°C in the summer time, and the annual precipitation is less than 0.15
meters. The skies are generally clear throughout the year with low relative humidity. During the
fall, winter, and early spring, the predominant winds are from the north. During the late spring and
summer, the winds shift to a predominantly south to southwesterly direction. More detailed
information regarding climate and how it was factored into the performance assessment may be found
in Section 3.3.2.2(C) of this report. Information concerning growing season and sources of
meteorological data can be found In Sections 7.7 and 7.8 of this report.
13.2
Repository Description (Including the Waste Package and Contained Waste Forn)
As with the site, knowledge of the design of the geologic repository is also necessary to develop the
performance assessment methodology and to construct the proper models. The following is a brief
description of the GROA underground facility, the waste package disposal container and contained
waste form, and emplacement method, as described in Chapters 6 and 7 (Conceptual Design of the
Repository' and Waste Package,' respectively) of the 1988 SCP, and indicates where these
descriptions are factored Into the IPA Phase 2 analysis.
The GROA underground facility, where the final emplacement of the nuclear waste would occur, is
planned to be constructed at a depth of about 300 meters below the eastern fiank of Yucca Mountain.
The host rock is sufficiently thick over a large enough area to accommodate 70,000 metric tons
equivalent of waste. Existing information about the site indicates that an area of 848 hectares could
be available for waste emplacement; 558 hectares will be used under current plans. be main
component of the underground facility is the emplacement panel. Each panel would be about 430
meters wide and about 460 to 980 meters long. The present preliminary layout calls for 18
emplacement panels-based on a design areal power density of 57 kilowatts per acre.' Each panel
would contain a number of emplacement drifts. The capacity and the layout of the underground
facility are factored into the source term analysis described in Chapter 5.0 of this report. The
anticipated thermal loading of the geologic repository is also an input to the source term analysis, as
well as the analysis of gas transport examined in Section 4.3 of this report.

g 47 KiLas per acm is used in this Deport for eay coparison wth the SCP uthr than the netic equivalent of 141
kilowatts per hectart.
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The waste package design is expected to consist of the waste form and the disposal container, and is
the principal engineered barrier. he principal waste forms will be either spent nuclear fuel from
commercial nuclear power reactors or vitrified waste (glass) from both defense and commercial
sources, although other waste forms may be disposed of at the proposed site.' The reference spent
nuclear fuel is 10 years-old with a thermal decay power of about 3.3 kilowatts per waste package (see
DOE, 1988, p. 7-29). he gamma dose rate at the surface of the waste package for spent nuclear
fuel is about 50,000 rads per hour, and the neutron flux rate is about 10,000 neutrons per square
centimeter per second. The vitrified waste will have a thermal power level of about 200 to 470 watts
per waste package. The gamma dose at the surface of the waste package is about 5500 rads per hour,
and the neutron flux rate will be low. Slightly different assumptions were used for the radionuclide
inventory (see SNL, 1991, pp. 4-14 and 6-1 - 6-16). However, for the purposes of this analysis,
only spent nuclear fuel was considered. The age and composition of the waste forms are factored into
the source term analysis discussed in Chapter 5 of this report.
A key component of the waste package is an overpack container for both the spent nuclear fuel and
vitrified waste forms. The reference material for the waste package is stainless steel, with an outside
diameter of about 0.66 meters (for stainless steel), and a length of about 3.20 meters for vitrified
waste, and 4.7 meters for spent nuclear fuel. The container has a thickness of 0.95 cm. After the
waste form is loaded into the waste package, the container will be filled with argon gas, and the top
will be welded on the container. The loaded waste package would weigh rom 2700 to 6300
kilograms, depending on the quantity of waste. The weight, construction, and size of the disposal
container are factored into the performance analysis in the seismic scenarios analysis discussed in
Section 6.4 of this report.
In the SCP conceptual design, it was assumed that the waste packages would be enplaced in vertical
boreholes drilled into the floors of the waste-emplacement drifts. In the vertical emplacement mode,
the boreholes, about 7.6 meters deep and about 0.76 meters in diameter, would be drilled vertically
into the floor of the emplacement drifts, and a single waste package would be emplaced in each
borehole. The container will rest on a support plate inserted into the bottom of the vertical borehole,
and the borehole would be lined with a metal casing starting at the top of the hole and extending past
the top of the waste package. A metal plug will be inserted on top of the container, to provide
shielding from radiation, and crushed tuff would be packed around and on top of this plug and closed
with a metal cover. The emplacement hole, its orientation, and geometry are factored into the
analysis of the source term discussed in Chapter 5 and the seismic scenarios model discussed in
Section 6.4.
Section 60.111(b) requires that the GROA be designed so that the emplaced waste be retrievable at
any time up to 50years after the start of waste emplacement operations. A caretakers period of 24
years will begin after the waste emplacement period of 26 years. At the end of the caretaker period,
after confirmatory tests of repository performance (10 CFR 60.137), the GROA would be prepared
for permanent closure by backfilling the underground facility, and permanently sealing the shafts and
ramps. Presently proposed concepts for sealing shafts include surface barriers, shaft fill, settlement

' Other wat forns that nay possibly be disposed of in a geologic
trnnsuranic wastes.
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plugs, and stationary plugs.
the underground facility.

he backfill would consist of tuff excavated during the construction of

1.3.3 IPA Phase 2 System Model and Methodology
The base case system model ( e.g., no disruptive events) used InIPA Phase 2 was comprised of
subsystem and process models or modules. The major subsystems modeled were the waste package
and EBS, the local hydrosphere, and a postulated biosphere. Major processes modeled separately
were water percolation, gas transport, and groundwater transport. Disruptive events that were
considered to act upon the system model were pluvial climate change, seismicity, human intrusion,
and magmatism.
For the liquid source term and transport, the site was conceptualized as a layered stratigraphy, and the
repository and water pathways were divided into seven distinct columns. These columns helped take
into account the variation in stratigraphic sequences and thickness, differences in unsaturated and
saturated pathway distances, and temperatures within the repository. Auxiliary analyses conducted
with a two-dimensional (2-D) dual continuum representation of the repository cross-section were used
to determine how percolation from rainfall should be distributed among the seven columns as well as
determine the distribution of flow between rock fractures and matrices in the unsaturated portion of
the pathways. The source term module, considers the environment of the waste package and nearfield, including the EBS. When disruptive events are not present, the source term module uses
repository zone temperature as an indicator of whether each particular zone is wet or dry. After the
initial dry-out period in each zone, corrosion is calculated as a function of environmental conditions.
When the wall thickness from corrosion is thin enough to result in failure of the waste package
canister, water is assumed to enter the canister and the waste dissolution process is assumed to begin.
There is also a small quantity of packages assumed to have initial defects which did not require
corrosion before dissolution and release could take place. Transport out of the waste package canister
by advection and diffusion is calculated as a function of the fracture flow rate into the zone and the
results are passed on to the liquid flow and transport module. In the transport model, nsitu matrix
and fracture velocities and matrix geochernical retardation are used to determine the time-varying
amounts of radionuclides reaching the biosphere (accessible environment).
In regard to gas transport, the site was also conceptualized as a layered stratigraphy, however, the site
and repository were not subdivided into zones. Yucca Mountain and the repository were modeled as
a two-dimensional cross-section with a time-varying temperature distribution. The temperature
distribution was calculated based on conductive heat transfer taking into account the repository
thermal loading and :the heat transfer properties of the rock. The gas source-term which results from
initial defects and corrosion (in the absence of disruptive events), was assumed to be evenly
distributed throughout the repository. A model employing many simplified assumptions was
developed to determine the velocity vectors throughout the cross-section at various times throughout
the performance assessment period. The gas source term releases were tracked through the repository
using these time varying velocity vectors and reduced for radioactive decay in accordance with their
travel time (including geochemical retardation) to the surface (accessible environment).
In order to simulate the performance of the system under the influence of credible external events,
mutually exclusive scenario classes were developed. For calculation of dose and release within
I -25

NURE-1464

1. Introduction

various scenario classes, the base case system model parameters and logic were changed to account
for the disruptive event or combination of events being modeled. For scenario classes involving the
climate change, the water table was raised and infiltration was sampled from a different distribution
than was used for the normal climate. Scenario classes involving drilling allowed damage to
emplaced waste packages and also added a pathway (the borehole) as a direct pathway to the
accessible environment. Scenario classes involving seismicity require the interaction of a seismic
canister failure module with the source-term module. The source-term module calculates waste
package thicknesses, based on corrosion processes, and combines this information with seismic
acceleration probability data from the seismic module to determine when and if a waste package
should fal. No changes In the existing pathways or the addition of new pathways is assumed to be
caused by seismicity. For classes involving volcanism, the repository is assumed to be in the possible
path of intrusive and extrusive volcanic events. The intrusive events are assumed to be underground
magma intrusions which damage waste packages but don't provide an additional pathway to the
surface. Extrusive events are assumed to entrain a portion of the repository waste and carry it
directly to the surface resulting in an airborne release.
After the transport of radionuclides to the accessible environment (biosphere) as a function of time is
determined, the radionuclides from the various pathways are accumulated to determine the cumulative
release for comparison to the EPA standard and to calculate the cumulative population dose. he
biosphere used for the dose calculation is assumed to be a 2700 acre farm with three people
maintaining a year-round residence and 177 people off-site eating beef cattle, which grazed on the
farm, for the waterborne dose; and 22,200 persons in the region for the airborne dose. The dose was
calculated in 70 year ifetime) intervals and accumulated. After completion of the runs and
construction of the CCDFs (for both release and dose) sensitivity and uncertainty analyses were
performed.
The system code was run 400 times for each modeled scenario class. Over two hundred variables
were sampled for some of the classes. The sampling was performed using the LHS routine. Because
of the large uncertainty in both site parameters and process parameters, probability distributions were
determined for hydrologic characteristics of the individual geologic strata, corrosion parameters,
percolation distribution parameters, and scenario related parameters, as well as other site and process
related parameters.
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TOTAL-SYSTEM PERFORMANCE ASSESSMENT COMPUTER CODE
R. W. Janetzke/CNWRA and B. Sagar/CNWA

2.1

OPERATIONAL DESCRIPTION

2.1.1

Introduction

In IPA Phase 1, the Nuclear Regulatory Commission staff developed its own system code to process
information needed to generate the complementary cumulative distribution function (CCDF) representative
of the performance of the geologic repository, for a limited set of scenario classes, using preliminary data
and numerous assumptions (see Chapter 4 ("System Code"), in Codell et al., 1992). However, in PA
Phase 2, the staff developed a more sophisticated model and computer code to represent the performance
of a geologic repository. The principal features of the staff's improved computer code, designated the
total-system performance assessment (TPA) computer code, are discussed below.'
The main objectives of the TPA computer code are to develop the computational algorithms for estimating
compliance with the performance objectives set forth in 10 CFR Part 60. When fully developed, the TPA
computer code will permit estimates of overall system (10 CFR 60.112) and subsystem (10 CFR 60.113)
performance, as a function of the specific characteristics of the proposed repository site and design. Such
computations take into account the complex interactions among site and design subsystems, components,
future states, and processes. Accordingly, the NRC staff expects to use-the TPA computer code to
review critical aspects of the performance assessment contained in a U.S. Department of Energy (DOE)
license application, and as a basis for interactions related to the sufficiency of DOE's site characterization
program during the pre-licensing period.
A complete description of the TPA computer code is available in the Center for Nuclear Waste
Regulatory Analyses (CNWRA) document 93-017 (Sagar and Janetzke, 1993). The requirements for the
code were developed early in the design process (see Appendix C ("Requirements Document for TPA
Computer Code") in Sagar and Janetzke (1993)). The IPA computer code was developed using software
utilities designed to increase the productivity of the developers and the quality of the final product. One
of these was the preFOR" FORTRAN preprocessor utility, which is described in CNWRA 91-003
(Janetzke and Sagar, 1991a).
2.1.2
Code Organization
The diverse nature of the physical processes present in the natural system being simulated requires that
theories from many disciplines be integrated into an overall system model. The TPA program is designed
to simulate the behavior of a geologic repository located in a partially saturated medium; both the natural
system and the engineered barriers are accounted for in the program design. The evolutionary change
in the natural system is described in terms of disruptive scenarios which, in addition to a parametric
description of the changed state, also has a probability of occurrence attached to it. Consequently, the
TPA computer code isdesigned as a set of consequence modules largely independent computational units,
with their execution controlled by a system manager or executive module. The figure shows
schematically the data flow and execution dependencies of the subprocesses of the TPA computer code.

X The principal features of the stafrs advanced model for a geologic
computer code amudiscussed in Chapters 3 thuxgh 7.
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Flow diagram showing the elements of the total-system performance assessment computer code.
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Almost all the concepts necessary to model a repository system are included in modules that are
controlled by the executive module. However, the implementation of these modules is kept flexible so
that various scenarios may be simulated. In other words, no specific conceptual model is embedded in
the executive module, except for the fact that the general approach of scenario analysis is adopted. In
the scenario approach, the future state of the repository system is defined by a set of parameters whose
values are chosen from specified probability distributions. This set of parameters is assumed to be
independent of time for a particular scenario, although this is not strictly required for the scenario
approach. A different scenario is defined, if parameter values change within the time span of interest
(e.g., 10,000 years). In the analyses conducted so far, disruptions defining scenarios occur at a specified
time and the disturbed state then remains constant, which is probably reasonable for every scenario except
those involving pluvial climate.
Automated features included in the system facilitate the unattended running of a set of multiple scenarios
with associated output.
The TPA computer code consists of four basic parts:
*

The system manager or executive module;

*

Algorithm(s) to sample from statistical distributions;

*

Algorithm(s) to model future states or scenarios; and

*

Algorithms to model internal repository system processes such as source term, transport,
and consequences.

Consequences are quantified in terms of cumulative releases and dose-to-man. In addition, algorithms
to compute sensitivities and perform uncertainty analyses are executed separately as an auxiliary process
(see Chapter 8).
Although not depicted in the figure, the executive module of the TPA computer code acts as the controller
for the overall computer code and executes the consequence modules in the desired sequence and ensures
that appropriate values of the common parameters are passed to the appropriate consequence modules.
The executive module controls the sequence of execution of various modules, transfers data to other
modules, and controls data transfer from one module to another. Authored principally by R. Janetzke
and B. Sagar at the CNWRA, the executive module of the TPA computer code currently consists of about
21,000 lines of FORTRAN, whereas the complete system code (including all modules) is about 85,000
lines (see Sagar and Janetzke, 1993). The total execution time for one realization of all consequence
modules on the Cray computer was about 100 seconds.
The programs for the consequence modules are also referred to as subprocesses in the sense that together
they provide the complete process for describing the behavior of the repository. The consequence
modules are designed to be executed either as part of a TPA computer code or independently. The
standard documentation prepared for these programs will also apply to their use in the TPA computer
code, with minor modifications to input and output procedures, which are explained in CNWRA 91-009
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(Sagar and Janetzke, 1993). The TPA computer code uses a dedicated subroutine to handle the setup and
initiation of each subprocess. An additional subroutine is required to read any results that may be
provided to the executive by a particular subprocess. The subprocess is created as the result of a CALL
to a utility routine, which is specific to the operating system. This CALL is the mechanism that starts
the subprocess. Control isreturned to the executive module at the end of the execution of the subprocess.
The subprocess for obtaining samples from specified statistical distributions is based on the Latin
Hypercube Sampling (LHS) method (see Iman and Shortencarier, 1984). Other programs used as
subprocesses include algorithms for computing flow fields, estimation of doses, and calculation of
consequences of scenarios such as human intrusion. Modules to calculate sensitivities of the final results
(e.g., CCDF) to selected parameters are implemented as external auxiliary processes.
The TPA executive code is maintained in the CNWRA configuration management system (TOP-018,;
CNWRA, 1982), and is fully compliant with it.
TPA Module Descriptions
2.1.3
As noted above and illustrated in the figure, the TPA computer code is organized into a number of
modules that perform specific computational functions. A brief description of each of the TPA computer
code modules is provided below, in alphabetical order.
AIRCOM This module is mainly utilitarian in nature and does not perform any calculations relative to
the physics of the overall geologic repository system, except for the introduction of fractions of
contaminated soil that become airborne and respirable for the drilling and volcanic disruptive events. Its
main purpose is to merge the various airborne release data files (VOLCANO, DR!LLO, and C14) into one
file in the proper format for use by the dose module - DI 17 (Dose Integrated for Ten Thousand Years;
see Napier et at., 1988), as discussed below, and at greater length in Chapter 7.
In IPA Phase 2, contaminated soil or gaseous 'C 2 was assumed to be transported to the ground surface
above the repository as a result of disruption of the geologic repository itself, either by human intrusion
or by an extrusive volcanic event. In this analysis, only a fraction of this surface radioactivity was
assumed to become available for transport by the air pathway to members of the public beyond the
controlled area (10 CFR 60.2) of the geologic repository. The fractions of the radioactivity that were
assumed to become airborne were stored in the AIRCOM module. All the airborne radioactivity was
assumed to be respirable (whether in the solid, liquid, or gaseous states). Any radioactivity that did not
become airborne was considered to remain undisturbed at the point of release to the above-ground
surface.
The AIRCOM values were used as inputs to the files used by DT1, to calculate the exposure of the
regional population, or that part of the farm family, to airborne radioactivity released from the geologic
repository. First, the DR1UO, VOLCANO, and C14 modules were used to calculate the quantities of
contaminated soil or gaseous 'C released to the ground surface at various times during the 10,000-year
study (as determined by LHS sampling of appropriate model parameters). Next, these quantities were
multiplied by the corresponding airborne fractions in AIRCOM to generate the input values (curies per
year released to air) for use by the DIT=Y module, to calculate dose.
This module was developed by A. O'Campo of the Southwest Research Institute (SwRI).
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CLIMATO This module is a place holder for a future climate-related constituent of a disruptive event.
In IPA Phase 2, climate change is treated by specifying climate-dependent infiltration rate and water table
position for use in the FLOWMOD transport module.
CAN 2 The time-dependent temperature of the surface of a waste package is calculated in CAM2.
Developed by R. Codell (NMSS), the CAN72 module is based upon an analytic solution of the linear heat
conduction equation, by the principle of superposition assuming, a finite number ofheat sources. In [PA
Phase 2, the repository is assumed to consist of seven regions or sub-areas, each repository sub-area
comprised of several waste emplacement panels. The main purpose of CAN72 is to predict the
temperature of a representative waste package in each of the seven repository sub-areas needed for the
source term module - SOEC (Source Term Code) - to determine the time at which liquid water can
come into contact with the waste packages. The output is written to a file, which is read by the SO7EC
module. SEC also uses this temperature for the temperature-dependent parts of the source term model
(e.g., the C14 release module).
In IPA Phase 2, none of the parameters used by CAN72 is considered random; these parameters also did
not vary with disruptive scenarios. Consequently, CA2 is executed only once, and the resulting
temperatures are used by all the vectors of all the scenarios.
C14 In IPA Phase 2, ICO2 is considered to be the only radionuclide that can be transported in the
gaseous phase. C14 calculates the travel time and decay of 'CO2 releases from the source term module.
Authored by R. Wescott (NMSS) and R. Codell this module uses an independently calculated timevarying far-field temperature field, to determine time-dependent gas velocities. C14 uses the equations
of flow, hydrologic parameters from the LHS sampling module, and the time varying temperature field
induced by the spent nuclear fuel, to calculate a time varying gas velocity field from the water table to
the atmosphere. Releases from the source term are tracked through this field and reduced by radioactive
decay taking into account retardation of CO2, because of the interaction of the host rock and water. The
amount of "4C02 released from the repository, as calculated by the source term module, SOIEC, is
provided to C14 as an input. The resulting releases to the atmosphere are then passed to the AIRCOM
module in terms of curies/year, as points in time from repository closure to the end of the period of
regulatory interest, for the purposes of performance assessment.
This module is discussed at greater length in Chapter 4.
DTY The transport of radioactivity to the biosphere is modeled in the DIT7Y module. DTHY
estimates the time integral of collective dose over a 10,000-year duration for releases (or concentrations)
of radionuclides to the accessible environment. In IPA Phase 2, the exposure pathways of interest
included: the atmosphere, land surfaces, the top 15 centimeters of surface soil, vegetation, animal
products (milk, beef), and drinking water. (Aquatic pathways were not considered.) The annual releases
to the air or water pathways over the 10,000-year period of interest were provided as input to DJTJY by
other consequence modules, in the form of average annual concentrations. The values for these
concentration-time pairs were obtained as outputs directly from NEF7RAN or indirectly from C14,
DRUILM2, and VOLCANO, via the AIRCOM module.
Developed originally for the Hanford site, this code was obtained from the Battelle Pacific Northwest
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Laboratories (PNL) in Richland, Washington. This module considers both air and liquid transport
pathways and calculates both the individual and population doses. The DrTY module is designed to deal
with both acute and chronic releases, and annual, committed, or accumulated doses can be calculated.
Several of the Hanford site-specific data coded in DIM7Y were modified. A second generation of dose
calculation codes, GENI, which includes the original DITIY code, is currently available from PNL. For
conceptual models included in DITTY and its user's manual, see Napier et a!. (1988).
This module is discussed at greater length in Chapter 7.
DRILLOI In IPA Phase 2, the human intrusion disruptive event is stipulated to consist of drilling
initiated above the geologic repository. The location of boreholes and the timing of drilling are assumed
to be random (see Appendix H ("Analysis for Drilling Scenario') in Codell et al. (1993)). Although a
random spatial distribution may not be physically realizable, it is used here for simplicity. The drill bit
can either hit a waste package directly or it may only penetrate contaminated rock. Radioactive material
may be brought to the surface, in either case.
Authored by N. Eisenberg (NMSS), J. Firth (NMSS), and C. Freitas (SwRI), the DRILLOI module uses
sampled data on the seven repository sub-areas and the distribution of waste packages. This information
is used, for each borehole, to determine the region where the borehole is located and whether a waste
package was struck during the drilling event. These results are then used by DRlfLO2 to determine the
consequences. The calculated number of direct hits and their times of occurrence are also supplied to
the SOEC module, for inclusion in the calculation of a source term.
DRILL02 Consequences from the drilling disruptive events identified in DPJLOJ are calculated in
DRI02. A drill bit hitting a waste package directly or penetrating contaminated rock is assumed to
lift a certain portion of the radionuclide inventory to the ground surface. The inventory in a waste
package and in the rock surrounding waste packages is as a function of time, and is used by DRUl02,
to determine consequences. A small percentage of the radioactive material brought to the surface is
assumed to be particulate material that becomes airborne. This information is then provided to the
The DRLL02
AIRCOM module, for calculation of the respirable fraction of the human dose in Do.
module was authored by N. Eisenberg, J. Firth, and C. Freitas.
The detailed features of the DRILLO modules are discussed in Frietas, et a. (1994).
FLOWMOD Tbe computational module entitled FLOWMOD determines the hydrologic flow regime that
provides ground-water flux for use in the source term module (SOUC) and transport pathways and
properties for use in the transport module - NEFRA (NEtwork Flow and TRANSport). The primary
functions within FLOWMOD are the determination of: (a) the spatial distribution of ground-water flux;
(b) the quantity of flow in the matrix and the fracture; (c) fluid velocities, and (d) saturation-dependent
retardation coefficients. The computational demands of solving partially saturated flow in fractured tuff
precluded a direct solution of the flow equation; therefore, a table interpolation scheme was used to
determine spatial distribution of flow and the quantity of matrix versus fracture flow. The tables used
for these interpolations were based on the results, using a dual-continuum approach, as set forth in the
DCM3D computer program (see Updegraff, et al., 1991) for simulating Yucca Mountain. The
interpolation scheme made use of sampled data for the infiltration rate and the hydraulic properties of the
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matrix and fractures.
FLOWMOD uses these relationships to determine the mass fluxes and particle travel times for each of the
stratigraphic units comprising a certain number of vertical columns corresponding to each of the geologic
repository sub-areas (seven in IPA Phase 2). The DCM3D computer program is not a part of the IPA
computer code. It was executed separately to create the input data for FLOWMOD. This module was
developed by T. McCartin (RES) and W. Ford (NMSS).
This module is discussed at greater length in Chapter 4.0.
LBS The TPA user can specify various parameters pertaining to any number of consequence modules
to be sampled where statistical distributions represent uncertainty. The LBS module uses the sampling
method of Iman and Shortencarier (1984) to create equally likely parameter vectors. Although only
uncorrelated parameters were used in IPA Phase 2 calculations, the LBS module is designed to sample
from correlated parameters also. Two aspects of the LBS module to be noted are: (a) all sampled
parameters, irrespective of which consequence module they belong to, are sampled at one time; and (b)
for the analysis of any one scenario, a single call to the LBS module provides all the vectors or
realizations.
The computer program for the LHS was obtained from the Sandia National Laboratories (SNL), under
contract to NRC. The detailed features of the LBS module are discussed in Sagar and Janetzke (1993).
NEF7RAN The far-field transport of radionuclides is treated in the NEF1RdN (NEtwork Flow and
TRANsport) module. The initial version of the code used during IPA Phase 1 was obtained from SNL
(see Longsine et al., 1987) under an NRC research contract. In IPA Phase 2, the staff used an improved
version designated NEFTRAN SI (see Olague et al., 1991).
The AEFIRN module simulates the transport of radionuclides in the aqueous phase away from the
geologic repository, and calculates the integrated discharge of radionuclides, over 10,000 years, at the
boundary of the accessible environment and the time-varying concentration of radionuclides (used in the
calculation of the dose) at the boundary of the accessible environment. In the simulation of radionuclide
transport, the following two primary factors are accounted for in the NEFR 14N simulations: (a) elementspecific retardation of radionuclides, based on the geologic unit and the degree of saturation; and (b)
multiple flow paths, to represent the possible dual flow paths caused by fracture and matrix flow. As
shown in the figure, the pore velocities calculated by FLOWiMOD are provided as input to AEF1RA.
In AEFRAN, the transport domain is considered to be made up of one-dimensional (ID) transport paths,
along which the convection-diffusion equation is solved semi-analytically by the distributed velocity
method (DVM). Details of the DVM are available in Olague et al. (1991).
This module is discussed at greater length in Chapter 4.
SEISMO The SEISMO module calculates the probabilities of failures of waste packages, because of a
seismic event. The probability of occurrence of an event of certain magnitude is considered to be timedependent. To simplify the analysis, a seismic hazard curve representing time-dependence of earthquake
magnitudes (peak accelerations) at a certain probability level (e.g., 95 percent) is first obtained. This
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curve is obtained from a family of postulated plots between the occurrence probability versus earthquake
magnitude for a set of fixed time periods. Based on the structural properties of the container material,
a fragility curve representing a relation between peak acceleration and the critical container wall thickness
is derived. The actual container wall thickness, for waste packages, as affected by corrosion processes,
is obtained from SO7EC as a function of time, which produces a time history of nominal wall thickness,
when considering the undisturbed case. Any time the critical wall thickness obtained from the fragility
curve is greater than the actual thickness produced by the SO7C, failure occurs. The number of such
failures is fed back to SO7EC for calculation of the source term. This module was authored by N.
Eisenberg, R. Codell and C. Freitas.
This module is discussed at greater length in Chapter 6.
deals with the calculation of aqueous and gaseous radionuclide time- and space-dependent
source terms for the geologic repository. It does so by considering the variations in those physical
processes expected to be important for the release of radionuclides from the engineered barrier system.
As mentioned above, "C is the only radionuclide that is treated in the gaseous phase in IPA Phase 2.
However, all radionuclides, including "C, are considered in the aqueous phase. As shown in the figure,
SO7EC provides the aqueous, gaseous, and direct radionuclide releases to the geosphere transport
SOTEC

modules - C4, DRPILO2, NEFIRAN, SEISMO, and VOLCANO.

Three primary calculations are done inSOE7C: (a) failure of waste containers because of a combination
of corrosion processes and mechanical stresses; (b) the leaching of spent fuel; and (c) the release of
"CO 2 gas from the oxidation of U02 and other components in the spent nuclear fuel and hardware. In
Version 1.0 of SO7EC (Sagar et al., 1993), general corrosion, pitting, and crevice corrosion are
modeled, based on a temperature-dependent corrosion potential. The temperatures obtained in CA4N72
are provided as inputs to SOEC. Leaching rates are considered to be either solubility limited or
congruent to U0 2 rates. This module was authored by B. Sagar, R. Codell, J. Walton (CNWRA), and
R. Janetzke. More details are available in Sagar et al. (1992).
This module is discussed at greater length in Chapter 5.
Consequences caused by magmatic events are calculated in the VOLCANO module. This
module was developed by R. Baca (CNWRA), L. Lancaster (RES), R.Drake (CNWRA), and C. Lin
(SwRI), and is based on the work of Margulies et al. (1992). In the geometric approach followed in
VOLCANO, Monte Carlo sampling is used to generate a volcanic event randomly in a rectangular region
surrounding the repository horizon. Random sampling is used to specify: (a) the location of the sampled
volcanic eruption; *(b) the nature (intrusive, leading to dike formation and extrusive, leading to dike
and/or cone formation) of the volcanic event; (c) the dimensions of the dike or cone; and (d) the
orientation of the dike. From the area of the geologic repository intercepted by dikes and cones, the
numbers of waste packages failed by the magmatic event are determined assuming all intercepted waste
packages have failed. This information is used in SOTEC. When the volcanic event is extrusive, the
contents of the failed waste packages are assumed to be released to the accessible environment (direct
release), and a fraction of this is assumed to be ejected to the atmosphere, which is then used in AIRCOM
to calculate human dose, and in the executive module, to calculate the total release. A more detailed
description of the VOLCANO module is given in Lin et al. (1993).
VOLCANO
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This module is discussed at greater length in Chapter 6.
Finally, all the consequence modules used for the TPA system code are maintained under the CNWRA
configuration management system (TOP-018), and will be fully compliant with it upon the receipt of user
guides for CAN12, FLOWMOD, C14, DRJLO, SEISMO, and AIRCOM.
2.1.4
Data Handling and Control
The input/output (1/0) files for the TPA system code can generally be divided into four different types:
*

Input;

*

Temporary (used for the duration of the current scenario);

*

Reusable (used for more than one scenario); and

*

Output.

The input files include the TPA input file, LHS standard input file, and standard input files for each of
the consequence modules. The TPA input file is prepared in a free-format style. That is, the input
values are associated with keywords rather than with fixed column positions in the input file. This was
implemented using a set of standard FORTRAN routines described in CNWRA 91-005 (Janetzke and
Sagar, 1991b).
The temporary files include the files generated by the TPA computer code for the purpose of transmitting
control parameters to an external module. These typically contain global parameters (parameters that are
common to more than one module) which can override the parameters read from the module's standard
input file. The temporary files receive their names from the TPA executive module and are overwritten
for each new vector processed. In general, only the programmer (and not the end user) needs to access
the temporary files.
The reusable files are those on which intermediate results from various consequence modules are written.
The data in these files may be processed later by other modules.
The output files include the output file of the TPA computer code itself, standard output files of each one
of the consequence modules, error log files, and specially formatted files, for external utilities such as
the TECPLOT graphics utility (Amtec Engineering, 1984).
Names of all files except the temporary files can be read as part of the input. The format-free input
process of the TPA executive is explained in Sagar and Janetzke (1993).
2.1.5
Sampled vs. Global Data
Many of the consequence modules require some of their input parameters to be sampled (variables) from
a certain statistical distribution over a range with known end points. This feature is adapted in a common
manner for all of the modules involved. The LIS module is used to generate the sampled data for all
of the parameters, and for all vectors of a given scenario. A standard LlS input file is created with
distribution specifications for all of the parameters. Appendix A lists the distribution and range
2 -9
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specifications for the LHS-sampled input parameters used in the IPA Phase 2 analysis. The LHS module
then produces a single output file, containing a data set for each vector. When a consequence module
begins execution, it reads this file sequentially until it finds the correct vector and then reads the entire
variable set for that vector. The consequence module must then select its variables from this set, as
specified in a 'map' file, which identifies the location of each variable.
When the modules are executed in a stand-alone mode, sampled variables are not used, and all the
necessary control input is provided via the standard input file. In the TPA computer code, however, the
sampled data must override any values provided in the standard input file. This is done by ensuring that
the sampled data are read after the standard input file is read, and before any quantities are derived from
them.
One of the primary requirements of the simulation process is that parameters that are common to many
subprocesses be specified consistently. Since the design of the TPA software is such that all the
subprocesses can run independently, this consistency is maintained through the temporary global data
files, which transmit data from the executive to the consequence modules. These data files contain
parameters in a fixed order, and the corresponding consequence module must follow this order when
extracting the parameters from the file. This process is completely automated and does not require
manipulation by the user.

2.2

IMPROVEMENTS AND CHANGES SINCE EPA PHASE 1

IPA Phase 1 included releases only via the water pathway and direct drilling pathway. Release and
transport of 14C in the gas phase were considered only in an auxiliary analysis, and not in the evaluation
of risk. The source term module was a version of the module already existing in NERAN, modified
somewhat for consideration of unsaturated flow.
The analysis of the liquid phase release and transport to the accessible environment considered the
following mechanisms:
iD steady-state flow and transport through the unsaturated zone, through four parallel
columns consisting of multiple layers of rock under the influence of normal and pluvial
rates of water infiltration.
*

Waste form dissolution, based on the quantity of water that could enter the waste package
container.

*

An empirical failure-time distribution for the waste package canisters.
packages canisters were considered to fail simultaneously.

*

Direct release of a portion of the waste brought to the surface in drill cuttings.

All waste

IPA Phase I considered four scenarios:
*

Normal infiltration, no drilling;
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*

Nonnal infiltration with drilling;

*

Pluvial infiltration, no drilling; and

*

Pluvial infiltration with drilling.

The normal infiltration cases considered 500 vectors each. The pluvial scenarios considered only 98
vectors, because of a problem with long run times. There were a total of 29 radionuclides included in
the analysis. Results of the scenarios were used to generate the conditional CCDFs for each scenario,
and combined with scenario probabilities to produce an overall CCDF. The input and output vectors
were also used to generate sensitivity analyses, using multiple linear regression and several other
techniques.
The IPA Phase 1 analysis relied heavily on manual manipulation of files, rather than the relatively high
degree of automation provided by the system driver for Phase 2. The LlS, EF7RA, and
sensitivity/uncertainty analyses were submitted manually and used by the analyst in sequence.
By contrast, in IPA Phase 2, the staff developed a more sophisticated model and computer code to
represent the performance of a geologic repository. The principal features of the staffs advanced model
were:
*

The geologic repository is represented by seven repository sub-areas.

*

Three transport pathways were considered - gaseous, aqueous, and direct.

*

Treatment of mechanistic models of waste package failure (including a specified number
of early failures).

*

Consideration of four disruptive events - climate change, seismic shaking, human
intrusion (including exploratory drilling), and magmatic eruption - for a total of 16
probability combinations.

*

Considered only 20 radionuclides, on the basis of screening.

The principal features of the staff's more sophisticated computer code in IPA Phase 2 are:
*

The execution of the various scenarios is now performed under the control of the TPA
executive module, with consistent data provided automatically to all of the consequence
modules.

*

The system executive is responsible for the invocation of the modules and the reading of
the release values after each module is run. It is designed to calculate the CCDF for
releases by nuclide, pathway, repository sub-area, scenario, and overall.

2-
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Although both internal and external modes? are available for the TPA executive module, the internal
mode is preferred. This mode ensures that all the modules receive the same input data automatically.
The individual modules obtain much of their control and data information from the system executive;
therefore the executive exercises a degree of precision when invoking the module to execute a particular
scenario or vector. The communication mechanism used for this is formatted ASCII files. These files
are called global data files, since much of the content is common to the consequence modules.
All the sampled variables from all of the modules are generated during a single run of the LHS module
code, and then each module can select its sampled variables from the file, using identical techniques. A
mapping file serves to aid the module in extracting the correct variables from the LHS output file, since
the LIS program does not organize its output with keys for each variable. The map file contains the
exact location of each sampled variable for a given module.
As noted above, in IPA Phase 2, the repository was divided into additional zones (now seven), and the
normalized release values were stored separately for each repository sub-area, as well as each of the 20
nuclides. Moreover, as discussed in Section 2.1.3, several new scenario and consequence modules were.
added to the system code, namely seismicity, volcanism, 1 'C02 gas flow, and dosimetry.
Finally, the TPA executive can produce a CCDF plot in the TECPLOT format for each scenario, as well
as a total CCDF for all of the scenarios, from the single internal array that stores the normalized release
values from all of the consequence modules.
2.3

CONCLUSIONS AND SUGGEMIONS FOR FUTURE WORK

A number of conclusions and recommendations for further work can be drawn from the design,
development, and execution of the TPA computer code (including its modules), during IPA Phase 2.
Several of these conclusions and recommendations were first proposed following IPA Phase 1, but not
fully implemented during Phase 2. To the extent that these conclusions and recommendations still apply,
and should continue to be considered in future IPA work, they are repeated below.
1.

The Process of Abstrcion.

Deriving simple, efficient computational modules (and attendant computer codes) from more complete
and complex models, to represent the performance of components of the repository system for use in
probabilistic simulations, is an issue that requires more focus and analysis. As noted in IPA Phase 1,
general approaches for achieving satisfactory computational speed, while maintaining an appropriate
degree of physical representativeness, need to be evolved; this still continues to be the case, based on the
staff's Phase 2 work.
For example, in IPA Phase 2, the staff discovered that significant modification (simplification) had to be

2 'Internal' versus external" refers to the mner of code execution and the time at which the output files from the
consequence modules a generated. In the internal mode, consequence modules ae run and cumulative adionuclide releases
calculated as the system code is executed. In the external mode, the modules are separate from the system code, and as a result,
the cumulative mleases can be generated and placed in files at any time befort iteration of the system code.
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done to the original design concepts during the eventual implementation of the TPA computer code. As
noted earlier, the computational requirements of modules became prohibitive, and significant
simplifications were required in order to achieve acceptable execution times. Hence, it is recommended
that more attention be paid to the appropriateness of abstracting the complicated phenomena, to achieve
efficient mathematical models. Moreover, it is recommended that the TPA computer code (and its
modules) be considered a dynamic entity, and modifications should readily be pursued, to achieve a more
effective TPA computer code.
Finally, considering that the connection between more representative codes and the simpler codes used
to demonstrate compliance is likely to be a major issue in licensing, the staff continues to believe that the
abstraction process may be a subject suitable for the development of regulatory guidance in the future.

2.

Software Documentation.

During the development of several computational modules, a number of difficulties were encountered
related to software quality assurance (QA), including the lack of: documented module designs, module
integration designs, and documented module testing. Hence, it is recommended that more attention in
the future be paid to QA procedures.

3.

Continue to evaluate additional computer codes, that could not be acquired and evaluated
during the IPA Phase I or Phase 2 efforts, to determine whether existing codes can meet the
NRC modeling needs, or whether additionalcode development is needed.

As summarized in Section 2.1.3 and noted in subsequent chapters of this report, several computer codes
that appeared to be promising in terms of providing missing parts of the analysis, and that offered
improved treatment of certain aspects of modeling, were evaluated for use in the IPA Phase 2
demonstration. These codes included BIGFLOW, DlT4,DCM3D, MODFE, NEF7RAN, PHREEQE,
PHREEQM, and UCBNE41. However, the staff believes that there are additional computer codes that
need to be evaluated that might provide some additional assistance to the staff in its performance
assessment efforts. Some of the codes that might be worthwhile investigating in the future are: TOUGH,

TOSPAC, AREST and EBSPAC.
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3.

SCENARIO ANALYSIS 1
J.R. ParkINMSS, J.S. Thp/NMSS, A.B.Irhn1m/NMSS, M.P.
Miklas/CNWRA, and N.A. Eisenberg/NMSS

3.1

INTRODUCION

In EPA Phase 1, a general approach to scenario development was identified, but, because of resource
constraints, implemented only to a limited extent (see Methodology for Scenario Development, in
Codell et al., 1992, pp. 31-39). Therefore, to identify scenarios for that effort, a less sytematic,
more expedient approach was taken. That approach involved selecting two classes of events (climate
change/pluvial conditions and human intrusion by exploratory drilling) for the analysis, in part,
because the modeling variations needed to accommodate these events in the consequence analysis were
not excessive. The probability of occurrence for exploratory drilling was determined by following the
guidance provided by the U.S. Environmental Protection Agency (EPA), in Appendix B of 40 CFR
Part 1912 (Code of FederalRegulations, Title 40, Protection of Environment") (see EPA, 1993; 58
FR 7936). The probability of climate change/pluvial conditions was determined arbitrarily. A
recommendation arising from the IPA Phase I effort was to develop and demonstrate a
mathematically rigorious, scientifically robust method for scenario analysis (see Codell et al., 1992,
p. 91).

In IPA Phase 2, the staff has applied the Sandia National Laboratories (SNL) scenario selection
procedure to generate scenarios for use in the IPA Phase 2 consequence analysis. The SNL
methodology has been applied by the SNL staff to hypothetical basalt and salt sites, and by
international organizations involved in the geologic disposal of high-level radioactive waste (HLW).
This section briefly summarizes the SNL procedure and then documents the development of a final set
of scenario classes and corresponding probability estimates for use in the EPA Phase 2 effort.
In this analysis, a scenario' is defined as any postulated future sequence of events and processes
(EPs) external to the repository system which is sufficiently credible to warrant consideration of its
projected effect on repository performance. These sequences represent some of the potential ways in
which the repository system environment might evolve. Such alternate evolutions may result from the
occurrence of natural phenomena and/or from human-initiated activity, and could affect the release
and transport of radionuclides from the repository to the accessible environment. A scenario class"
is a unique combination of processes and/or events without regard to the order in which they occur.

The fgures shown in this chapter present the results from a demonstration of staff capability to review a perfomance
assessment. Thes figures, like the demonstration, a limited by the use of many simplifying assumptions and sparse data.
2 The Energy Policy Act of 1992 (Public Law 102.486), dated October 24, 1992, directs the NRC to pImulge a rule,
modifying 10 CFR Part 60 of its regulations, so that these regulations are consistent with the U.S. Environmental Protection
Agency's (EPA's) public health and safety standards for protection of the public from releases to the accessible environment
from radioactive materials stored or disposed of at Yucca Mountain, Nevada, consistent with the findings and reconmendations

made by the National Academy of Sciences, to EPA, on issues rlating to the environmental standards governing the Yucca

Mountain repository.
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3.2

DESCRIPTION OF THE SNL SCENARIO SELECTION PROCEDURE

The SNL scenario selection methodology (Cranwell et at., 1990) consists of a five-step process that,
when completed, provides a set of scenarios, with corresponding probabilities, for use in the
consequence analysis of a potential HLW disposal site. These steps are:
No. 1.

Identification of those EPs deemed to be potentially disruptive of long-term
isolation of HLW at a disposal site.

No. 2.

Classification of these EPs.

No. 3.

Screening of these EPs, using well-defined criteria.

No. 4.

Formation of scenarios by combining the EPs remaining after screening.

No. 5.

Screening of these scenarios, using well-defined criteria.

3.2.1
Step No. 1-Identification of Events and Processes
The initial step in the SNL procedure is the identification of EPs that are considered to be potentially
disruptive of waste isolation at the particular HLW disposal site in question. These EPs, which
should be as comprehensive and complete as possible, are identified by persons knowledgeable in the
fields of earth science and waste management and would include both natural and human-induced
phenomena. The use of generic lists of EPs (e.g., see International Atomic Energy Agency (IAEA),
1981) can help to ensure that important site-specific phenomena are not overlooked.
3.2.2
Step No. 2- Classification of Events and Processes
The second step in the methodology is the categorization of the EPs. This can be accomplished using
any of a number of different classification schemes. Criteria for classification might include:
*

The origin and physical characteristics of the EPs (i.e., natural, human-initiated, or
waste-/repository-induced);

*

The manner of influence the EPs have on the repository system and surrounding geology
(e.g., whether they affect near-field or far-field processes or phenomena);

*

The time of occurrence (e.g., between 0 to 100, 101 to 1000, or 1001 to 10,000 years);
and

*

The probability of occurrence (e.g., likely, unlikely but possible, or very unlikely).

The classification of the EPs provides an opportunity to ensure that important phenomena are not
omitted, and as such, this step is iteratively linked with Step No. 1. In addition, this particular step
also imparts an initial organization to the collection of EPs, which is needed to begin developing and
analyzing potential scenarios.
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Step No. 3- Screening of Events and Processes
3.2.3
Given the potentially large collection of EPs that could be identified and the correspondingly large
number of scenarios that could be formed from these EPs, it is essential that the analysis focuses on
those EPs that are sufficiently credible to warrant consideration so that the task of scenario
identification (and the subsequent consequence analysis) remains tractable. Therefore, using welldefined criteria, it should be possible to eliminate some of the identified and classified EPs from
further consideration. Basic screening criteria include:
*

The physical reasonableness of occurrence of the EP at the site;

EP: whose occurrence are impossible because of the characteristicsof the waste, facility, or
site can be removedfrom the analysis, based on a lack ofphysical reasonableness.
*

The probability of occurrence of the EP; and

EPs with very low probabilitiesof occurrence also can be screenedfromfurther
consideration. he value used as the criterionforscreening should be consistent with the
appropriateregulations. For example, EPA guidance In 40 CFR Part191 Is such that
categories of EPs estimatedto have less than I chance in 10,000 of occurring over 10,000
years need not be considered.
*

The potential consequences associated with the EP's occurrence.

EP: may be screened If their occurrence has insignficantpotentialeffects on the natural
propertiesof the site (e.g., the hydraulichead distribution). Such a judgment would require
flow and thermomechanicalanalyses to be made. In addition, EPs with similar consequences
may be grouped together as long as theirprobabilitiesare appropriatelycombined.
Step No. 4- Combination of Events and Processes into Scenarios
3.2A
In the fourth step, the EPs remaining after screening are combined into scenarios. These scenarios
are formed using a logic diagram or similar device, to ensure that all possible combinations of the
EPs are identified and examined. The number of scenarios developed will depend on the number of
events and processes available (i.e., if wn" phenomena remain following initial screening, then 2r
scenarios are possible). For example, in Figure 3-1, five EPs (designated RI, R2, T7, 72, and 73)
are linked to form 32 a2) scenarios, where, under the SNL procedure, each specific path through the
tree is called a scenario.
In Figure 3-1, one of the combinations is labeled Base Case." Under the SNL methodology, the
'base case' scenario represents an initial conceptualization of the disposal system, which includes the
characteristics of the geologic site, the underground facility, and the emplaced waste (Bonano et at.,
1989). In this scenario, all components of the engineered barrier system (EBS), consisting of the
underground facility and the waste packages (10 CFR Part 60.2), are assumed to perform as
designed, undisturbed by external phenomena (e.g., igneous activity, exploratory drilling). As shown
in the figure, other scenarios will be perturbations to these nominal conditions (Cranwell et at.,
1990).
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Figure 3-1.

Potential combinations of two releases (R) and three transport

m phenomena.

(Adopted from Cranwell e at. (1990).)
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Step No. 5- Screening of Scenarios
3.2.5
The newly-formed scenarios are then screened using criteria similar to those applied in the initial
screening of the EPs: physical reasonableness, probability, and potential consequences. Screening
based on physical reasonableness, for example, would eliminate incompatible combinations of various
EPs.
Provided that the EPs are mutually independent (i.e., the occurrence or non-occurrence of one EP has
no influence on the subsequent occurrence or non-occurrence of another EP and vice versa),
individual scenario probabilities can be calculated by multiplying the likelihoods of the different EPs
comprising the scenario. If the EPs are not mutually independent, then conditional probabilities are
used. The probability value used should be consistent with appropriate regulations.
Scenarios can be screened if there are no consequences associated with their occurrence.
Consequences, in this case, refer to either radionuclide discharges to the accessible environment or to
the health effects resulting from such releases.
3.3

IPA PHASE 2 SCENARIO DEVELOPMENT USING THE SNL METHODOLOGY

The development of scenario classes for IPA Phase 2, using the SNL methodology, was conducted by
the IPA staff over a period of several months. Bonano et at. (1990) present the process of
formalizing the elicitation and use of expert judgment in the performance assessment of HLW
repositories in deep geologic formations. However, this formal process was not followed in the
collection and use of the opinions expressed in the staff discussions. Instead, an informal approach
was taken in which open discussions of the potentially disruptive EPs, their possible effects on the
system, and their relative likelihoods were combined with more detailed individually-submitted written
information on the same topics, with documentation of the staff member's reasoning, supported by
appropriate references and/or general principles.
Identification and Classification of Events and Processes
3.3.1
Before identifying an initial set of potentially disruptive phenomena for consideration, the boundaries
of the repository system first were defined. In an approach similar to that taken in the IPA Phase I
scenario development effort (Codell et at., 1992; pp. 31-32), these boundaries were chosen to be
largely coincident with those of the accessible environment. For this analysis, the repository system
was defined as extending 5 kilometers horizontally from the outer perimeter of the proposed
repository, and vertically from the land surface to a depth just below the current water table.
Phenomena initiated.beyond these boundaries were classified as external perturbations of the system,
even if the effects of the phenomena occurred within the repository. Thus, for example, fault
displacement in the repository would be classified as an external event, because the tectonic forces
responsible for initiating the movement can be considered external to the system. Exploratory drilling
would be classified as an external event for similar reasons. Phenomena, such as waste canister
corrosion and borehole seal degradation, on the other hand, occur within the system boundaries, and
thus would be classified as internal processes. Under this classification, external phenomena were
retained for consideration in the scenario analysis, whereas internal events and processes, including
features of the site (e.g., faults), were assumed to be incorporated into the models and data bases used
to describe the system. This approach differs from that proposed by Cranwell et al. since they
3
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include internal processes and features (e.g., borehole seal degradation, faults) in their analysis
(Cranwell et al., 1990; pp. 26, 44-53).
As discussed previously in Codell et al. (1992; pp. 31-32), the approach adopted here differs from
those proposed by other analysts. Hodgkinson and Sumerling (1989), for example, describe a
scenario development approach in which no distinction is made between internal" phenomena and
those occurring outside the repository. Under this scheme, processes such as waste canister corrosion
would be combined into scenarios for analysis, and as a result, their list of "events, features, and
processes," incorporating both internal and external phenomena, contains nearly 150 entries. Even
after screening of these entries, the number of scenarios that could be constructed would be quite
formidable. he approach chosen for the IPA Phase 2 analysis greatly reduces the number of
scenarios that can be generated, and thus the complexity of the total-system performance assessment.
For the [PA Phase 2 scenario analysis, an initial set of potentially disruptive EPs (able 3-1) was
compiled from similar lists of those considered:
*

In the IPA Phase I scenario analysis (Codell et al., 1992);

*

In the SNL work of Cranwell et al. (1990); and

*

From the generic list of EPs assembled by the IAEA (1981).

This list should not be considered complete nor comprehensive; further work may identify additional
EPs that warrant at least initial consideration within a scenario analysis for the Yucca Mountain site.
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Table 3-1. Initial Set of Potentially Disruptive Events and Processes
Naturl Events and Processes

Human-ndate Events and Processes

A. Igneols Actiy

A. Clirate control (e.g., greenhouse effect)

1. Eraive

B. War

2. Intrusive

C. Nuclear weapon testing at Nevada Test Site

B. Tectonic Activity

D. Exploraion drilling for natural resources
E. Mining

1. Regional Uplift
2. Regional Subsidence

I. Surface-based (en

3. Sismicity

2. Underground shafts and drifts

4. Faulting

pit)

F. Large-scale aerations to hydriogy (.g., dams)

C. Climatic Conditions

1. Current clinate - extmephenonena
.-

2. Climate change

D. Other

!_l

1. Sea level change

_

2. Tuammiseiches
3. Meteorite impact

It is mportant to note that these EPs can be considered as categories of events and processes since,
implicitly, the entire range of possible manifestation styles, locations, and times (i.e., subeventsu and
"subprocessesm) is contained under each identified EP. In keeping the detail for the Ps at this broad
level, the staff considers that the EPA screening criteria based on probability (i.e., less than 1 x 101 over

10,000 years) can be applied more appropriately. Also, because categories of Ps are being considered,
classes of scenarios, rather than explicitly-defined individual scenarios, will be produced by this analysis.
Consequence modeling of individual scenarios representing the scenario classes generated through this
procedure is discussed in the following chapters.
3.3.2

Screening of Events and Processes

All three of the screening criteria (i.e., physical reasonableness, probability of occurrence, and potential
consequences) identified in Section 3.2.3 were used to screen the initial set of EPs for this analysis. Flow
and thermodynamic calculations, suggested by Cranwell et al. (1990), were not used in screening based
on potential consequences, primarily because the numerical computer codes necessary for such analyses
were not available. Instead, screening on this criteria was based on staff judgment.
After screening, six EPs remained for staff consideration:
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*
*
*
*
*
*

Igneous Activity (Intrusive)
Igneous Activity (Extrusive)
Faulting
Seismicity
Climate Change
Exploration Drilling

For this scenario development effort, these six EPs were further reduced to four by combining 'Intrusive'
and Extrusive Igneous Activity," and Faulting" and Seismicity,' into single EPs. In addition, with
respect to a FaultinglSeismicity EP, consequence analysis modeling for IPA Phase 2 focused solely on
the effects of seismicity, and therefore, the final set of EPs to be combined into scenarios for IPA Phase
2 was:
*
*
*

*

Igneous Activity
Seismicity
Climate Change
Exploration Drilling

33.2.1
Rationales used to screen events and processes
The rationales used to screen particular initial EPs from further consideration in IPA Phase 2 are
discussed next. These rationales are necessarily preliminary and will need to be revisited when the
appropriate models, codes, and data are available for this purpose.
1.
Regional uplftsubsidence
Potential consequences associated with the occurrence of these initial EPs were deemed to be
insignificant. The proposed repository will lie approximately 300 meters below the ground surface and
about 180 to 400 meters above the regional water table, whereas rates of regional vertical tectonic
movement are estimated to be less than 3 centimeters/1000 years (DOE, 1988b; p. 1-28). Therefore,
regional uplift/subsidence alone would appear to have negligible direct effects on repository performance
over the 10,000-year period of interest. The potential impacts of erosion, both regional denudation and
local incision, associated with current and projected climatic conditions, should be examined, if necessary,
in fiture analyses.
Current climate (extreme phenomena)
2.
This initial EP was screened because such phenomena would be included under the current climate
conditions, which are part of the base-case scenario class.
3.
Sea level changes
This initial EP was screened because of insignificant potential effects on repository performance. Yucca
Mountain and vicinity are part of the Death Valley internally-drained groundwater basin system, and
therefore, significant sea level changes would not affect the stream baselines or the water-table elevation
(Ross, 1987). In addition, changes in the sea level are related to global phenomena and processes, such
as climatic variations and plate tectonics. Site performance may be more sensitive to these processes
instead.
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4.

Tkunamis/seiches

These Initial EPs were screened because of the low probability of occurrence at the site. Yucca Mountain
is located several hundred miles from the Pacific Ocean, in an arid climate, and is not overlain by large
bodies of surface-water necessary for seiche formation (DOE, 1988a; p. 29).
5.
Meteorite impact
This initial EP was screened because of the low probability of its occurrence at the site. Various studies
have calculated the likelihood of a meteorite impact sufficient to disturb a repository at depth to be in the
range of 10" per square kilometer per year (Cranwell et al., 1990).

6.

aimate control

This initial EP was subsumed under the initial EP: 'Climate Change,' because consequences associated
with its occurrence would be similar to those associated with natural climatic changes.

7.

War

Disruption of a repository at Yucca Mountain would likely require the direct impact of a thermonuclear
weapon; however, Yucca Mountain does not appear to be a prime candidate for such a focused attack.
In addition, any radioactive release associated with the breaching of the repository would be a minor
consideration in a war in which nuclear weapons were employed. For these reasons, this initial EP was
screened from further analysis.

8.

Nudear weapon testing at the Nevada Test Site (N7S)

Subsurface testing of nuclear weapons by the U.S. goverment has been conducted at the NTS to the
north and northeast of Yucca Mountain. Currently, however, no weapon tests are being conducted
because of the U.S. self-imposed moratorium against such testing, which extends until 1996. Should
subsurface nuclear weapon testing be resumed in the future, any effects on site performance in response
to the detonation of these weapons would be experienced in terms of seismicity. For this reason, this
initial EP was subsumed under the initial EP: Seismicity."
9.
Mining
Mining for mineral resources at Yucca Mountain could involve either surface (e.g., open pit) or
subsurface techniques (e.g., shafts and/or drifts). The seismic effects of surface and subsurface mining
operations would not appear to have a significant effect on the post-closure performance of a mined
geologic repository at Yucca Mountain (Raney, 1990a). The possible impacts of an open pit mine as a
potential site of localized infiltration should be examined, If necessary, in future analyses. Subsurface
techniques used to exploit a proposed deposit below the repository horizon could result in the repository
being intersected. If the repository were intersected, it is assumed that those engaged in such mining
activities would recognize the incompatibility of the wastes with their exploration, seal the mined
openings, and abandon their activities.

10.

Human-Inifiatedlarge-scale alterationsto hydrology

Large-scale alterations to the groundwater hydrology could involve the construction of dams to surface
flow or of irrigation systems for farming. The construction of a dam in the Yucca Mountain area would
appear to be unlikely, given the arid regional climate and the lack of significant perennial streams in the
area (DOE, 1988a; p. 29). The use of groundwater for irrigation could have the net effect of lowering
the water table, and thus, increasing the thickness of the unsaturated zone beneath the repository. This
3 -9
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might be beneficial to site performance. Therefore, this initial EP was screened from further analysis.
33.2.2
Rationale used to retain events and processes for further consideration
The events and processes retained fr consideration after screening are described in detail next. For each
EP, the following is provided: (1) a description of the EP for the Yucca Mountain region; (2) a short
summary discussion of potential impacts on repository performance; (3) a discussion of some current
issues in estimating probabilities for the particular EP; and (4) the approach (and results) used in IPA
Phase 2 for estimating the probability of occurrence for the EP.

1.

Igneous activty (Intrusive and Extrusive)

Description: In the Yucca Mountain region, volcanic activity approximately 16 million years ago (Ma),
produced several large caldera complexes located to the north and west of the proposed site (e.g., Timber
Mountain Caldera) (Figure 3-2). These calderas are associated chiefly with the explosive eruptions of
silicic volcanic rocks. Yucca Mountain is underlain by a sequence of these silicic rocks from about 1,000
to 3,000 meters thick, consisting mainly of welded and nonwelded ash-flow and air-fall tuffs (DOE,
1988a; p. 17). Volcanic flows and breccias commonly occur underground in the northern part of Yucca
Mountain but are rare in the southern part.
Approximately 6 to 8 Ma, the volcanic activity in the region changed into a more quiescent basaltic-flow
type, characterized by low volume eruptions of short duration (DOE, 1988a; p. 18). Within a 30
kilometer radius of the proposed repository site, 29 post-caldera basaltic vents can be identified (Crowe
et at., 1992). In addition, within the immediate vicinity of Yucca Mountain, basaltic dikes are exposed
in the northern reaches of Solitario Canyon, borings in the vicinity of Yucca Mountain have occasionally
intersected basalt, and further away, relatively extensive basaltic intrusions have been mapped in the area
of Paiute Mesa. The youngest basalt-ype volcanic feature in the area, located at the southern edge of
Crater Flat, is the Lathrop Wells cinder cone, which may have originally formed approximately 130,000
years ago, with possible further eruptions up to as recently as 20,000 years ago (DOE, 1988a; p. 18).
At present, there Is considerable debate concerning the age of the volcanic features in the Yucca Mountain
region. The variance in the opinions stems from differences in both methods of evaluation and
interpretations of available data. he difference is greatest for the youngest features, such as the Lathrop
Wells cone, and decreases as older and older material is evaluated.
Potentia impacts on radionudide release and transport: Depending on Its location and magnitude,
igneous activity could directly or indirectly affect the waste isolation capabilities of a repository at Yucca
Mountain. Direct impacts could result from the intersection of the repository by intruding igneous
bodies. Such intersections could severely disrupt the EBS through:
Mechanical disruption of the underground facility and redistribution of the local stress
regime;
*

Contact of the magma with the waste package canisters', which may result in displacement,

3 The term ae

package- is used here mynonymausly with container and canisr".

3 - 10

NUREGO-1464

3. Scenario Analysis

Figure 3-2.

Calderas of the Southwest Nevada Volcanic Field near Yucca Mountain. (Modified
from Maldonado and Koether (1983).)
3 - 11
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fracturing, and shearing of the canisters (in addition to thermal and chemical alterations);
*

Entrainment of the potentially damaged waste packages in the rising magma body; and

*

Potential release of radionuclides at the surface associated with volcanic activity.

Indirect impacts of igneous activity on repository performance could include:
*

Formation of a regional hydrothermal circulation system, if the intrusive body were large
enough;

*

Creation of barrier(s) to groundwater flow, possibly leading to a temporary or permanent
change in the water-table elevation;

*

Alteration of regional percolation and groundwater flow paths;

*

Thermal and geochemical alteration and degassing associated with the magmatic fluids;

*

Localization of surface infiltration due to volcanic eruptions; and

*

Creation of preferential radionuclide release pathways associated with accompanying
fracturing and seismicity.

Probabilt of occurrence considerations: Estimates of the occurrence of future igneous activity require
numerous assumptions concerning the temporal and spatial variability of such activity. To begin
addressing such questions of variability, data collected through a program of regional and site surface and
subsurface investigations must be available. These data should include the locations, distribution, and
physical characteristics of the magmatic features (actual and inferred) in the area, as well as the ages of
these various features. The program of investigations must also address the extent to which some
phenomena may still be present and undetected, taking into account the degree of resolution achieved by
the investigations.
The development of a predictive model of future igneous activity for Yucca Mountain requires a
description of the igneous life history' (past, present, and future) for the region, based on interpretations
of the collected data and calculated age dates. Various conceptual models based on these interpretations
would be necessary, in areas such as:
*

The region likely to host potential future igneous activity;

*

The mechanics of magmatic emplacement (e.g., mantle-derived magma vs. crustal magma
chamber; the rate of magma production in the subsurface; the amount of magma necessary
for intrusive or extrusive activity); and

*

The cyclic nature of the magmatism in the region (e.g.,
monocyclic/polycyclic, relationship of local region to a larger region).
3 -12
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To determine the parameters required for igneous activity probability calculations, it is necessary to
define a particular region in which the appropriate data would be gathered. The definition of such
regions will need to be based on an understanding of the relationship, both temporal and spatial, between
the regional tectonic features (e.g., variously oriented fault zones) and identified and inferred intrusive
and volcanic features. Several studies have attempted to do this for the Yucca Mountain region (e.g.,
Crowe et at., 1982; Crowe and Perry, 1989; Smith etal., 1990). Crowe and Perry (1989), for example,
defined the Crater Flat Volcanic Zone (CFVZ) in their attempt to identify a region potentially more likely
to host future volcanic activity (Figure 3-3). The northwest-trend of Quaternary volcanic cones
(recognized and inferred) and lava flows in the CFVZ isthought to be related to a strike-slip fault beneath
Crater Flat and the Amargosa Valley postulated by Schweickert (1989). Smith et al. (1990) identified
a larger region, the Area of Most Recent Volcanism (AMRV), based primarily on the age of the various
volcanic centers in the Yucca Mountain region (i.e., including only those younger than 4.5 Ma) (Figure
3-4). Within the AMRV, Smith et a!. defined narrow north-northeast-trending "high-risk' zones
corresponding to cinder-cone alignment orientations that they hypothesize may develop as a result of
structural control (Figure 3-5).
Once an appropriate region has been defined, magma production rates may be estimated from the
calculated volume of magma extruded at the surface over a particular time period. These production rates
have been used to determine the recurrence time for the formation of representative volumes of past
magmatic cycles in the Yucca Mountain region (Crowe, t al., 1982; Crowe and Perry, 1989). Based
on the available data, Crowe t a. (1982) suggest that there has been a decrease in the volume of
volcanism (i.e., erupted volumes) through time in the NTS region. Magma production rates based on
estimated surface magma volumes may not accurately reflect true" production rates, because the
calculations ignore the subsurface component of the igneous activity. Shaw (1987) has proposed that,
in general, only about one-third of the total magma production is reflected at the surface.
To adequately assess the risk to a proposed repository site from future igneous activity, it is also
important to determine whether there is a cyclic nature to the activity in the region (i.e., whether activity
is waxing or waning, monocyclic or polycyclic, and if so, where in the cycle(s) the region is presently).
Ideally, this assessment will be based on a relatively complete understanding of the complex processes
involved in magma generation at depth and the controls on the magma's ascent to the surface or near
subsurface. Lacking this understanding, other methods of describing the expression of igneous activity
have been used. The potential rates of future volcanic activity for the Yucca Mountain region have been
estimated using both counts of volcanic centers within a particular age range, and examination of magma
production rates (Crowe et al., 1982; Crowe and Perry, 1989; Margulies et at., 1992).
Crowe et a. (1982) used the rates of activity to calculate the range in the probability of volcanic
disruption of the proposed repository site. In determining these probabilities, Crowe et al. assumed a
simple (homogeneous) Poisson distribution in time and space, such that the rate of magmatic eruption
over time is constant and individual eruptive events occur independentiy. The calculated probabilities
ranged from 3.3 x 1 to 4.7 x 109' per year, depending on:
*

Whether the rate was determined from vent counts or magma production rates; and

*

The region defined for the calculation.
3 - 13
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Figure 3-3.

Proposed Crater Flat Volcanic Zone (CFVZ). SB: Sleeping Butte; LW: Lathrop
Wells; YM: Yucca Mountain; Stars: Inferred Buried Basalt Centers or Intrusive
Rocks. Modified from Crowe and Perry (1989).
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Figure 3-4.

Proposed Area of Most Recent Volcanism (AMRV). SB: Sleeping Butte; BM:
Buckboard Mesa; CF: Crater Flat; LW: Lathrop Wells; YM: Yucca Mountain.
Adopted from Smith et at. (1990).
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Figure 3-5.

Postulated AMRV and 'High Risk' Zones. SB: Sleeping Butte; BM: Buckboard
Mesa; CF: Crater Flat; LW: Lathrop Wells; YM: Yucca Mountain. Adopted from
Smith et a!. (1990).
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The basic model proposed by Margulies et al. (1992) also assumed a temporally and spatially
homogeneous Poisson distribution for volcanic centers. The recurrence rate in the model was estimated
by summing the number of volcanoes within the AMRV proposed by Smith et al. (1990), and dividing
this number by the area of the AMRV and the time interval over which the vents have been active. The
probability of an igneous event at Yucca Mountain was estimated to be 1.7 x 10' over 10,000 years.
Margulies et al. also examined the effects of:
*

A spatially varying recurrence rate, with zones of enhanced magmatism" within the given
region; and

*

A change in the rate of occurrence of igneous activity for the region at a given time.

Homogeneous Poisson models, however, may not be appropriate for use in probability calculations for
the Yucca Mountain region, because such models do not accurately describe volcano distributions, are
unlikely to reflect accurately the probability of future volcanic activity, and may underestimate the
probability of volcanic events. Statistical tests, such as the Hopkins P-test and the Clark-Evans test,
indicate that, spatially, volcanoes in the region do not have a homogeneous Poisson distribution (Connor
and Hil, 1993). In addition, several investigators have argued that temporally homogeneous Poisson
models are inappropriate for volcanic fields in general and the probability of future volcanic events in the
Yucca Mountain region in particular (Ho et al., 1991; Ho, 1992; McBirney, 1992; Sheridan, 1992).
Additionally, the scarcity of and the uncertainty in the data for the region may not support the use of a
simple Poisson model for predicting future volcanism in the area. For these reasons, employing such
models to predict the future occurrence of volcanic activity may underestimate the risk of volcanism for
the proposed Yucca Mountain repository site.
Probablityfor IPA Phase 2. As just discussed, a homogeneous Poisson model does not adequately
describe the distribution of existing volcanic cones in the Yucca Mountain region. A model to estimate
the probability of volcanic disruption of the proposed site will need to reflect the statistically significant
amount of vent clustering in the region. In the IPA Phase 2 analysis, the staff based its probability
estimate on the work of Connor and Hill (1993), who used a nonhomogeneous Poisson model calculated
by near-neighbor methods to estimate the probability of volcanic disruption within an 8 kilometer area,
over the next 10,000 years in the Yucca Mountain region. Assuming a late Quaternary recurrence rate
of 7*2 volcanoes/million years, they estimated a probability of disruption of between 8.0 x 105 to
3.4 x 104 in 10,000 years, with most estimates between I x 101 and 3 x 104. For the purposes of
this scenario analysis effort, a probability equal to 1.5 x 10' over 10,000 years will be used.
Given that the probability of volcanic disruption in the vicinity of the repository is taken to be 1.5 x 104,
the probability of such a disruption per unit area (i.e., per square kilometer), p,, is equal to 1.875 x 1'.
Next, for the consequence modeling of the effects of Igneous activity on repository performance (see
Section 6.4), the likelihood of an intrusive dike was assumed to be 10 times that of a volcanic eruption.
Therefore, the probability of an igneous event (formation of a volcanic cone or an intrusive dike) per unit
area in the next 10,000 years Is:
p-

lip , 2.1 x 104.

(3-1)

In estimating the consequences of igneous activity, a simulation area, A,, bounding the repository site was
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assumed to ensure that any potential modeled igneous activity intercepting the repository will be included
in the analysis. The size and shape of this area are not related to geologic structure in the region, but
was solely based on the distribution of dike sizes assumed for the consequence analysis. The simulation
area encompasses a 12 by 12 kilometer area around the repository.
Therefore, for the LPA Phase 2 scenario analysis, the probability of igneous activity within the simulation
area over the next 10,000 years is:
P, - pEA,

0.03.

(3-2)

This scenario probability Is higher than probabilities estimated previously for the repository area (e.g.,
Crowe et al., 1982; Margulies et al., 1992) because of a combination of factors. First, a
nonhomogeneous Poisson model, rather than a homogeneous Poisson model, was used. Secondly, the
probability of occurrence of an intrusive dike (assumed to be ten times that of a volcanic event) was
included in the estimate. Finally, the region for which the probability estimate applies is a simulation
area that bounds the repository and which is some 18 times larger than the repository area. It is also
important to note, however, that because the simulation area is large enough to include all modeled
igneous activity that may intercept the repository, a significant number of igneous events may not do so,
and therefore, as modeled in the consequence analysis, such events may have no impact on repository
performance. As a result, the probability of igneous activity directly affecting the repository is actually
less than the given value.
As a final note, although the use of nonhomogeneous Poisson models can address the tendancy of
volcanic centers to cluster within a volcanic field through time, estimations of the probability of future
volcanic activity (and intrusive activity, as well) will need to take into account additional geological
information (e.g., pre-existing tectonic structure, strain rate) before more refined assessments of the
probability of such activity can be made with confidence (Connor and Hill, 1993).
Semisdy
2.
Description Yucca Mountain is located in the Basin and Range tectonic province that constitutes the
southwestern portion of the North American crustal plate. The Basin and Range ischaracterized by more
or less regularly spaced northerly-oriented subparallel mountain ranges and intervening alluvium basins
formed by extensional faulting. The faulting in southern Nevada occurred mainly in response to the
tectonic activity that has occurred in the Basin and Range over the last 15 million years (DOE, 1988a;
p. 18).
Faults in the Yucca Mountain region can be grouped into three major systems depending upon their
orientation: northwest (e.g., the Yucca Wash fault); northeast (e.g., the Rock Valley Fault zone); and
north to northeast (e.g., the Solitario Canyon and Ghost Dance faults). Detachment faults have been
postulated in many recent models of tectonism for the Yucca Mountain region (e.g., Scott and
Rosenbaum, 1986).
Yucca Mountain is composed of a series of north-trending structural blocks that have been tilted eastward
along west-dipping, high-angle normal faults. The proposed repository block is bounded by faults: on
the west by the Solitario Canyon fault, on the northeast by the Drill Hole Wash structure, and on the east
and southeast by the western edge of an imbricate normal fault zone. The Ghost Dance fault transects
3 - 18

NUREO1464

3. Scenario Analysis

the proposed location for the underground repository. The faults at Yucca Mountain include both local
faults related to the formation of calderas and longer regional faults of the basin-and-range type (DOE,
1988a; p. 20).
The site is in a region of diffuse seismicity (earthquake activity). In the past 150 years, eight major
earthquakes (with magnitudes of 6.5 or more) have occurred within about 400 km of Yucca Mountain.
The nearest was the 1872 Owens Valley earthquake (estimated magnitude of about 8.25) some 145
kilometers west of Yucca Mountain. Although, in some instances, earthquake epicenters in the southern
Great Basin appear to be related to mapped faults and regional structures, in the vicinity of Yucca
Mountain, generally it has not been possible to correlate earthquakes with specific faults or tectonic
structures (DOE, 1988a; p. 22).
Most of the major faults in the area of Yucca Mountain have experienced displacement during the
Quaternary Period. Relatively moderate seismic activity continues today along strike-slip fault zones
northwest, southwest, and southeast of Yucca Mountain, and there is evidence that seismic activity with
associated surface fault displacements have occurred during this century in the Walker Lane shear zone
(Yount et al., 1993) which may extend through the site. Tables 3-2 and 3-3 (modified after DOE, 1988b,
p. 1-166) provide a listing of recorded earthquakes of magnitude 4.0 or greater that have occurred in or
near the Southern Great Basin since 1857. Meremonte and others (1987) document all historical Southern
Great Basin earthquakes (i.e., from 1868 to 1978).
Studies of tectonic and stress regimes in the Yucca Mountain region are not complete, but they suggest
the region is characterized by northwesterly extension, with normal and strike slip faulting. The chief
sources of information on the stress pattern are:

*

In-situ stress measurements;

*

Calculated earthquake focal mechanisms; and

*

The orientation and nature (i.e., sense of movement) of the regional and local faults.

Large uncertainties exist in the assessment of the earthquake potential of geologic structures and
seismogenic zones in the Southern Great Basin. These are caused, in part, by:
*

The sparse historical record (past 150 years) of seismicity in the region;

*

An equivocal association of historical earthquakes with mapped tectonic structures;

*

Large uncertainties associated with critical fault parameters (e.g., fault segmentation, slip
rate);

*

Uncertainty associated with estimated recurrence intervals on local faults;

*

The potential for earthquake activity to be both temporally and spatially clustered in the
Basin and Range Province;

3
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*

The potential for earthquake activity outside of the southern Great Basin to initiate
earthquakes in or near the site; and

*

Large uncertainties associated with conceptual models of faulting at the site, including the
potential for coupling of earthquakes with igneous activity.

Potentia ipatson radionudidereleaseand tansport: Faulting and seismicity in the Yucca Mountain
region could have significant effects on repository waste isolation. Displacement along the Ghost Dance
Fault could potentially shear waste packages, exposing the contents of the packages to transport. In
addition to the potential shearing, canisters away from the movement will experience the effects of the
accompanying seismic wave, which could include:
*

The shaking of the waste packages in their emplacement holes, possibly damaging or even
rupturing the canisters; and

*

The loss of the air gap because of spalling of material into the emplacement hole.

Host rock material filling an emplacement hole will alter the stress distribution on the waste package and
could provide an avenue for water to come into contact with the waste package, thus increasing the
probability of corrosion and the potential for failure.
Fault movement and accompanying seismicity could affect the hydrologic system in the Yucca Mountain
region, through:
*

Creation, destruction, or modification of barriers to groundwater flow;

*

Alteration of the fracture network and thereby the flow paths for infiltrating waters; and

*

Seismic pumping leading to short-term changes in the water-table elevation (Carrigan et al.,
1991).

Repeated seismicity passing through the site could have pronounced effects on waste package lifetimes,
especially as the packages age.
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Table 3-2. Significant Earthquakes In or Near the Southern Great Basin
(Modified from DOE, 1988b; pp. 1-166, 1-167).
Dae

1

auftude

Name or Region

I

I

(RichtrScake)

Dltance Pvm Yucca
Mountab (kin)

Earthquakes of M 2 6.5 within 400 km of Yucca Mountain Site
9 Jan1SS7

Fort Tejon

8 1/4

300

26 Mar 1872

Owens Vally

S1/4

150

21 Dec 1932

Cedar Mountain

7.3

202

21 Jul 1952

Kern County

7.7

267

6 Jul 1954

Rainbow Mountain

6.8

331

24 Aug 1954

Rainbow Mountain

6.8

331

16 Dec 1954

Fuirview Peak

7.2

276

16 Dec 1954

Dixie Vaey

6.9

323

28 Jun 1992

Landers, CA

7.5

300
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Table 3-3. Significant Earthquakes In or near the Southern Great Basin
(Modified from DOE, 1988b; pp. 1-166, 1-167).

Nam orR

te

N

I

"an e
I (kter Scl)

| Dinc m Yucca
I Mntn km)

Selected Eathquakes of M 2 4.0 within 100 kn of Yucca Mountain Site
28 Mar 1934

Gold Flat

4.5

52

13 Jun 1939

Northem Death Valley

5.0

73

14 Jun 1945

Last Chance Range

5.0

96

30 Aug 1948

Amargosa Desert

4.0

42

13 Jan 1950

Dome Mountain

4.1

19

16 Jun 1951

Eeana Range

4.5

72

28 Jan 1959

Skull Mountain

4.0

23

27 Mar 1961

Skull Mountain

4.4

28

6 Jan 1969

Pahute Mesa

4.5

44

10 Jan 1969

Pahute Mesa

4.6

32

5 Aug 1971

Massachusett Mountain

4.5

42

15 Feb 1973

Ranger Mountains

4.0

49

12 Jun 1973

Pahutc Mea

4.5

43

28 Oct 1975

Timber Mountain

4.0

30

8 Jan 1976

Pahute Mes

4.6

52

7 Feb 1976

Pahute Mea

4.8

52

29 Jun 1992

Little Skull Mountain

5.6

30

30 May 1993

Rock VALey

4.0

35
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Probablt of occurrence considerations: A probabilistic seismic hazard analysis provides the frequency
distribution of earthquake ground motion (i.e., it develops an estimate (annual probability of occurrence)
of earthquakes greater than a given reference earthquake). The annual probability that the peak ground
acceleration, A, will exceed a certain acceleration, a, at a given site is defined mathematically by:
P(A4a)

=

f

P

-almr)F,,,(m) F,(r)dmdr

(3-3)

where P(A>alm,r) is the probability that the acceleration A is greater than a, for an earthquake of
magnitude m at a distance r, and F, and F. are the probability distance functions for magnitude and
density, respectively. Figure 3-6 shows the three basic inputs (Step Nos. I to 3 in the figure) needed to
calculate the probabilistic seismic hazard (Step No. 4).
The development of a probabilistic model for seismic and fault hazards requires data and assumptions
concerning such parameters as: fault rupture lengths, fault slip rates, earthquake magnitude distributions,
geometry of the seismic source zones, and attenuation of the seismic waves.
Within the last decade, different probabilistic seismic hazard methodologies have been developed. The
principal methodologies were those developed to assess the seismic hazard for nuclear power reactors in
the eastern U.S. (Bernreuter et al., 1989; Electric Power Research Institute (EPRI), 1986); however, the
applicability of these methodologies for an HLW repository in the western U.S. has yet to be determined.
The seismic hazard model and the basic methodology to estimate seismic hazards at a site have been
described in detail by Cornell (1968, 1971), McGuire (1976), and Algermissen et at. (1982).
The initial step in conducting a seismic hazard analysis for a site is the definition of a seismic hazard
model. To define such a model, it is necessary to:
*

Identify the seismic source zones;

*

Describe the magnitude recurrence model;

*

Describe the ground attenuation model; and

*

Identify the fault slip rate.

After obtaining this information (Step Nos. 1-3 of Figure 3-6), the probability of exceeding a certain
acceleration or a ceitain fault displacement value can be calculated (Step No. 4). Software programs
developed by EPRI (1986) or LLNL (1989) can be used to calculate the seismic hazards.
Figures 3-7 to 3-9 present results for seismic hazard and fault displacement analyses conducted for the
Yucca Mountain region from the work of URSIJohn A. Blume & Associates (1987). These results are
based on a sparse data set, the Campbell Attenuation model for Utah (Campbell, 1982) was used, and
a specific slip rate was assumed. Tle results presented here will likely change as site characterization
continues and adequate data for use in determining slip rates and the attenuation model become available.
ProbabiityforIPA Phase 2: For the purposes of estimating a probability, seismicity is assumed to affect
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Figure 3-6.

Basic Steps of Probabilistic Seismic Hazard Analysis. Adopted from TERA
Corporation (1978).
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Figure 3-7.

Annual Probability of Exceedance vs. Peak Ground Acceleration for Several Faults
near Yucca Mountain. Adopted from URSIJohn A. Blume & Associates (1987).
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Figure 3-8.

Comparison of Annual Probability of Exceedance vs. Peak Ground Acceleration by
Location of Faults. Adopted from URS(John A. Blume & Associates (1987).
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Figure 3-9.

Annual Probability of Exceedance of Peak Surface Rupture Displacement for the
Paintbrush Canyon, Midway Valley, Bow Ridge, Ghost Dance, and Sever Wash
Faults. Adopted from URSIJohn A. Blume & Associates (1987).
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the repository only through the effects of the seismic acceleration on the waste canisters. Over time, as
a waste canister corrodes, the thickness of its walls will decrease, and thus, a progressively reduced level
of seismic acceleration will be needed to fail the canister, either by exceeding the yield strength of the
canister material or by buckling the canister via impact with the emplacement hole. Therefore, a
relationship between the thickness of the canister walls with time and the likelihood of a seismic
acceleration necessary to fail the canister was established (see Section 6.4). As discussed in Section 6.4,
canisters were assumed to fail when the seismically-induced stress at the base of the canister exceeded
the yield strength of the waste canister material. First, a critical canister wall thickness (9.8 x 1W
meters) was calculated; a waste package canister with walls thinner than this would collapse under its own
weight. Then, an acceleration necessary to fail a canister with walls of critical thickness was calculated
(6.7 x 1 g). The recurrence rate for this level of acceleration is approximately equal to 0.02 per year,
and therefore, the probability of seismic accelerations equal to or greater than this over the next 10,000
years in the Yucca Mountain region is estimated to be approximately 1.0. This is taken to be the
probability of seismicity affecting the repository for this analysis.

3.

ahtnate Change

Descrption: The present climate in which the Yucca Mountain site is located is classified as a
nidlatitude-desert climate, characterized by temperature extremes and annual precipitation of less than
150 millimeters. The paucity of precipitation in the region is believed to be caused by the rainshadow
effect of the Sierra Nevada Mountains to the west of the site and the Transverse Ranges to the south.
Rainfall in the area is sporadic, often occurring as showers, sometimes torrential, which can lead to local
flooding. DOE currently estimates that perhaps less than 0.508 millimeters of the annual precipitation
percolates to the deeper units of the unsaturated zone (DOE, 1989a; p. 27).
Current paleoclimatic data appear to indicate that there has been a general trend toward warmer and drier
conditions In the southern Great Basin over the past 18,000 to 20,000 years, interrupted by episodes of
cooler and wetter conditions lasting from a few hundred to perhaps 1000 years (SAIC, 1992). In general,
the record of climatic conditions previous to this time back to the beginning of the Quaternary (2 Ma)
is not well-preserved. However, analysis of calcitic veins at Ash Meadows in the Amargosa Desert and
of vein calcite cores from Devils Hole near Ash Meadows indicate that the middle Pleistocene (500 to
750 ka) water table was tens to hundreds of meters above modem levels (Winograd and Szabo, 1988).
Winograd and Szabo (1988) inferred the drop in the water table through the Quaternary as resulting from
a combination of local erosion and climatic changes associated with the uplift of the Sierra Nevada and
Transverse Ranges.
Potential wmpads on radionudiderelease and tansport: Climatic changes over the next 10,000 years
could have significant effects on the regional and local hydrologic system and therefore on the long-term
performance of a repository at Yucca Mountain. A change to more arid conditions might lead to a
further decrease in the frequency and intensity of precipitation in the region, as well as to an increase in
evaporation. Such conditions might prove beneficial to repository performance.
A wetter, cooler climate could lead to increased infiltration at the site because of increased precipitation
coupled with a reduction in evaporation. Such an increase in surface infiltration could lead potentially
to an increase in the amount of groundwater flux through the unsaturated zone. If at sufficient levels,
this increased flux could locally saturate formations above the repository horizon, leading to the formation
of perched water tables, the transition from matrix flow to fracture flow, and an increased flux through
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the repository. Additional water could facilitate waste package corrosion, lead to faster dissolution of
the U0 2 spent fuel matrix, and enhance the release of the radionuclides from the canisters. Below the
repository, transport from the repository to the accessible environment could be accelerated because of:
*

Fracture flow, rather than matrix flow, through the unsaturated zone;

*

A higher water table; and

*

An increased hydraulic gradient in the saturated zone.

If the change to cooler climatic conditions is a presage to a period of glaciation, the annual precipitation
rates in the Yucca Mountain region could increase dramatically. In the Pleistocene Ice Age, although the
continental glaciers did not advance as far south as Yucca Mountain, increased precipitation associated
with the change to a colder climate led to the formation of numerous lakes in the Great Basin province.
One of these lakes, Lake Manly, estimated to be about 145 kilometers long and about 10 to 18 kilometers
wide, formed in Death Valley (Thornbury, 1967). Presently, few of these lakes still exist, having
evaporated completely over time or shrunk dramatically in size.
The addition of large amounts of carbon dioxide, aerosols, and other trace gases to the atmosphere
through man's activities has the potential for significantly altering future climate, especially in the near
future (next 1000 years or so). Consideration of these anthropogenic contributions to potential climate
change, with respect to the magnitude or probability of the change, were not included in the IPA Phase
2 analysis.
An NRC-sponsored expert judgment elicitation of climatic conditions in the Yucca Mountain region over
the next 10,000 years was conducted in 1993 (DeWispelare et al., 1993). Data from this effort will be
considered in future IPA analyses.

Probablyof occurrence considerations: Both paleoclimatic data and climate models could be used in
making climate predictions for the 10,000-year period of regulatory interest. Paleoclimatic data for the
western U.S. may include lake-evel records from present and former lakes, lake-bottom sediment cores,
macrofossil assemblages from packrat middens, and stratigraphic pollen sequences (SAIC, 1992). When
using such data in predictions of future climate, one assumes that the future variations in the climate
system will be similar to those of the past. However, study of the past climate can yield only general
indications of the future climate; explicit forecasts of the course of future climate are not possible, except
as simple extrapolations of past behavior (Hunter and Mann, 1989). Examination of the paleoclimatic
record can be used in the verification of modeling past climates and may serve to limit the range of
variations expected in the future.
Climate models can be categorized into those that describe the slowly varying components of the climate
system (e.g., the deep oceans, ice sheets) and those that model the fast-response components (e.g., the
atmosphere, the upper layers of the oceans). Each of these component categories incorporate multiple
temporal and spatial hierarchies that contribute additional uncertainties about the causes of past climate
variations at a particular location and the likely consequences of future variations in the controls of the
climate system (DOE, 1988b; p. 5-94). In attempting to predict future climate for 10,000 years, both
types of climate models will be needed, as models of fast-response components provide a snapshot' view
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of the climate system under a particular set of boundary conditions and state of slowly varying
components (Hunter and Mann, 1989). At present, such integrated models are not available to provide
estimates of future climate conditions at the spatial resolution necessary for a proposed repository site.
Given the current knowledge of climatic dynamics and the geological record of past climate changes,
major climatic fluctuations may be likely within the next 10,000 years (Spaulding, 1983). Although
methods of predicting long-term climatic variations (on the scale of 1000 to 100,000 years) do exist, the
specific future variation of climatic parameters may not be entirely predictable (DOE, 1988b; pp. 5-91
to 5-98).
Probabflity for IPA Phase 2: The determination of a probability of climate change in the Yucca
Mountain region over the next 10,000 years for use in IPA Phase 2 is predicated on the assumption that
the variation in climatic conditions occurs slowly, such that the period of performance for the repository
is short in comparison, and therefore, only a single 'climate' will prevail during the period of
performance. In making this assumption, 'probabilities' can be assigned to a range of specific climatic
conditions, which are then modeled in the consequence analysis using a particular data set of precipitation
and temperature values. These parametric values are constant then throughout the modeled 10,000-year
period of performance.
Given that a change in climate occurs, and that for the purposes of this scenario analysis, climate is
represented by ranges in average annual temperature and average annual precipitation, four scenarios are
possible under the 'Climate Change" scenario class: warmer/drier; warmer/wetter; cooler/drier; and
cooler/wetter, all relative to the current conditions.
In the EPA Phase 2 consequence analysis, described in Chapter 6, the 'Current Climate' and 'Climate
Change' scenario classes were represented by distributions of infiltration rates; however, the link between
the temperature and precipitation ranges used in this scenario analysis and the infiltration rates used in
the consequence analysis was not made.
For this effort, probabilities were generated for the Climate Change" and the No Climate Change' EPs
based on paleoclimatic data gathered in a review of available literature, with the majority of the data
obtained from studies of plant microfossils contained in the radiocarbon-dated remains found in packrat
middens in the NTS vicinity (Spaulding, 1985). These data were used to bound the potential future
variation in average annual temperature and precipitation for the Yucca Mountain region, as well as to
calculate the scenario probabilities for the two climate EPs.
The data used in this analysis are graphed in Figure 3-10. It should be stated that, as portrayed in the
figure, the data reflect only the interpreted general trends in climatic conditions for the past 45,000 years
in the Yucca Mountain region and do not show the true variation in these conditions. Data for the entire
Quaternary Period were not compiled by the staff. Based on the results from Spaulding's work, it
appears that while the average annual temperature in the Yucca Mountain region has ranged from several
degrees Celsius below current levels to several degrees above over the past 45,000 years, the average
annual precipitation levels were always higher than those of the present (although the data appear to show
indications, particularly In the recent past, that further increases in temperature may actually serve to
lessen precipitation at the site). Within the past 45,000 years, the greatest variance from current
conditions appears to have occurred approximately 18,000 years ago, at the height of the Pleistocene Ice
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Figure 3-10.

Precipitation and Temperature Variation over the Past 45,000 Years in the Vicinity of
the Nevada Test Site. Based on Data from Spaulding (1985).
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Age, when average annual temperatures had dropped 5 to 7 0C below present levels and the average
annual precipitation had increased to roughly 35 percent above current levels. Another interesting point
isthat there appears to have been a general decline in precipitation, from approximately 20 percent above
current levels down to today's precipitation levels in the repository life timeframe of 13,500 years.
Probabilities for this analysis were determined by taking a simple ratio of the timespan encompassed by
a particular climate relative to the total time (i.e., 45,000 years). This approach was taken although it
was recognized that the timespan in which a particular climate has prevailed in the past is not related to
the probability that that same climate (or any other) will occur or not occur in the future. Also, it was
assumed arbitrarily that current climatic conditions included variations in the average annual temperature
between 21C below to 2C above current levels and in the average annual precipitation of up to 15
percent higher or lower than at present. Variations beyond these levels were considered as constituting
a change in climate.
Thus, for the 45,000 years before present (ybp) represented on the graph, the average annual precipitation
appears to have been less than 15 percent above current levels from 45,000 ybp to 39,000 ybp, and again
from 10,000 ybp to the present, while the temperatures were between 2C below and 2C above current.
For the remainder of the 45,000 years (between 39,000 ybp and 10,000 ybp), the average annual
precipitation ranged from 16 percent (with 20 percent as a high estimate) to 35 percent (with 40 percent
as a high estimate) greater, while the average annual temperatures were 3 to 6C cooler than at present.
Therefore, the probability of No Climate Change* was taken to be equal to 16,000 yrs/45,000 yrs, or
0.356, and the probability of Climate Change' was taken to be equal to 1 - (0.356), or 0.644.
With respect to the four potential Climate Change scenarios identified previously, the data suggest that,
given the definitions used in this analysis, only present climatic conditions and cooler/wetter conditions
have prevailed in the Yucca Mountain region over the past 45,000 years. Data for the entire Quaternary
were not compiled by the staff.
4.

ExplorationDriling

Description The Yucca Mountain site is located in a natural resource-rich region that includes current
gold production and exploration for hydrocarbons. Gold has been mined within the site vicinity (at Bare
Mountain to the west and at Wahmonie to the east) for over a century (Raney, 1990b) and world-class
gold deposits are located within 25 kilometers of Yucca Mountain. Gold exploration and exploitation
continues as five new mines and prospects have been located within 48 kilometers of the proposed
repository site between January 1988 and July 1990 (Raney, 1990b). The Railroad Valley petroleum
deposits are located within 240 kilometers of the site (Garside et at., 1988), and recent exploration for
petroleum has occurred within 15 kilometers of Yucca Mountain. However, site characterization
activities to date have not revealed any direct evidence of significant mineral or petroleum reserves at
Yucca Mountain, although hydrothermal alteration is evident at the site (DOE, 1988b; p. 1-341).
Zeolitic clays are mined in playas south of the site, and significant quantities of zeolites compose part of
the Calico Hills formation at the site (Vaniman a at., 1984). However, it seems unlikely that zeolites
at Yucca Mountain will become economically attractive because of their depth at the site and the wide
availability of zeolites in more accessible locations throughout Nevada and the United States.
Geothermal waters are common in the State of Nevada (Garside and Schilling, 1979) and hot springs are
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evident within the site vicinity. However, in site characterization activities to date, only low-grade
geothermal temperatures have been observed in groundwater at or near the proposed repository site
(DOE, 1988b, pp. 1-305 to 1-313; Benson and McKinley, 1985).
Groundwater resources are known to be present at Yucca Mountain. DOE water wells presently pump
water from the water table for testing and utilization within the DOE program, and this water may have
commercial value in mining, agricultural, and residential applications.
Potentialimpacts on radionudide release and tanspoll: Future drilling at the site could lead to the
inadvertent direct release of radionuclides from the underground repository to the accessible environment
(in this case, the ground surface). Waste canisters may be intersected in the course of a exploratory
drilling program, and as a result, canisters may be damaged, even punctured, by the drill bit. Under such
a situation, spent nuclear fuel, irradiated waste package material, and contaminated host rock may be
brought to the surface.
In addition, drilling for natural resources may have indirect impacts on the repository's ability to isolate
waste. Such indirect impacts could include the creation of:
*

Preferential pathways from the surface to the repository horizon for infiltrating waters; and

*

Short-circuit radionuclide transport pathways through the unsaturated zone below the
repository horizon for water-born radionuclides, and from the repository to the surface for
released gaseous radionuclides.

An additional concern is associated with the potential loss of significant amounts of drilling fluids into
the system, which may have adverse impacts on hydrologic flow through the repository and the
geochemistry of the host rock (e.g., its sorptive capabilities).
The potential magnitude i.e., severity) of these effects is related to the demand for the particular
resource(s) being explored for or exploited, the depth and subsurface extent of the identified or inferred
deposit(s), and the economic considerations involved. Such factors will directly impact the location and
number of holes needed to exhaustively explore for or exploit the resource(s).
Probabilityof occurrence considerations: Estimates of the probability of future human intrusion at the
Yucca Mountain site will be largely very subjective. For the most part, this is because of two factors:
*

The lack of empirical or mechanistic models for determining the probability that a
repository will be breached by human activity in the next 10,000 years; and

*

The unpredictability of future human behavior, economic factors, and states of technology
(Apostolakis et al., 1991).

Despite the inability to predict the likelihood of future inadvertent human intrusion, EPs initiated by
human activity, if found to be "sufficiently credible' under 10 CFR Part 60, will be included in
assessments of compliance with the containment requirements of 40 CFR Part 191. Under 10 CFR
Part 60, human intrusion "... may only be found to be sufficiently credible to warrant consideration if
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it is assumed that: (1)The monuments provided for ... are sufficiently permanent to serve their intended
purpose; (2) the value to future generations of potential resources within the site can be assessed
adequately ... ; (3) an understanding of the nature of radioactivity, and an appreciation of its hazards,
have been retained in some functioning institutions; (4) institutions are able to assess risk and to take
remedial action at a level of social organization and technological competence equivalent to, or superior
to, that which was applied in initiating the processes or events concerned; and (5) relevant records are
preserved, and remain accessible, for several hundred years after permanent closure."

As the EPA believes that it will be impossible to develop a correct" estimate of the probability of
inadvertent human intrusion, Appendix B of 40 CFR Part 191 provides limits on the rates of inadvertent
and intermittent drilling and the severity of the resulting consequences that need be considered (EPA,
1985; 50 FR 38089). The rate of drilling "... need not be taken to be greater than" 30 boreholes per
square kilometer of repository area over 10,000 years for repositories located in or near sedimentary
rocks and three boreholes per square kilometer per 10,000 years for repositories located in or near nonsedimentary rocks (op. c., 1985; 50 FR 38089). These rates are believed to be based on average
drilling rates determined from oil exploration in the Delaware Basin of the southwestern United States.
ProbabiyforIPA Phase 2: For IPA Phase 2, it was assumed that the occurrence of future exploratory
drilling is distributed randomly in space and time (and therefore can be approximated as a Poisson
process). The rate of future inadvertent exploratory drilling was based on the guidance provided by EPA
in Appendix B to 40 CFR Part 191 (EPA, 1985; 50 FR 38066-38089). Although sedimentary rocks
underlie the site, the proposed repository horizon is in volcanic tuffs, and therefore, the rate of three
boreholes per square kilometer per 10,000 years was used.
For the purposes of this analysis, the repository area was defined to be 5.13 kilometers2 (DOE, 1988b;
p. 8.3.5.13-83), and therefore, the 'expected' number of boreholes at the site over the next 10,000 years
is 15.4. Further, if a Poisson distribution is assumed to describe the drilling, the probability of no
boreholes being drilled (i.e., No exploratory drilling") Is approximately 2.3 X 10', and therefore, the
probability of one or more boreholes at the site (i.e., exploratory drilling") is very nearly 1.0.
There are at least several problems with treating the probability of drilling in this way. First, the use of
the EPA-derived drilling rate may not be completely applicable to the Yucca Mountain site or region,
because it isbelieved that the EPA rate was derived from oil exploration drilling rates, whereas the Yucca
Mountain region may more likely host exploration for precious metals. Apostolakis et al. (1991)
calculated an example drilling rate for gold exploration using a common exploration technique for
Nevada, which involves drilling a series of boreholes, and assuming a single gold-prospecting event every
100 years over the period of regulatory interest for the repository. This rate was equal to 7534 boreholes
per square kilometer per 10,000 years.
Secondly, modeling drilling with a simple Poisson distribution precludes consideration of exploration
programs that employ multiple boreholes in specific arrangements to appropriately assess a potential
natural resource deposit(s). Finally, assuming that drilling is to be distributed randomly in space does
not take into account topographical considerations (i.e., that drilling will likely take place preferentially
at lower elevations on more level terrain (e.g., in drilling for water), rather than on the side or top of
mountains, like Yucca Mountain).
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Given that exploratory drilling occurs, the borehole could either intersect (for the IPA Phase 2
consequence analysis, intersection' is equivalent to penetration') a canister or merely excavate some
of the surrounding host rock. The method used to calculate the likelihood of a random borehole
intersecting a waste package canister in any one of the seven areas of the modeled repository relative to
any other is discussed in Section 6.3.
3.33 Combination of Events and Processes Into Scenario Clsses
Following screening, the remaining EPs ("Igneous Activity," Seismicity," Climate Change,' and
'Exploration Drilling") were combined to form scenario classes, as discussed in Section 3.2.4. The socalled Latin square' is used to display all the possible combinations in Figure 3-1 1. In the far left and
top squares, the occurrence and non-occurrence of each initial EP are shown; the non-occurrence of an
EP is represented by placing shading over the letter denoting the EP. Since there are four fundamental
classes of EPs, 2' or 16 different combinations are possible. Non-occurrence" should be interpreted as
'not any occurrence;" e.g., since D represents drilling any boreholes within the perimeter of the mined
facility projected to the surface, D represents no boreholes within that surface region over the 10,000-year
performance period.
Figure 3-12 is similar to Figure 3-11 except the literal symbols for the EPs and their combinations are
replaced with their assigned probabilities. In the IPA Phase 2 analysis, these initial EPs are assumed to
be mutually independent, and therefore, the probability of the various scenario classes formed through
these combinations is equal to the product of the constituent initial EPs (i.e., the probability of both event
A and event B occurring is equal to the probability of event A occurring multiplied by the probability of
event B occurring). In addition, in the figure, each row and column is summed.
Figure 3-13 is identical to Figure 3-12, except all combinations of the EPs (i.e. scenario classes) that have
probabilities of occurrence less than 1 chance in 10,000 over 10,000 years are shaded. If the screening
criteria for individual categories of events and processes in the EPA guidance were applied, these scenario
classes would be screened out.
These figures present the information concerning the various combinations in an idealized, general format
such that, for a particular scenario class, no conclusions can be drawn regarding:
e

The number of times or the time(s)
10,000-year period of interest; or

*

The order or sequence in which two or more EPs Inthe scenario class will occur within that
same time period.

at

which a particular EP will occur within the

Instead, the calculated probability values refer only to the likelihood that a particular scenario class will
occur in the Yucca Mountain region over the next 10,000 years. For example, the scenario class
involving Drilling' and Seismicity" in the region (with No Climate Change' and No Igneous
Activity") has the assigned probability of approximately 0.35 in the next 10,000 years. his is the
probability of having any occurrence of both drilling and seismicity that will affect the site in the coming
10,000 years, and not the probability of having wxw episodes of drilling followed by bye earthquakes of
a given size, followed by z" more holes being drilled or any such combination.
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Figure 3-11.

Combinations of Events and Processes into Scenario Classes.
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Figure 3-12.

Probabilities of Scenario Classes for IPA Phase 2 Generated by Combinations of
Probabilities of Occurrence of Constituent Events and Processes.
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Figure 3-13.

Scenario Classes with Uenerated Probabilities Greater Than 1 x 1 in
10,000 Years. Shading Indicates Scenario Classes With Probabilities Less
Than I x lO 4 in lO,OOO Years.
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_
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3. Sceno Analysis

A manifestation, therefore, of the approach the staff has taken in its application of the SNL scenario
methodology, particularly in defining the repository system boundaries as the staff did, is the Issue of
selecting the appropriate representative scenario(s) for the individual scenario classes. Addressing this
issue will require answering:
*

How many times a constituent EP will occur over the time period of regulatory interest;

*

How the EP will manifest itself, once it does occur; and

*

When during the period of interest the EP will occur(s).

It is likely that each of the various permutations of these three variables will affect the repository system
differently, thus leading to a range in estimated radionuclide releases to the accessible environment. The
approaches taken to modeling each of the scenario classes and their consequences are discussed in the
following chapters of this report. This issue will need to be addressed explicitly in future staff work in
this area.
3.3.4 Screening of Scenario Classes
EPA guidance set forth in Appendix Bto 40 CFR Part 191 states that "... performance assessments need
not consider categories of events or processes that are estimated to have less than one chance in 10,000
of occurring over 10,000 years' (EPA, 1985; 50 FR 38088). In its proposed conforming amendments
to 10 CFR Part 60, NRC reaffirmed the application of the I x 10' in 10,000-years criterion to categories
of events and processes, when it stated, The term categories' is used to refer to general classes of
processes and events, such as faulting, volcanism, or drilling' (NRC, 1986; 51 FR 22292). Therefore,
use of the EPA criterion is not appropriate for scenario classes; however, if it were applied to the
scenario classes shown in Figure 3-13, as suggested by Cranwell ce a!. (1990; p. 10), only 4 of the 16
classes would be retained (Table 3-4).
Table 3-4. Scenario Classes Remaining after Screening
Probability
(over 10,000 yrS)

Scenario CZs

0.34

Drilling + Seismicity
1.0

Drilling + Seismicity + Igneous Activity

X

102

0.61

Drilling +'Scismicity + Climate Change
Drilling + Seismicity + Ignous Activity + Climate Change

2.0 X 102

Each of the four retained scenario classes would involve the occurrence of both drilling and seismicity
at the Yucca Mountain site over the next I1,000 years. This is because, for the present analysis, the
occurrence of both of these initial EPs has estimated probabilities approximately equal to 1.0.
It is also interesting to note that the base-case scenario class (i.e., the scenario class in which there would
be no drilling, seismicity, igneous activity, or climate change) would be screened if the probability
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criterion were applied, as its assigned probability is approximately eight orders of magnitude below the
EPA value. This result suggests that, given the currently assigned probabilities, conditions at the
repository site over the next 10,000 years appear highly unlikely to remain as they are today.
For this scenario effort, no scenario classes were screened from the analysis. However, only a subset
of the 16 scenario classes generated was modeled in the consequence analysis. Treatment of these
scenario classes in the consequence analysis and the subsequent calculation of CCDFs for cumulative
radionuclide releases to the accessible environment and for dose are discussed in the following chapters.
3A

DISCUSSION OF RESULIS

As noted, the staff has applied the SNL scenario selection procedure to generate scenario classes for
consideration in the IPA Phase 2 consequence analysis (see Chapter 6). This section of the report
summarizes the SNL procedure and documents the development of a final set of scenario classes and
corresponding probability estimates used in the IPA Phase 2 analysis. From an initial list of potentially
disruptive EPs, four were determined to be reasonably likely and warranting consideration of their
possible effects on long-term repository performance: igneous activity (intrusive and extrusive),
seismicity, climate change, and exploratory drilling. Estimates of their probability of occurrence over
the next 10,000 years were developed, and these EPs are combined into 16 scenario classes with
associated probabilities.
In applying the SNL scenario selection procedure, the staff found it to form an adequate basis for the
development of scenario classes for the IPA Phase 2 analysis. The staff did consider that modifications
were necessary, particularly the definition of explicit boundaries for the repository system, to meet the
needs of the analysis and to keep the number of resultant scenario classes tractable. However, this does
not detract from the adequacy of the methodology, in that other international programs that have applied
the SNL procedure have also found modifications necessary to meet their specific programmatic needs
and requirements (Swedish Nuclear Power Inspectorate, 1989; Stephens and Goodwin, 1990). Cranwell
et al. (1990) have, in fact, stated that ... the scenario selection methodology provides a general 'road
map' for arriving at scenarios; the fact that [variations tol the methodology have been implemented is an
indication of the flexibility of the methodology ... " (op. c., p. 15).
Suggestions for future work are discussed in Chapter 10.
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4.

FLOW AND TRANSPORT MODULE1
TJ. McCaulin/RES, W.I. Ford/NMSS, R.G. Wescott/NMSS, and R. Codell/NMSS

4.1

INTRODUCTION: CONSEQUENCE MODELS FOR FLOW AND
RADIONUCLIDE TRANSPORT

The Iterative Performance Assessment (IPA) effort provides, in part, a formal procedure for
evaluating existing computer programs used to simulate ground-water flow and radionuclide transport;
evaluating new concepts for flow and transport in unsaturated, fractured rock; and identifying
performance assessment needs. IPA Phase I used some preliminary concepts regarding the Yucca
Mountain site. This section will build on the ground-water IPA Phase 1 effort (Codell, et al., 1992)
using concepts that have been published since the Phase effort concluded. Additionally this section
will discuss the model used in estimating gaseous releases for inclusion into the complementary
cumulative distribution function (CCDF) of repository performance (gaseous releases were analyzed
as an auxiliary analysis in the IPA Phase 1 effort and were not included in the CCDF). The intent is
to provide additional information for making modeling decisions and interpreting results. However, it
needs to be pointed out that laboratory and field investigation of fluid flow in unsaturated, fractured
rock can require significantly more time than improvements to computer programs; therefore,
modeling capability in certain areas has progressed faster than parameter estimation and site
characterization.
FLOW AND RADIONUCLIDE TRANSPORT MODEL FOR GROUND-WATER
RELEASES

4.2

The IPA Phase 1 effort accounted for a number of important attributes of the Yucca Mountain site
(e.g., stratigraphic changes below the repository in the unsaturated zone and differences between
matrix and fracture flow). The IPA Phase 2 effort not only has maintained the important attributes of
the Phase I study, but has added further modeling complexity such as:
*

Saturated zone pathways to the accessible environment;

*

Calculation of radionuclide concentration for dose assessment; and

*

Distribution of mass flux between the fracture and matrix continua.

It is anticipated that additional complexity will provide insights into the performance of fractured rock
as a geologic barrier, data requirements, and the capabilities of the computational methods used.
4.2.1
Site Concepts
The Yucca Mountain site is located on and immediately adjacent to the southwestern portion of the
Nevada Test Site (see Figure 4-1). Yucca Mountain is a prominent group of north-trending, faultblock ridges. The terrain at the site is largely controlled by high-angle normal faults and eastward-

3
The figures shown in this chapter present the results from a demonstration of staff capability to review a perfornance
assessment. hese figures, like the demonstration, are limited by the use of many simplifying assumptions and sparse data.

4 -

NUREG- 1464

DRAFT April, 1994

Figure 4-1.

4. Flow and Transpoil

Location of the Yucca Mountain Site. (DOE, 1988c, page 13)
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tilted volcanic rocks. Slopes are locally steep (15° to 30°) on the west-facing side of Yucca Mountain
and along some of the valleys that cut into the more gently sloping (5° to 100) east side of the
mountain (see Figure 4-2).
Stratigrphy
The hydrogeologic units of interest at Yucca Mountain are primarily comprised of ash-flow and ashfall tuffs that originated from eruptions during the development of calderas. The amount of welding,
fracturing, unit thickness, and chemical alteration varies greatly from one layer to the next; therefore.
the hydrologic and transport parameters have the potential to also vary significantly from one layer to
the next. Based on surface mapping and drill hole data, information on stratigraphic sequences and
thicknesses for Yucca Mountain are presented in Ortiz (1985). The Ortiz (1985) report gives detailed
stratigraphic information from the surface to the water table for a number of drill holes near the
repository location and provides cross-sections at various locations of the site (see Figure 4-3). One
particular cross-section, presented in Figure 4-4, has been the basis of preliminary studies attempting
to better understand modeling limitations with respect to flow conditions associated with the
unsaturated zone at Yucca Mountain (Barnard, 1991; Prindle, 1990; and Dudley, 1988). This crosssection possesses some of the primary features, of the Yucca Mountain site, anticipated to be
important when calculating system performance. The important features are:
*

Dipping strata with large contrasts in permeability between strata;

*

Variation in the unit sequences and thicknesses between the water table and the
repository horizon; and

*

Variation in the distance from the suggested repository horizon to the water table.

Liquid Row

Hydrologic data are rather limited for the Yucca Mountain site. The Peters (1984) report is a
primary source of parametric data for recent modeling studies (Barnard, 1991; Nitao, 1991: Prindle.
1990; and Dudley, 1988) and for DOE's Site Characterization Plan (SCP) (see DOE, 1988). Two
important aspects of the hydrologic data, as reported in the SCP, are the contrast in matrix
conductivity between hydrogeologic units (see Table 4-1) and the significant contrast between
laboratory measurements and in situ or field measurements for many of these units (see Table 4-2).
This contrast, between laboratory and field measurements, could be indicative of the contribution of
fractures to the saturated conductivity, which is more easily controlled in a small-scale laboratory
measurement.
Generally, matrix data are very limited and provide little information to define defensible parametric
ranges for use in performance assessment. The fracture data, being primarily derived from capillary
theory rather than the results of hydrologic measurements, are even more limited than the matrix
data. Recent modeling work by Nitao (1991) provides some insights on how matrix permeability
affects fracture flow attenuation because of matrix imbibition. Although the Nitao work is based on
preliminary field data and hypothetical fluxes, it clearly indicates the need to better understand
fracture-matrix interactions and the need for more data to estimate parameters in both the fractures
and the matrix.
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geologic cross-section ror the Yucca Mountain Site. (DOE, 1988c, page
East-west
East-west geologic cross-section for the Yucca Mountain Site. (DOE, 1988c, page
19)
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Figure 4.2

East-west geologic cross section for the Yucca Mountain Site (taken from SCP Overview;,

page 19).
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Locations of faults, drill holes (solid circles), and generated cross-sections (dotted
lines). (Ortiz, 1985, page 17)
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Locations of faults, drill holes (solid circles), and
generated cross sections (dotted lines). (Ortiz, 1985,
page 17)
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Figure 4-4.

Cross-section L-L'(see Fligure 4.3 for location of cross-section in relation to Yucca
Mountain). (Ortiz, 1985, page 19)
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Table 4-1
Summary of hydrogeologic properties of hydrogeologic units within the unsaturated zone at Yucca Mountain
(DOE, 198Sa, p. 3-170)
dmete
/
l!

Swre
Of

Raw Of
Af"nSS

Dat
Tva n
(welded)

Ph are
Dmuf
(I/n)Omtutivt

Mft
henPsty
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10-20

0.12

2.1 x 10s"

c

No dat

2,490

NodA

0.08

9.7 x 104
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20 - 100
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1

0.46
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- 40
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Table 4.2
Summary of hydrogeologic characteristics, as determined through laboratory and field measurements, ot major stratigraphic
units In the vicnity of Yuc Mountain (DOE, 1988a, pp. 3-182 and 3-183)
In S fild

Swftgraphfe fink

rptea1 Olaaeter

Analyse

s
(mftId)

Svtred
Thlebtess

_

_

_

_
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welded tuff
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14

J-13
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Table 4.2 (continued)
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Possibly the largest contributor to uncertainty in the fracture-matrix interactions is the assignment of
the percolation rate. The SCP (DOE, 1988; pp. 3-201 to 3-214) cites a number of studies that span a
range of percolation rates (e.g., 0.015 - 4.5 mm/yr). Recent analyses (Barnard, 1991) using
"representative" Yucca Mountain data and adopting a steady-state model wherein the fracture and
matrix pressures are in equilibrium tend to support low (0.01 mm/yr) values for percolation rates.
However, the work of Nitao (1991) indicates that the time necessary to reach equilibrium can be
significant and Ababou (1991, p. 2-8) has pointed out additional limitations of using mean values of
percolation and simplified models for subsurface flow:
*

The ground surface at Yucca Mountain is fractured since the "highly fractured" Tiva
Canyon unit crops out throughout most of the repository (DOE, 1988, p. 3-203);

*

Rainfall occurs in bursts and the rainfall rate is far from periodic at any time scale
accessible to observation;

*

The interactions between rainfall intensity, infiltration, ponding, and runoff are not wellunderstood; and

*

The linear theory of damping applied to the nonlinear unsaturated flow equation may be
overly inaccurate under certain conditions such as [Item nos. (1) through (3) above].

A better understanding of transient effects, fracture-matrix interactions, and the effects of
heterogeneity is necessary if defensible estimates of percolation are to be provided for performance
assessment.
Gas Flow
One difference between disposal in the saturated zone as compared to disposal above the water table
is the possibility for radionuclide migration via the gas pathway. Fractures, if dry and
interconnected, could provide a fast pathway for gas phase radionuclides (e.g., `C). Air flow has
been observed at some boreholes at Yucca Mountain (Weeks, 1987). Weeks (1987) has suggested
that this phenomenon is caused by topographic and barometric effects combined with outcrops on the
side of the mountain of rock units that intercept the boreholes.
Simulation work (Tsang, 1987) has examined the effect of the thermal output of the repository on gas
flow. Simulated gas pore velocities in fractures varied from 4.5 to 1174 meters/year (Tsang, 1987.
p. 1963). Although these simulations were preliminary, the results indicate that further investigation
may be needed to properly characterize boundary conditions and the fracture properties for gas flow.
Transport

The transport of radionuclides will be governed by properties associated with the transporting fluid
(i.e., advection, dispersion, and diffusion) and properties associated with geochemistry (i.e.. sorption
and precipitation). The advective and dispersive components of transport are associated with the fluid
flow and were highly dependent on the heterogeneous nature of the formation being studied. The
presence of fractures can put increased demands on transport models. Although the presence of near
horizontal strata or fractures can increase the horizontal/longitudinal spreading of radionuclides
4 - 10
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relative to isotropic media, the presence of vertical fractures could lead to contrary effects, depending
on ambient moisture and the interplay between porous rock and fracture hydraulic properties
(Ababou, 1991; p. 2-13).
Matrix diffusion in and out of fractures has been suggested as a possible mechanism for retarding
transport in the fracture (DOE, 1988, Overview, p. 31). Consideration of this effect will require an
understanding of the nature of the fracture surface (i.e., fracture coatings) that will affect the mass
transfer at the fracturelmatrix interface (Parsons, 1991).
Sorption and precipitation of water-borne radionuclides will generally depend on the mineral surfaces
present and the chemical composition in the ground water. The sorption properties of Yucca
Mountain tuff can be significantly affected by the presence of zeolites. It has been suggested that
model development should modify the hydrologic layering with a geochemical stratigraphy (see
Figure 4-5) to account for geochemical variation (i.e., mineralization and ground-water chemistry) in
the formation (Parsons, 1991). This type of more detailed geochemical stratigraphy provides a simple
way to modify ground-water models with geochemical information.
4.2.2
Recent Modeling Studies
Parsons (1991) reviewed a number of modeling studies relevant to Yucca Mountain. It is worthwhile
to point out some simplifying assumptions that have been used in fluid flow simulations involving
fractured tuff, such as: constant percolation rate; one-dimensional vertical flow; steady-state
conditions that imply pressure equilibrium between the fracture and matrix; fractures represented as a
porous continuum; and transient flow with instantaneous pressure equilibration between the fracture
and matrix. Some simplifying assumptions that have been used in transport simulations involving
fractured tuff are: retardation calculated from a distribution coefficient (kt); one-dimensional transport
paths; and transport not occurring simultaneously in the fractures and matrix (Parsons, 1991). Many
of the assumptions are because of computational constraints and limitations in characterization data
(e.g., fracture properties and sorption parameters).
The above simplifications suggest that a better understanding is needed at both the fine-scale
(phenomena that control fracture/matrix interactions and retardation mechanisms) and large-scale
(accounting for multiple dimensions, spatial variability, and structural features such as faults). Recent
work (Nitao, 1991, and Dykhuizen, 1990) has been examining different approaches to the
fracture/matrix interaction. Nitao's (1991) work has examined a single fracture and identified and
quantified three distinct flow periods (predominantly fracture flow, flow primarily from the fracture
into the matrix, and matrix flow) for flow in unsaturated, fractured tuff. There is, of course, a
question of how best to incorporate modeling improvements of the fine-scale nature into performance
assessments that need to address very large scales. Ababou (1991) in his review of modeling
approaches to large-scale flow, has suggested that a compromise between direct high-resolution
simulation of fine-scale details and the indirect simulation approach based on uniform equivalent
media models would be less computationally demanding and would capture a broad range of finescale to large-scale phenomena.
Additionally, the assignment of parameter values is oftentimes just as important as the underlying
theory supporting the equations being solved. Ababou (1991, p. 7-1) has made the following
important suggestion with respect to the interaction of modeling and data collection:
4 - 11
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Figure 4-5.

Hypothetical example of a "combined" transport stratigraphy that accounts or
hydrologic and geochemical stratification. (Parsons, 1991, page 76)
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'Realism dictates that the spatial structure of the least accessible material properties, such as
the relative conductivity curves, be analyzed indirectly through correlations with more easily
measured parameters. Therefore, auxiliary models need to be developed and tested in order
to correlate the parameterized conductivity curves with say, void structure, porosity, and
saturated conductivity.'
It is important to understand the limitations and assumptions inherent with derived parameters (such
as percolation) and their associated measurements (such as moisture contents). The rock properties
desirable for a repository (i.e., low permeability, low percolation) also impose limitations on the
ability to easily measure and quantify those same properties. As Ababou has pointed out above, a
variety of models will be needed to assist the collection and interpretation of site information.
Site Conceptual Model
4.23
Despite the limitations and uncertainties described above, there are a number of published reports
containing site information and parametric determinations to allow the development of site conceptual
models and assignment of parametric values. The following section provides the details of the site
conceptual model that includes the stratigraphy, boundary conditions, and parametric data.
Stratigraphy
4.23.1
The tilting (generally 70) hydrostratigraphy at the Yucca Mountain Site results in significant
differences in which hydrostratigraphic units are present at particular locations both in the unsaturated
zone (between the repository horizon and the water table) and in the saturated zone (along the water
table extending from a location directly below the repository to the accessible environment). The
boundaries for the vertical (unsaturated zone) and near horizontal (saturated zone) flow systems are
determined by the location of the water table. Therefore, assumptions regarding the location of the
water table are important in identifying the hydrogeologic units present for the base case (undisturbed)
and pluvial conditions (increased percolation). The assumptions and hydrogeologic units used for
liquid flow are discussed below for the unsaturated zone, saturated zone, and pluvial conditions.
Unsaturated LUquid Flow
4.23.1.1
Ortiz (1985) identified a number of reference stratigraphic units within the Paintbrush Tuft (Tiva
Canyon welded unit, Paintbrush non-welded unit, and Topopah Spring unit); Tuffaceous Beds of the
Calico Hills (Calico Hills non-welded vitric unit, and Calico Hills non-welded zeolitic unit); and the
Crater Flat Tuff (Prow Pass non-welded zeolitic unit, Upper Crater Flat non-welded zeolitic unit,
Middle Crater Flat non-welded zeolitic unit, Bullfrog welded devitrified unit, and Tram non-welded
unit) that can be used to identify where rock properties change within a particular tuff.
Borehole stratigraphic data taken from Ortiz (1985) were used to identify hydrogeologic units and
assign thicknesses below the repository. Tables 4.3 and 4.4 present information taken from Ortiz
(1985) for selected boreholes at the Yucca Mountain Site. For the purpose of defining the
hydrogeologic units present in the unsaturated zone below the repository, stratigraphic information
from the selected boreholes was used to represent the hydrogeology below seven distinct regions of
the repository (see Figure 4-6). The seven selected boreholes depicted in Figure 4-6 were each
associated with seven repository sub-areas (sub-area sizes were determined based on proximity to
individual boreholes). The hydrogeologic units below each of the seven repository sub-areas were
then assumed to correspond to its associated borehole stratigraphy, thus producing seven different
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Table 4-3
Elevations (reported as meters above sea level) and distances (meters) for boreholes in the vicinity of the Yucca Mountain site
that were wed to define hydrogeologic units for the flow model (Based on Ortiz (1985) and the assumption that the base of
the repository Is 60 meters above the base of the Topopah Spring unit)
1 5fdI
sf-m I

nh-am 2

USW ff4
nb-wr 3

nb-a

Elevation of Welthead

1199

1270

1249

Elevation of Water Table

730

730

Distance to Water Table

469

Ticrknes of Topopeh
Spring

INformiftms

USW G4

sub-.

1)W n3s
sub-ar 6

UW 01
subvan 7

14t4

1302

1479

1199

730

732

776

775

730

540

519

752

526

704

469

317

336

294

245

297

331

317

Elevation of Base of
Topopeh Spring

799

860

a7

1102

904

974

798

Diane fram Bas of
Topopah Spring to Water
Table

68

130

148

370

128

199

68

Distance frnm Base of
Repooy to Water Table

123

190

208

430

199

259

128

Distance from Bass of
Repoity to the Srface
(Elevation of tb B of
the Repogitory)

341 (858)

350(920

311 (939)

321 (1163)

339 (964)

445 (1034)

341 (58)

4
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Table 4-4
Hydrogeologic unit thickness (in meters) and location of water table (denoted by: thickness above the water table/thiciness
below the water table) for boreholes In the vicinity of the Yueca Mountain Site (based on information in Ortiz, 1985)
Ifrd~eelegfc
|W

UE2SPI2
mnb-t 1

USW 4
nb-arr. 2

USW R4
sub-ar 3

USE H _ USW HR6
sub-an 4 snb-are 5

Alluvium

9

9

-

-

TimCa n"

50

27

53

Paiftbmush

25

38

Topoph Sping

317

Caico HS (vituic)

UW S
sub-ma 6

USW G
sab-arr 7

9

-

18

107

49

125

-

24

30

43

49

67

336

294

244

297

331

324

-

5

30

13S

73

73

16

Calo Hims (oolific)

68/ 93

125/6

99

-

-

36

145

ProwPss

Sl

51

19/18

2

53

34

2 /37

Upper Crater F

9S

91

162

S

2/24

56 /II

98

Bullrog

-

129

SS

9S

105

111

69

MiddleCier Fhd

_

45

65

45 /2

62

42

64

_

-

126

2

94

91

S3

_ram
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Location of seven selected boreholes used to define the hydrogeologic units for
seven repository subareas.
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hydrogeologic sequences over the entire repository (it should be noted that this approach assumed
vertical flow in the unsaturated zone and ignored explicit site features such as the Ghost Dance fault).
The information contained in Tables 4.3 and 4.4 was simplified (i.e., rounding off thicknesses and
neglecting very thin layers) to provide seven distinct hydrogeologic sequences for the unsaturated
zone modeling (see Table 4-5).
4.2.3.1.2
Saturated Uquid Flow
The hydrogeologic units of the saturated zone, for this analysis, were assumed to correspond to the
stratigraphy along the surface of the water table directly below the repository out to the accessible
environment (5 kilometers). For the saturated zone, it was assumed that contaminant migration
occurred only in the fractures and there would be minimal vertical mixing because of the relatively
small volumetric flux in the unsaturated zone as compared to the volumetric flux in the saturated
zone. This lack of vertical mixing and the low percolation rates result in the stratigraphic sequences
along the water table being a reasonable representation for the portion of the saturated zone that
affects radionuclide migration.
A map of stratigraphic changes along the surface of the water table (see Figure 4-7) in the area of
interest was constructed. The map was built using available stratigraphic data from boreholes. watertable elevations, geologic maps, and stratigraphic cross-sections (see Czarnecki, 1984; Scott, 1984;
and DOE, 1988). Therefore, to account better for structural effects, both hard and soft
(interpretational) data were used to make this map. It is recognized that the interpretation of watertable stratigraphy, in Figure 4-7, is not the only possible interpretation, given the present geologic
uncertainties. Future work will need to consider other possible interpretations.
This stratigraphic map was then used to determine unique hydrogeologic units (see Table 4-6 for
numeric values) along the assumed saturated ground-water flow path for each of the repository zones
identified for the unsaturated flow. The descriptions of the stratigraphic changes along the water table
were interpreted for flow paths that assumed ground-water flows in a southeast direction from the
repository. Although other interpretations of the direction of ground-water flow are possible. this
interpretation agrees with most of the present interpretations found in the literature.
Additionally, as a result of data uncertainties and interpretation complexities, the interpretation of
water-table stratigraphy contains no interpretations about stratigraphic units older than the Prow Pass
unit. In Figure 4-7, the Prow Pass and older units occur underneath the site. It is recognized that
units older than the Prow Pass unit probably occur above the water table, along the western and
southern site boundaries. The simplification of using Prow Pass unit fracture properties to represent
the fracture properties of the Prow Pass and older units is reasonable. It is anticipated that the rate of
ground-water fracture flow over the long saturated flow path (5 kilometers) will be dominated by the
fracture properties in units, outside the site boundary, that occur over the majority of the saturated
flow path.
4.2.3.13
Pluvial Conditions
A pluvial scenario (increase in percolation resulting from wetter climatic conditions) was incorporated
into the current modeling by assuming a higher range for percolation and an associated rise (100
meters) in the water table. These values are consistent with the initial values used in IPA Phase I
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Table 4-5
Hydreologc unit thickness in meters) to be used in the unsaturated flow module (base case)
Hytmret.g
bUf

VE
1
sub-am I

[SW G
sub-an 2

USW H.
sub-ano3

USE ,.
.
W .6
nb-mel sb-ey S

UW 5
sub-are 6

[SW GI
sub-ame

Topopa Sprin

60

60

60

60

60

60

Calio Hills

-

-

30

140

(Vituic)_

Ceo Hills

(ZAi_
Prow P

_

70

__

60
70
_

70

_

_

_

20
_

_

1oo

-

-

40

140

20

-

60

30

-

90

-

60

_

100

_

-

_

-

-

-

190

260

220

130
__c)__

-

UpperCraetF la
Bullfr

-

MiddleCrter

-40

_

Flat
Distance to the
Water Table

130

190

210

430
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Figure 47.

Depiction of changes in hydrogeologic units along the surface of the water tlble
from beneath the proposed repository to the accessible environment (used for
base-case saturated zone model).
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Table 4-6
Length n kilometers) of hydrogeologic unit sequences along the saturated now paths for each of the seven repository subareas (base case)
WI1y eeFc

Sub-re I

SubArma 3

Sub-ria 3

Sub-Area 4

From mWater Table belm the Re

Sub-Area
M

Sa&rSub-A

rr[

_

Prow PM

0.40

1.35

0.t5

1.50

1.70

1.70

1.10

Calico Hille

2.15

2.12

2.10

4.20

2.05

2.05

2.15

Topoph Spring

0.65

0.65

0.65

-

0.50

0.65

0.70

Puintbrksh

0.30

0.25

1.35

_

_

0.25

Caico Hills

0.60

0.73

-

-

1.65

1.28

-

Topopeh Spring

1.30

1.23

0.95

0.50

0.72

1.00

1.90

6.62

6.68

6.10

To the Accessible Eanfrenment
Total Length
a

5.40

6.33

15.90

16.20

proctuoed ppert of Calico Hills vitrimd zeolific tuff u asewmed to be th mi; thsefore, no distinction is ma between the two for the saftrated paths that
on osder feture flow.
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calculations (see Codell, et al., 1992, p. 57) which were based in part on Czarnecki (1984a).
Additionally, an auxiliary analysis was performed that examined the amount of water-table rise for
selected percolation rates attributed to various climatic changes. The auxiliary analysis (see Section
4.4.3) showed a variation in water-table rise (a few meters to 100 meters) for the range of climatic
conditions considered.
The rise in the water table causes a decrease in the thickness of the unsaturated zone below the
repository (see Table 4-7 for hydrogeologic unit thicknesses) and associated changes in the
hydrogeologic units constituting the saturated flow path. The depths to the water table in a pluvial
climate were assumed to be 100 meters less than the base-case depths. The stratigraphic changes used
to determine hydrogeologic units for the saturated zone were based on a pluvial period as modeled by
Czarnecki (1984a), which projected the water table under Yucca Mountain to rise by 130 meters.
Since pluvial-period modeling effects are based on regional models they supply very little information
on changes in hydraulic gradient and flow direction at a site scale. Therefore, it was assumed that the
saturated flow direction and gradient would be the same as the base case. However, the
hydrogeologic units along the water table for the pluvial case varied from the base case, because of
the rise in the water table resulting in rock at higher elevations becoming saturated. Again. a map of
stratigraphic changes along the surface of the pluvial water table was constructed. This map was then
used to identify hydrogeologic units along the assumed saturated ground-water flow path for each of
the repository zones identified for the unsaturated flow. The map was based on available stratigraphic
data from boreholes, water-table elevations, geologic maps, and stratigraphic cross-sections (Spengler,
1981; Bently, 1983; Craig, 1991; Claassen, 1973; Thordarson, 1983; Lobmeyer, 1983; Lahoud,
1984; Healey, 1984; Whitfield, 1985; Thordarson, 1985; Rush, 1983; Scott, 1984; Scott, 1984a:
Lobymeyer, 1986; Czarnecki, 1984; Czarnecki, 1984a; DOE, 1988). However, many less drill-hole
data were available, because stratigraphic data above the water table could not be obtained for any of
the U.S. Geological Survey water-table holes (WT holes). Therefore, the interpretation in Figure 4-8
(see Table 4-8 for numeric values) is less certain than the interpretation used in the base case. Again.
it is recognized that the interpretation of water-table stratigraphy, in Figure 4-8, is not the only
possible interpretation.
It is also recognized that the pluvial period was based on a 100-meter rise in the water table, whereas
the saturated zone stratigraphy was based on a 130-meter rise. The saturated-zone stratigraphy
(Figure 4-8) described above, which was based on a 130-meter rise, is considered to be a sufficient
reflection of a 100-meter rise in the water table; therefore, no further work was done to refine the
water-table-rise stratigraphy to 100 meters.
4.2.3.2
Boundary Conditions
The magnitude of ground-water flux leaving or entering the boundaries of a ground-water model is
typically controlled through the assignment of pressure or flux boundary conditions. Understanding
of these inlet" and outlet" boundary conditions is critical in the development of conceptual models
and the interpretation of the results of ground-water models.
The upper or surface boundary condition for many ground-water models of the unsaturated zone is the
percolation rate. As discussed above (see Section 4.2.1) the percolation rate is not a well-understood
parameter; it can have large uncertainties because of spatial variability and transient conditions. The
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Table 4-7
Hydrogeotogic unit thickness (in meters) to be used In the unsaturated flow module (piuvial conditions)
_*Mwogk

Um2S.#1

UN&

Sub-rea I

USW 4
S-rea 2

Jsw R4
Sb-Area 3

USE f
SO-Area 4

USW 16
Sb-Area S

USW HS
Su-Area 6

USW G1
Sub-Area 7

TopshSprig

30

60

60

60

60

60

60

Calico Hil (Vitc)

-

-

30

140

30

70

20

Ciico Rins

-

30

20

-

-

30

40

ProwPe"

-

-

-

-

-

-

90

-

_

40

-

UpperCrterFlat

-

-

Duffog

-

-

Middle CrterFM

-

-

Dienc to t
Water Table

30

90

-

-

110

330

-

90
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Depiction of changes, in hydrogeologic units, along the surface of the water table,
under pluvial conditions (water-table rise of 100 meters) that was used for the
saturated zone model.
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Table 44
Length (in kilometers) of hydrogeologic unit sequences along the saturated flow paths for each of the seven repository subareas (pluvial conditions)
SubArr I

= It

Sub-Are2
From Mbe

Calio Hillus

Su-ra3

W

Sb m

a

r

u-ra

S

ra 7

r Tale below tbe Repnst_

0.38

0.28

0.90

1.22

0.90

0.10

Tpopah Spring

3.05

3.65

-

3.70

-

-

3.60

Paintbrush

0.15

0.16

-

-

_

-

0.18

Tri"Canyon

0.30

0.22

-

-

_

_

0.30

Calico Hills'

-

.

_

0.30

-

-

-

Topopth Spring

1.90

1.92

5.62

1.30

5.40

5.78

1.92

6.6

6.68

6.10

Tn the Accere E~tvfrme
Total
Length
a

5.40

6.33

5 .90

6.20r
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current analysis uses the same steady-state ranges for the percolation rate (0.1 to 5.0 mm/yr for base
case and 5.0 to 10.0 for pluvial conditions) that were used in the IPA Phase I effort (see Codell et
al., 1992, pp. 54 and 57). Future work will need to consider spatial variability, transient flow
conditions, and further site characterization information, to provide better estimates on the range of
percolation.

The current analysis is evaluating both the integrated discharge of radionucliudes and the radionuclide
dose. The calculation of dose requires a determination of the concentration of radionuclides in the
ground water. Attributes of the outlet' boundary condition are critical in determining the volume of
water crossing the accessible environment boundary for a given time period. This volume of water is
determined by multiplying the water velocity times the total pore area at the discharge point or
accessible environment. The assumptions used to determine these quantities involved a number of
assumptions that are described below.
4.2.3.2.1
Discharge Area
The discharge area refers to the vertical thickness and the lateral extent over which the radionuclide
plume arrives at the accessible environment boundary. (In the determination of concentration, it was
assumed that the radionuclides were uniformly mixed over the discharge area.) It was assumed there
was no transverse dispersion of radionuclides. Therefore, the width of the plume was the lateral
width of the repository (Figure 4-9). (Ignoring transverse dispersion over the long times simulated
should have the conservative effect of producing higher concentrations of radionuclides at the
accessible environment.) The determination of the vertical thickness was based on the assumption all
radionuclide transport in the saturated zone occurred in fractures. Therefore, the range for this
sampled parameter was determined from estimates of the vertical extent of fracture zones near the
surface of the water table.
The vertical extent of fracturing was based on the interpretation of packer pump tests for well J-13
and radiation tracer logs for drill holes G-4, H-I, H-3, H-4, H-5, H-6, UE25b#l, and UE25p#l. In
all these interpretations the thickness of the high-production zones was identified. It was assumed that
high-production zones resulted from fracturing. This hypothesis was supported by an examination of
fracture-hole data. In reaching interpretations of production-zone thickness, when more than one
interpretation seemed reasonable, both interpretations were included for input into the simulations.
This analysis yielded production-zone-thickness interpretations from 6 meters to 401 meters and
averaged 70.2 meters. Table 4-9 contains the results of this analysis (Benson, et al., 1983; Bentley.
et aL, 1983; Blankennagel, 1967; Craig, 1991; Craig, 1983; Craig, 1984; Craig, 1984a; Lahoud,
1984; Lobmeyer, 1983; Lobmeyer, 1986; Rush, 1984; Rush, 1983; Thordarson, 1983; Thordarson.
1985; Whitfield, 1984; Whitfield, 1985). Values from this table were used to define a range for the
thickness of the discharge area.
4.2.3.2.2
Discharge Velocity
The discharge velocity was calculated using the fracture permeability and the hydraulic gradient. The
fracture permeability (see Section 4.2.3.3) is an input parameter based on laboratory measurements of
rock cores, whereas the gradient was determined based on examination of head measurements in the
Yucca Mountain area. The gradient was assumed to be constant (.0026). This was considered to be
acceptable, since the ground-water gradient has a small dip over much of this area. It was also
assumed that the gradient was not affected by variation in percolation rates in the unsaturated zone.
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Depiction of the assumed radionuclide plume width used for calculating
concentrations at a well located at the accessible environment boundary.
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Table 4-9
Permeability zones used to determine the range of radionuclide plume depths for
transport in fractures within the saturated zone

a

Hydrogeologfc USfn

G-4

Tram

890-900

10

1983

H-I

Prow Pass

572-563

Si

1980

H-i

Prow Pass, Eufros

687-760

73

1980

H-i
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687-694

7

1980

H-i
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24

1980
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H-S
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This assumption is supported by observations that present day ground-water gradients and water-table
elevations under Yucca Mountain are probably caused by percolation in high-elevation recharge areas,
rather than from water percolating through the unsaturated zone at Yucca Mountain. Admittedly, a
long-term change in local percolation rates at Yucca Mountain should be accompanied by a change in
percolation rates in the recharge areas. This in turn should cause a change in water levels and
ground-water gradients at Yucca Mountain. However, this type of detailed modeling and data is not
presently available and therefore could not be incorporated into the analysis.
4.2.3.2.3
Discharge Radionuclide Concentrations
As discussed above, the product of the discharge area and the discharge velocity yielded the volume
of water crossing the discharge point or the accessible environment. However, a minimum volume of
ground water was used to dilute radionuclide concentrations at the discharge point. A minimum
dilution volume of 1 million gallons per year was used in calculating radionuclide concentrations
when the calculated discharge volume was less than this minimum amount. The 1 million gallons per
year was considered consistent with the water usage of the population at the discharge point used to
calculate doses. The minimum volumetric discharge amount has no effect on the calculation of
integrated discharge for comparison with the U.S. Environmental Protection Agency's radiation
protection standard - 40 CFR Part 1912 (Code of FederalRegulations, Title 40, "Protection of
Environment").

Site Parameters
4.2.33
Site information is used to assign parametric values for the hydrologic models and the radionuclide
transport models. The hydrologic parameters include permeability, matrix porosity, fracture apertures
and density, and the van Genuchten parameters, whereas the transport parameters include dispersion
length, K,, and rock density. A discussion on the use of the site data and an application to the
current modeling exercise is presented below, for each of the parametric topics previously listed.
4.2.3.3.1
Hydrologic Parameters
Peters (1984) is the basis of hydrologic-parameter assignments in most of the recent modeling studies.
The information reported in Peters (1984) is the result of laboratory experiments, on tuffaceous core
(fractured and unfractured), obtained from the Yucca Mountain Site, used to measure (i.e., matrix
porosity) and derive (i.e., permeability or conductivity, fracture aperture, and van Genuchten
parameters) hydrologic parameters. The hydrologic-parametric values used in recent studies and the
relevant values from the Peters' report for hydrogeologic units present at Yucca Mountain are
presented in Appendix B. Additionally, the parametric ranges and distributions used in the sensitivity
analysis are reported in Appendix B.
Matrix Porosity: Matrix porosity values reported in Peters (1984) were based on laboratory
2 The Energy Policy Act of 1992 (Public Law 102486), dated October 24, 1992, directs the NRC to promulgate a rule.
modifying 10 CFR Pat 60 of its regulations, so that these regulations are consistent with the U.S. Environmental Protection
Agency's (EPA's) public health and safety standards for protection of the public, from releases to the accessible envinmnent,
from radioactive materials stored or disposed of at Yucca Mountain, Nevada, consistent with the findings and recommendations
made by the National Academy of Sciences, to EPA, on issues relating to the environmental standards governing the Yucca
Mountain repository.
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measurements. The parametric range for the sensitivity analysis used the wider range of either the
reported results or plus and minus 25 percent of the mean value of the reported results. The
assignment of a larger range than the reported results was done to more fully account for spatial
variability and parametric uncertainty that may not be accurately reflected in the somewhat limited
(two drill-holes) test results.
Matrix Conductivity: Saturated matrix conductivity values reported in Peters (1984) were derived
based on the laboratory measurement of volumetric flux (using a constant head method) and
application of Darcy's law. The wider range of either the reported results or of plus and minus 50
percent of the mean value reported in Peters (1984) was used to represent the variability of the
parameter in this analysis. As with the matrix porosity, a broader range was used to compensate for
the limited data over the Yucca Mountain site.
The range in hydrologic measurements using small drill cores does not account for spatial variability
within a hydrogeologic unit. The assignment of a hydraulic conductivity for a specific hydrogeologic
unit needs to account for the correlation length of hydraulic conductivity over the thickness of a
particular unit. Geostatistical analyses reported in the IPA Phase 1 effort (Codell, et al., 1992,
p. F-I) indicated that there was no apparent spatial correlation of the core data for saturated hydraulic
conductivity beyond the minimum separation distance of 10 meters. A correlation distance of 10
meters was assumed for the current analysis, to determine a range in hydraulic conductivity for each
hydrogeologic unit.
A representative conductivity for a hydrogeologic unit was calculated, based on the number of
correlated lengths present in a given unit (see Figure 4-10) and the variability in the parameter. To
develop a range for the representative conductivity, 100 random samples were generated for each
correlated length within an individual unit (for simplicity, the number of correlation lengths in a given
unit was based on the smallest unit thickness in Table 4-5; for example, the Topopah Spring unit has
6 correlation lengths over the 60-meter length). The sampling range used for the 100 random
samples was based on the parameter variability described above. Table 4-10 presents the resulting
matrix representative conductivity ranges and the supporting input values.
Matrix Characeristic Curves: The parameters that describe the behavior of the fluid flow under
partially saturated conditions were obtained (Peters, 1984) by fitting water-retention data to the
following form (Equation 4-1) of the van Genuchten equation:
S W (SS r 1+Iaf

+ Sr.

(4-1)

where:
S =
Ss =

S =
h =
a =

saturation;
saturation at full saturation;
residual saturation;
pressure or suction;
fitting parameter; and
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Graphical representation of the correlation length of a hydrogeologic unit and its
relationship to the calculation of a representative conductivity.
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Table 4-10
Matrix representative conductivities and permeabilities (perneabilities given In brackets)
for the Indicated hydrogeologic units and the values used to calculate the representative
values based on 100 data realizations and the calculational approach presented In Figure
4-10
Hydrogeologlc Unit

Data Range

(mmJ)
_

__ _ _ _ _ _

__

__

_

Number of
10 meter
Correlation

~~~~ ~~~Lengths

_

Topopah Spring (Welded)

Representative Range
(mm/yr)
[In
0.11 to .36

6

.04 to 12

13.6 x
Calico Hills (Vitric, NonWelded)

f20. to 9,100.

2

1.2E3 to 6.1E3
3.9 X 10 '- to 2.0 X 10-14]

Calico Hills (Zeolitic,
Non-Welded)

7.6 x 104 to 5.0

4

.004 to .21
11-3 x l_[ to 6.7 x 10-1\

Prow Pass (Welded)

40. to 440.

2

58.0 to 300.
1______________
(1.9
IO-,, to 9.6 1

Upper CraterFlat (Non-Welded)

0.6 to 14.

6

Bull Frog (Welded)

72. to 200.

Middle Crater Flat (Non-Welded)

0.6 to 14.

________________________

5.1

________________________

a

1"' to 1.2 10j

10
4
_______________

Based on actual munges reported in Peters (1984).
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1.6 to 4.6
x 10' to 1.5 1

1O .idj
li0r"

110.0 to 140.
to 4.4 x lOrj

[.5xx 10

1.3 to 4.8
1____________
s 10f" to 1.6

(4.1

110.1
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fitting parameter.

The two fitting parameters ( and f) control the shape of the characteristic curves (variation of
saturation versus pressure, and variation of conductivity versus pressure or saturation) for unsaturated
flow. These two parameters can physically be related to the size and distribution of pore space
larger pores will desaturate before smaller pores). A narrow distribution of pore space will result in
desaturation occurring over a very small pressure range and thus will exhibit a relatively steep
characteristic curve. A second van Genuchten equation (van Genuchten, 1980) based on the method
of Maulem (Maulem, 1976) was used to represent the relationship of the conductivity and saturation.
assuming the applicability of the desaturation curve (Equation 4-1) fitting parameters to the
conductivity curve (Equation 4-2).

K

=

FS 1-(-S)I)
S-

(4-2)
(4-3)

where:
S =
Ss =
S, =
S. =
K, =
=

saturation;
saturation at full saturation;
residual saturation;
effective saturation;
relative conductivity; and
van Genuchten fitting parameter (1 - Iff).

For this analysis, saturations were derived from flux considerations, using Equation 4-2; therefore,
only the fitting parameter P was sampled. The parametric ranges for ft were based on a 25 percent
increase and decrease of values reported in Klavetter (1986) and supplemented by data ranges
reported in Peters (1984). Single values for the fitting parameter cswere taken from Klavetter (1986)
and were supplemented with average values from Peters (1984), where necessary. Finally, the
residual saturation, S, for simplicity was assumed to be zero (this assumption is assumed to have a
minimal effect on the analysis).
FracturePorosity: Fracture apertures reported in Peters (1984) were derived based on volumetric
flow measurements and assuming the cubic law applied to steady-state laminar flow between parallel
plates. These fracture apertures combined with fracture density were used to derive bulk-fracture
porosity, as reported in Klavetter (1986). The bulk-fracture porosities were assumed to be constant in
the current analysis.
fracture Conducivity: Peters (1984) reported on laboratory analyses of fractured tuff samples and
the derivation of fracture properties based primarily on assuming the cubic law applied to steady-state
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laminar flow between parallel plates and determined the conductivity of a single fracture. Based on
the Peters (1984) analyses, Klavetter (1986) reported the fracture conductivities used to represent the
initial range of unit properties. Bulk fracture -conductivities (conductivity per unit area) were
determined by multiplying the single fracture conductivity times the fracture area per unit area for
each hydrogeologic unit. The wider range of either the reported results or plus and minus 50 percent
of the mean values reported in Klavetter (1986) was used to represent the variability of the parametric
range in this analysis. This was done to compensate for the limited data over the Yucca Mountain
site and the lack of a range for conductivity, as reported in Klavetter (1986).
The parametric range for a given hydrogeologic unit was subsequently used to calculate a
representative permeability range for a given hydrogeologic unit, using the same procedure to account
for spatial variability as was described above for matrix conductivity (see Table 4-11 for resulting
representative ranges and supporting input values).

Fracture CharacteristicCurves: It was assumed that unsaturated flow within fractures is governed by
the same van Genuchten relationships described above for unsaturated matrix flow, in addition to the
applicability of the steady-state laminar flow between parallel plates, as well as fracture apertures
being sufficiently small so that capillary forces control fluid flow. The range for the fitting parameter
, (see discussion under matrix characteristic curves above) was determined by increasing and
decreasing by 25 percent the value reported in Klavetter (1986). Similar to the matrix value. the
fitting parameter a was set to a single value corresponding to the value reported in Klavetter (1986).
Unlike the matrix values, which had separate values for each hydrologic unit, the fracture
characteristic curves were the same for each unit.
Transport Parameters
4.233.2
DispersionLength: The hydrodynamic dispersion process works to disperse contaminants along a
flow path through mechanical dispersion and molecular diffusion. The dispersion length is a
parameter used in transport equations to capture the spreading of a contaminant. This parameter, not
without controversy, is a factor that compensates for a lack of knowledge of the conductivity field and
therefore tends to exhibit a strong dependence on the scale over which it is estimated. For the current
analysis, a range of 0.3 to 30.0 meters is used.
Retardation Factors: The IPA Phase 1 used an element-specific retardation coefficient to represent
the chemical reactions affecting radionuclide transport through the geologic medium. The IPA Phase
2 effort also uses a retardation coefficient type of approach (retardation coefficients are calculated
from sorption coefficients or Kds). A departure from the previous analysis is the assignment of Kds to
specific hydrogeologic units, when data were available to make the assignment. K values were
selected, where appropriate, from Meijer (1990) and Thomas (1987). When information was not
appropriate, values consistent with the Codell (1992) report were used. The values were specific to
the following hydrogeologic units: Topopah Spring Member of the Paintbrush Tuff (Tpt); Calico
Hills nonwelded vitric (CHnv); Calico Hills nonwelded zeolitic (CHnz); Prow Pass Member (PP) of
the Crater Flat Tuff (Tcp); and Bullfrog Member (F) of the Crater Flat Tuff (Tcb).
The Kd values for the matrix are presented in Appendix B along with a discussion on how the Kd
values for the matrix were derived from the Meijer (1990) and Thomas (1987) reports. A range for
sensitivity analysis was developed by assuming a log-uniform distribution and increasing and
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Table 4-11
Fracture representative conductivities and perneabilities (permeabilites given In brackets) for the indicated hydrogeologic
units and the values used to calculate the representative values based on 100 data realizations and the calculatlonal approach
presented in Figue 4-10
Hydoogfk Unft

Topopeh Spft (Welded)

DM Rwe
mm/yr

Number of 10 meter
Cneltin Legts

20. to 100.
145. to 435.

Ra

(mm

6

._____________________________

Calico Hills (Vtric, Non-Welded

Represe

33. to 59.

1.1

x lO"to 1.9x lfo

2

N

170. to 360.
15.6 x 11' to\1.2 x 101

Calico Hills (Zeolitic, Non-Welded)

145. to 435.

4

190. to 310.
16.2 x 10"" to 9.9 x

Prow Pan (Welded)

10. to 30.

2

12. to 25.
13.9 x

Uppor Crater

(Non-Welded)

145. to 435.

6

O-" to S.1 x 1031
210. to 300.

(6.7 x 10-"
Bullfrog (Welded)

10. to 30.

10

[4.9 x
Midd Crater Fla (Non-Welded)

145. to 435.

4

Based on wider mnge of either the actua range or ps and minum 50 perat of the mean value, a reported in Kvtt
Based on Calico Hill.
Bamed on Prow Pas.

4 - 34e

to 9.R x

10,'

15. to 20.
" to 6.4 x

1O'1

190. to 310.
16.2 x

a
b
e

10"J

(956).

10" to 9.9 x 10'0
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decreasing the K, values by one order of magnitude, to develop the ends of the distribution. Sorption
was assumed not to occur in fractures, because of the conceptualization that flow will be fast relative
to the rates of sorption reactions. Therefore, Kd values in the fractures were all set to zero.
Kd values were used to calculate retardation factors via the following formula:
Of = 10 +

p(1-n

x d

(4-4)

where:
Rf =
K =
e =
p =
n =

retardation factor;
distribution coefficient;
moisture content;
grain density; and
porosity.

4.2.4
Computational Model Description (Liquid Flow and Transport)
The computational model, for use in the Total Performance Assessment (TPA) system code. used for
representing liquid flow and subsequent transport of radionuclides, was developed to gain insights into
the following processes and concepts:
*

Matrix versus fracture flow;

*

Variation in hydrogeologic unit thicknesses between the repository and the water table:

*

Transport in the saturated zone; and

*

Variation in geochemical retardation between different hydrogeologic units.

The implementation of these processes and concepts into a computational module for the current
analysis involved the development of a calculational strategy, selection and development of a
computer program(s), and determination of site representation. All of these topics will be discussed
in more detail, to provide a better understanding of the representation of liquid flow and radionuclide
transport in the current analysis.
4.2.4.1
Computational Strategy
As has been discussed in prior sections (see Section 4.2.3), the flow in the unsaturated zone (between
the repository and the water table) is assumed to be primarily in the vertical direction, whereas the
flow in the saturated zone, near the water table, has been assumed to be primarily to the south-east.
Thus the flow representations, for both the saturated and the unsaturated zones, were assumed to be
one-dimensional, with differing hydrogeologic units for the seven repository sub-areas (see Figure 411). The seven repository sub-areas were selected based on a need to represent the variation in
hydrogeology below the repository and use stratigraphic information for selected boreholes at the site
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Illustration of a representative flow path for a sub-area of the repository,
assuming one-dimensional flow In both the saturated and unsaturated zones.
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(Figure 4-6). Therefore, there are seven repository sub-areas, each connected to its own unsaturated
and saturated zone hydrogeolgic sequences, similar to the representation presented in Figure 4-6.
The hydrogeologic sequences associated with the seven repository sub-areas define the flowpaths that
are to be analyzed. These flowpaths are described as one-dimensional segments, because in part, of
the one-dimensional nature of the flow and a calculational need for efficient simulation approaches
that would be suitable to the numerous simulations that are required for sensitivity and uncertainty
analyses. It was anticipated that a simple depiction, which still retained some realism with respect to
site description, would be necessary for reasonable simulation times.
Additionally, the horizontal diversion of unsaturated flow, at the interface between hydrogeologic
units with contrasting flow properties, and the transfer of liquid water, between fractures and matrix
in the unsaturated zone, are two other aspects of unsaturated flow that have the potential to be
computationally very demanding. Therefore, special consideration was given to the computational
approach used to deal with these two issues. Rather than solve the flow equation explicitly, it was
decided to use a table look-up (discussed below under computer program development) procedure to.
account for flow diversion above the repository and the interaction between matrix and fracture flow
in the unsaturated zone.
4.2.4.2
Selection and Development of Computational Model(s)
The flow paths are assumed to be one-dimensional; therefore, the determination of the total amount of
fluid flux in a given flow path and the partitioning of flux between the fracture and matrix is crucial.
The NEFTRAN II (Olague, 1991) computer program was selected to simulate liquid flow and
radionuclide transport because of its ability to accommodate saturated and unsaturated flow and
radionuclide transport, using a minimum amount of computer time. However, to account for the
diversion of flow and transfer of fluid between the fractures and the matrix, a pre-processor was
developed to determine the total incoming flux for each repository part and the distribution of fracture
versus matrix flow for each hydrogeologic unit present.
A detailed description of the pre-processor is required to fully understand the manner in which
NEFRAN H is implemented for the current analysis. The pre-processor, hereafter referred to as
FLOWMOD, performs the following primary functions:
*

Determination of the areal flux;

*

Determination of fracture flow; and

*

Determination of retardation factors.

Detenninationof Areal Mrs: The distribution of recharge at the repository depth is anticipated to
have a degree of variation because of the tilting of the bedding planes, variation in hydraulic
properties, and the amount of recharge. To quantitatively estimate the spatial distribution of
percolation, a series of two-dimensional simulations were conducted to develop an interpolation table
for use within FLOWMOD. The two-dimensional simulations were performed using the DCM3D
computer program (Updegraff, 1991) and made use of the cross-sectional stratigraphy depicted in
Figure 4-4 and parametric values (see Table 4-12) found in Klavetter (1986). DCM3D is a dual4 - 37
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Table 4-12
Hydrogeologie parameters used for simulating two-dimensional flow (see Figure 4.12) with DCM3D, to analyse the spatial
distribution of percolation at the repository depth

I

________

-

rt C"ny
(welded)

Mb

9.7 x

P*

"'

["
(0.30

TPOMtwuCtrrftk

£arv-ftft Pwmftvn

M

_

ra

(I/m)

n7wofr Ffntoj'
(MI)

____. ___S__I

.O

82 x

1.6

N/A

5.5 x 10" 1170.1

IA x 104

1.3

4.2

1.6 x 1"

M

3.9 x

.40

1.5 x 10

6.9

NA

F

1.6 x 10 " [490.1

2.7 x 10'

1.3

4.2

1.6 x 10" 11]

Topoph

M

1.9 x 1I

[0.61

.11

6.0 x 107

1.t

NA

(welded

F

1.9 x 1t0

(59.1

1.1 x

1.3

4.2

4.4 x 10" 24]

Calico Hills
(non-elded
zeolitized)

M

2.Ox 10" [.061

.2S

3.0x 10'

1.6

NA

F

9.4 x 10

4.6 x 105

1.3

4.2

7.2 x 10" [3]

Pairtbruh
(nonelded)

a
b
a

~

I

(ff?

[t"
[1.2 x 1

[290.]

104

Trmfr fator boed on amptio of regular planar fraction (.4n'k,, whe
Matrix.
Fractm.

20]

n i the number of fiactue and k is the matrix permeability).
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continuum unsaturated flow simulator that represents liquid flow in fractures and matrix as separate
but connected flow fields. The following flow equations are solved for the matrix and the fracture
continuum, respectively:
i
it
C,

'f=

V( (

v-

(VPx +pcVZ)) -r

(

+

Qua

.Vp+p vz) + +FQ1

(4-5)

,

(4-6)

where:
pa = water pressure in the matrix continuum;
P=
water pressure in the fracture continuum;
C' = specific storage coefficient of the matrix continuum;
C = specific storage coefficient of the fracture continuum;
ki' = permeability of the matrix continuum (dependent on saturation);
A' = permeability of the fracture continuum (dependent on saturation);
Q = volumetric source term for the matrix continuum;
Q = volumetric source term for the fracture continuum;
r = fracture to matrix transfer term;
p

g
z
t

= water density;
= viscosity of water;
= gravitational coefficient;
= z-direction distance; and
= time.

A depiction of the hydrogeologic units and the types of boundary conditions applied to the crosssection is presented in Figure 4-12. Unit properties were assumed to be homogenous and isotropic
for the all the cross-section simulations. To examine the spatial variation of the percolation, a
number of steady-state simulations were performed over a range of percolation rates (.01 to 10.0
mm./yr). The spatial distribution of recharge at the repository level resulting from these simulations
was then used to develop a table (see Table 4-13) which was used to interpolate total flux amounts for
each of the seven repository sub-areas (see Figure 4-6). Although this is a simple representation it
accounts for a measure of flow diversion that is anticipated to occur for higher flux values. Future
work will need to examine this phenomenon with more detailed modeling, which can take into
account continuing site characterization activities (e.g., characterization of spatial variability of
hydrologic properties, and location of and further understanding of the hydrologic significance of
structures like major fracture zones or faults as sources of focused recharge).
Deterinationof FractureFlow: The partitioning of fluid flux between the matrix and the fractures
is dependent on a number of factors such as the total flux, hydraulic properties of the matrix and
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Depiction of the hydrogeologic units and boundary conditions used to evaluate the
spatial variation of percolation at the repository depth.
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Table 4-13
Distribution of percolation for the seven repository sub-areas, as depicted in Figure 4.6
Surface infrltration

Percolation at Repository Depth (mm/yr) for Each Sub-Area

(mmrr)

Sub-Are 1 and 3

Sub-Area 2

Sub-Areas 4, 5, 6, and 7

0.01

0.01

0.01

0.01

0.05

0.06

0.05

0.04

0.10

0.13

0.09

0.07

0.20

0.26

0.18

0.13

0.30

0.38

0.25

0.18

0.80

0.60

1.00
2.00

22

1.10

1.60

10.0

10.5

9.80

9.50
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fractures, and spatial and temporal heterogeneities. For the present analysis, no attempt was made to
account for the effects of spatial and temporal heterogeneities. The current analysis does account for
the differences in hydrologic properties, between the fractures and the matrix, and the dependence of
these properties on the flux. The sensitivity analysis required an efficient means to calculate fluid
flow. Therefore a table interpolation approach was implemented within FLOWMOD. The
interpolation table used in determining the fraction of fluid flow was based on one-dimensional flow
simulations, using DCM3D.
DCM3D was used to simulate one-dimensional unsaturated zone flow in a dual porosity medium (one
fracture continuum and one matrix continuum) for a range of percolation rates. Steady-state flow was
modeled for each of the hydrogeologic units, to determine the fraction of the total flow that was in the
matrix as a percentage of the saturated conductivity of the matrix. A table, within FLOWMOD, was
constructed for each unit, to determine the fraction of flow in the matrix. The table expressed the
amount of matrix flow and the total flow as a fraction of the saturated conductivity of the matrix (see
Table 4-14). The dimensionless aspect of the table allowed the same table to be used throughout the
sensitivity analysis, where both the saturated conductivity and the percolation were sampled
parameters. The table interpolation procedure determines the fraction of the total flow in the matrix.
It was assumed that the remaining flow was in the fractures.
Retardation Factors: The retardation parameter was initially discussed in Section 4.2.3.3, under
transport parameters. The retardation parameter is calculated within FLOWMOD, based on the Kd
value (sampled in the sensitivity analysis); the grain density of the matrix (assumed to be a constant
for each unit); porosity of the matrix (sampled in the sensitivity analysis); and the matrix moisture
content (as mentioned previously, no retardation was assumed in the fractures, because, primarily, of
the limited surface area of the fractures compared with the matrix). Of these values, the moisture
content was the only value that required a calculation before determining the retardation factor. The
moisture content for a given hydrogeologic unit was derived assuming a unit gradient in the
unsaturated zone and using Equation (4-2). Retardation in the matrix above the water table (recall
that transport in the saturated zone is assumed to occur entirely in the fractures and is thus
unretarded) can vary because of a change of properties in the hydrogeologic units and changes in
moisture content, caused primarily by changes in flux.
Site Representation
4.2A3
As discussed above, FLOWMOD does interpolations to determine the total flux entering each of the
seven repository sub-areas and the distribution of flux in the matrix and the fracture continua. This
information is then used by FLOWMOD to define a series of transport paths from each of the seven
repository sub-areas to the accessible environment. The flow in a given hydrogeologic unit could be
a combination of fracture and matrix flow; however, for computational simplicity, the fracture flow
and the matrix flow are split into separate flowpaths. This approach for simulating the fracture and
matrix flow precludes diffusive transport between fractures and matrix (i.e., matrix diffusion). This
is likely to be a conservative assumption, because matrix diffusion is a potentially important
retardation mechanism for fracture-dominated flow. Parametric uncertainty for the Yucca Mountain
cases, and the possible importance of fracture coatings in reducing matrix diffusion, may diminish the
importance of this phenomenon at the Yucca Mountain site.
Based on this approach, a flowpath over only one hydrogeologic unit would result in two transport
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Table 4-14
Variation of matrix flux versus the total flux for each of the hydrogeologic units simulated at Yum Mountain
Toea and MaW

fl (preMd as PhrWt

ITOPePahICftce )MS

Cd

HIR

redy, J

of sdwvtd c

for Th hLvcd ydwmft

PM
-~~

Unf,

I*

Upper

I Ruffwg

Amide

K (mmYr)

.60

t,500.

.63

140.

1.0

140.

1.0

Total
Matrix

.17
.17

1.2 x 10'
1.2 x 10'

.16
.16

7.1 x 104
7.1 x 104

.10
.10

7.1 x 104
7.1 x 10'

.10

Total
Matrix

.50
.50

3.5 x 10S
3.5 x OJ

.48
.48

2.1 x 105
2.1 x I0J

.30
.30

2.1 x 10'
2.1 x 10

.30
.30

Totl
Matrix

.83
.83

5.9 x 10-5
5.9 x 10J

.79
.79

3.6 x 1'
3.6 x I'

.50
.50

3.6 x 10
3.6 x I'

.50
.50

Total
Matrix

1.25
.97

3.t x 10'
3.8 x IP'

1.20
.92

5.4 x 10'
5.4 x 10'

.75
.75

5.4 x 10'
5.4 x 10'

.75
.75

Total

1.67

7.1 x 10

1.0

7.1 x

.97

1.2 x 10'
1.2 x 10_

1.60

Matrix

.92

7.1 x I0

.9

7.1 x l0

.9

Total
Matrix

3.33
.97

2.4 x 104
2.4 x 10'

3.20
.94

.01
.01

2.00
.99

.01
.01

2.00
.99

Total
Matrix

6.67
.97

4.7 x 10
4.7 x 104

6.30
.94

.03
.03

4.00
.99

.03
.03

4.00
.99

Total
Matrix

11.67
.97

8.2 x 10'
8.2 x 104

11.10
.94

.05
.05

7.00
.99

.05
.05

7.00
.99

Total
Matrix

16.70
.97

1.2 x 10
1.2 x '

15.90
.94

.07
.07

10.00
.99

.07
.07

10.00
.99

.

-_
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paths (one for the matrix flow and one for the fracture flow). Because of the many hydrogeologic
units that comprise the flowpaths from the repository to the accessible environment, there are a series
of potential transport paths resulting from all the possible combinations of fracture and matrix flow
(see Figure 4-13). FWMOD defines the transport paths for the flowpaths that have a non-zero flux
and provides the input data necessary to simulate the transport of radionuclides with the NEF7TRAN 11
computer program. Additionally, FLOWMOD distributes the repository releases from the source term
according to the fraction of flux in a particular flowpath. For example, a flowpath that has 10
percent of the total flux will receive 10 percent of the source term. While this approach offers
limited interaction between the fractures and matrix, it does account for the differing travel times and
fluxes caused by fracture and matrix flow.
A common discharge point has been assumed (see Section 4.2.3.2) for all transport paths. Releases
to the environment are obtained by summing all the individual releases from all the transport paths for
each of the seven repository sub-areas.
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Depiction of multiple transport paths, based on four different hydrogeologic units
and the indicated combinations of fracture and matrix flow.
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FLOW AND RADIONUCLIDE TRANSPORT
RELEASES

4.3

MODULE FOR GASEOUS

The elevated topography and unsaturated fractured stratigraphy of Yucca Mountain favor the existance
of gas flows driven by thermal gradients. Such flows have been observed in relatively shallow holes
(Weeks, 1987). Thermal gradient driven flows are expected to exist in the vicinity of the repository,
particularly under the influence of the repository heat load. Such flows have been predicted by various
models and researchers.
The conceptual and mathematical gas flow model chosen for IPA Phase 2 was the formulation of the
steady-state flow equation as originally presented by Steven Amter and Benjamin Ross (Amter and Ross,
1990) of Disposal Safety Inc. (DSI), a DOE consultant. Because gas flow is expected to have relatively
fast transients in comparison to changes in temperature gradients through conductive heat transfer, one
can evaluate a series of steady-state flows at snapshots in time, as the temperature field develops, to
emulate transient flow conditions. This was a major deviation in NRC's approach from the earlier DSI
steady-state calculations. The NRC staff wrote its own computer code to solve the equations of flow. and.
in the process, made other significant modifications and improvements to the DSI model.
4.3.1
Governing Equations
The DSI model is based on single-phase flow of moist air in Yucca Mountain.
assumptions are made in the derivation (see Amter and Ross, 1990):

The following

*

The gas behaves as an ideal gas.

*

The gas is saturated with water vapor.

*

Changes in partial pressure of water vapor are accommodated by changes in gas
composition, with the total pressure remaining nearly constant.

*

Gas viscosity is independent of pressure.

*

All gas-filled voids in the matrix may be treated as a single porosity on time scales of
years.

*

The unsaturated zone stays at constant saturation.

The system is then described by three equations, a volume balance, a constitutive relation and Darcy's
Law. The full equation describing the system is then:
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V2h - mVT* Vh +

(Vh) 2 +

h.
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RT dT + P(- + m)]dT
R~~~dT
T
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1 -p

_ 0 ah

ha

RT] z

0

,
RT

~~~~~~~(4-7)
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m

a."
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dh.

p8T

T

h.dT

, - _. ; and
gypo
9P

ha

_ + z+ h-h,.
gPO

The term p' is the buoyant density of the air using the concept of 'freshwater head.' This concept is
used in calculating stratified flows in surface water and ground water when dealing with two fluids that
have only a small difference in density (e.g., salt water and fresh water, or hot and cold water). The
terms h, and h are the vapor-pressure and air pressure heads respectively, in cm.
Constant terms are defined as:
D. =
s,

molar weight of dry air (28.96 g mol-');

= molar weight of water vapor (18.02 g mol');

R = gas constant (8.3144 x 107 g cm2 s2 mol-I K');
g = acceleration of gravity (980 cm s);
P. = reference pressure (880,521 dyn cm'); and
p. = reference fluid density (.001007 g cm-$.
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Other terms are defined as:
T = Temperature, K, (from an externally calculated temperature field);
P = total pressure (dyn cm-l);
P,= vapor pressure (calculated for temperature) (dyn cm-l);
u = fluid viscosity (g cmV s);
k = intrinsic gas permeability (cm); and
z = elevation (cm).
Boundary conditions on Equation (4-7) are no-flow on the sides and the bottom, and atmospheric pressure
on the surface. The DSI model rationalized that the sides were modeled as topographic valleys that are
air divides, much as the centerline of the mountain is a ground water divide. No-flow at the bottom
boundary was chosen because of either low-permeability rock or the presence of liquid water that would
effectively cut off the air flow.
The DSI model linearized certain terms in Equation (4-7) in order to simplify the solution, and also
because DSI did not have the necessary relationships for temperature dependence programed into their
model. The terms dhldT, d/dT were replaced by their linearized equivalents taken at a reference
temperature of 300K. The term m was evaluated only at the reference temperature. They also
eliminated some of the terms of Equation (4-7) altogether, namely those containing (vh)f and h/z. The
terms containing vk were included only where there were permeability contrasts.
The no-flow boundary conditions were simulated by setting flux to zero across boundaries:
q_.i _

pklo. h _ p'f.i] =

,

(4-8)

where n is the unit vector normal to the boundary. They chose to satisfy Equation (4-8) by setting the
head at adjacent boundary nodes, so that the terms within the brackets were zero.
In a later improvement to the model, DSI developed a formulation that included atmospheric lapse rate
linear decrease in temperature with elevation) to determine the free atmospheric heads. Considering the
atmospheric lapse rate and assuming a constant mole fraction of water vapor at all elevations resulted in
the equation:
P

p

[I
11M
A

(4-9)

where:
P.",
)X
T.

=
=
=

atmospheric pressure at z = 0;
the atmospheric lapse rate;
the air temperature at z = 0;

and
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r = j[na
R

+

PV(n

(4-10)

.M

where *tj"is the relative humidity outside the mountain at z = 0.
This formulation was also adopted for IPA Phase 2.
DSI originally used a node-centered, explicit finite difference equation with Gauss-Siedel acceleration to
solve the head field. Once the head field was solved, the velocity field was calculated from Darcy's law,
and particle tracking was used to calculate travel times from the repository to the earth's surface.
4.3.2
NRC Model
The goal of the IPA Phase 2 gas-flow-model development effort was to attempt to duplicate the DSI
results and extend the model, if possible. The NRC model improved on the original DSI model in
several significant ways:
Equation (4-7) was modeled with all terms except the one containing (Vh)2 and ah/az.
Furthermore, several of the terms in Equation (4-7) were recast so that it was in a form
more suitable for no-flow boundary conditions, using a block-centered finite difference
scheme. The term
V2 h + Vk'(Vh - pet),
k

(4-11)

expressed in two dimensions x and y, in relation to the downward unit vector, becomes:
II a (k 8)
I~

ax

+

(k8)

ay

ay

k

-

TT

sin

+k

ay

cos 61

,

(4-12)

where 0 is the dip angle.
The finite difference model was set up in an orthogonal x-y grid, with the layers parallel
to the y axis. The entire grid was tilted by the dip angle.
The advantage of the reformulation set up in Equation (4-12) is that the no-flow boundary
condition can be expressed simply as zero permeability in the centered finite difference
scheme.
*

The NRC model did not linearize most of the terms, but instead included formulas for
temperature dependency of h,and viscosity. The relationship for vapor pressure was
taken from the "Steam Tables" in Thermodynamic Propertiesof Steam (Keynan and
Keyes, 1936). The relationship for viscosity was a quadratic-curve fit for dry air, with
data coming from the Handbook of Chemistry and Physics. The finite-difference model
was solved using an explicit algorithm and Gauss-Seidel iteration, with an acceleration
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factor.
After initially testing its model, using the linear temperature profile developed by DSI,
NRC decided to use a full two-dimensional temperature profile calculated from the
equation for the time-dependent conduction of heat. Although, this model did not take
multiphase processes into account, it did account for the growth of the isotherms as a
function of time, and calculated the temperature profiles on the sides of the repository
as well as above and below the repository.
Two forms of the temperature model have been used, to date. The first is a solution using Green's
functions in a semi-infinite, uniform medium in two dimensions, with a fixed-temperature boundary
condition at the earth's surface and an instantaneous heat source from a semi-infinite plane (Codell,
1984). A semi-infinite region was considered to best represent the repository; the isotherms will extend
out great distances unaffected by boundaries, except at the surface and at contrasts in conductivity. The
Green's function solution was for an instantaneous heat source. This was generalized to a time-dependent
heat source, based on 10-year-old spent nuclear fuel using a convolution integral evaluated numerically
with Simpson's rule quadrature. The geothermal gradient was added to the temperature calculated from
the Green's function model. This model calculated temperatures for all locations needed by the flow
model. Temperature gradients were calculated by finite-differencing of the nodal temperature.
Temperature distributions were also calculated using a semi-implicit finite difference model based on the
Prickett-Lonnquist Prickett and Lonnquist, 1971) model for aquifer drawdown. The advantage of this
approach is that it lets the irregular surface boundary condition be represented explicitly, whereas the
Green's function solution allowed the surface of the earth to be represented as flat, only. Another
advantage is that the solution is no longer confined to uniform heat-transfer coefficients and heat
capacities. The finite difference model also allows the simulation of the geothermal gradient more
explicitly by input of a heat flux at the lower boundary of the model. A disadvantage of the finite
difference model is that it is difficult to represent an infinite medium for heat conduction. This problem
has been partially overcome by creation of a buffer zone around the computed area, to include a larger
quantity of rock.
It must also be recognized that the DSI model has, thus far, been used to determine gas-flow pathways
and travel times. The NRC model had to be capable of determining output flux of `4C for dose
calculations and the cumulative release for determining compliance with the performance requirements.
This was accomplished by adding the following modifications:
*

The capability to calculate the velocity fields for up to 10 different points in time after
repository closing. This was done by providing a temperature input file with temperature
distributions at up to 10 selected times and calculating the steady-state Darcy velocity
field for each time. The particle tracing routine interpolated the velocity field tables
through space and time. The tables were spaced at a few hundred years, for the first
1000, years and then by a few thousand years thereafter to more accurately reflect
conditions during the initial period of rapid temperature change.

*

A source of 'C released within the engineered barrier system (EBS) in units of
(curies/yr) was provided to the model as input. In the particle-tracking routine. a fraction
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of the appropriate source term is attached to each particle released and the fraction
remaining on that particle after radioactive decay is accumulated with other particles,
according to the year in which the particle emerges into the atmosphere. This "bookkeeping' was required because particles released at different locations within the
repository experience different travel times. The model approximates a continuous
release from the repository by an instantaneous release of particles across the width of
the repository, at the middle of discrete time intervals (every 50 years, for example).
A file containing the calculated output flux (curies per year) is transferred as input to the
dose-calculation model. The accumulated release over the performance assessment period
is used as input to the CCDF, for that particular vector and scenario.
A logic diagram of the ' 4C module is shown in Figure 4-14.
4.3.3
Application to Yucca Mountain
The gas-flow model was applied to Yucca Mountain using the simplified cross-section developed for the
flow and transport-modeling tasks. The section was extended 600 meters on each side, to reach the
natural no-flow boundaries needed to contain the entire flow field. This cross-section was further
simplified by characterizing the stratigraphy as parallel layers at a 6° angle with the horizontal. The finite
difference representation consists of 52 columns and 62 rows of nodes with DX = 50 meters and DY =
10 meters. The repository is 400 meters below the top of the land surface. The unsaturated stratigraphy
was represented by five parallel layers, as follows, with their respective symbol and the assumed constant
thickness in meters in parentheses: Tiva Canyon welded tuff (TCw, variable), Paintbrush non-welded
tuff (PTn, 40 m), Topopah Spring welded tuff (TSw, 340 m), Calico Hills non-welded vitriolic tuff
(CHnv, 50 m), and Calico Hills non-welded zeolitized (CHnz, 60 in). This representation of the
repository cross-section is shown in Figure 4-15.
4.3.4
Parameters and Modeled Results
Ranges of the sampled parameters used to model gas transport at Yucca Mountain are shown in Table
4-15, below:
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C module logic diagram.
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Modeled repository section.
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Table 4-15
Selected hydrologic parameters for Yucca Mountain
Stratigraphic

Unit

PermeabilityRange
mi2

Porosity

Tiva Canyon
(Welded)

6.5 x 1017
5.5 x 10-15

Paintbrush
(Non-Welded)

1.6 x
1.6 x

Topopah Spring
(Welded)

3.2 x 10-17
3.2 x 10-15

.000041

Calico Hills
(Non-Welded,Vitric)

9.7 x 10-17
9.7 x 10-15

.000046

Calico Hills
(Non-Welded, Zeolitic)

9.7 x 10-"7
9.7 x 10_5

.000046

.00014

Retardation
Range
10 - 100
10- 100

10 6.000027
1014

10 - 100
l

10 - 100
l

10

-

100

The values for bulk-fracture properties |
determined through measurements of fracture aperature
widths and counts of fractures per unit area (
a
adItr,
6. As such, the accuracy is
questionable. In addition, since there is no reduction in permeability because of moisture in the fractures.
the staff has assumed that the full fracture conductivity is available for vapor flow. Also in the
simulations, the two Calico Hills layers were treated as one layer and not separately sampled.
The temperature profiles for the simulation runs were determined from the means of the measured heattransfer properties presented in the SCP (DOE, 1988, Table 6-16). Only one temperature field was used
for all gas-flow runs in the performance assessment simulations; however, as discussed later in this
section, the effects of different thermal loadings on gas transport were also investigated using this model.
During the development of the model, runs were made with preliminary estimates of typical hydrologic
parameters, to determine the sensitivity of the velocity field to the time varying temperature distribution.
The permeabilities used for these calculations (in 10-16 i) were: 5.2 for Tiva Canyon (TCw); 16.0 for
Paint Brush (PTn); 0.97 for Topopah Spring (TSw); and 9.7 for Calico Hills (CHn). The porosities and
retardation coefficients were not used for the calculation of flux distribution. The results of the
calculations are shown in Figures 4-16 to 4-19.
The vapor-flux distribution shown in Figure 4-16 is for vapor transport induced by the geothermal
gradient alone, without the additional gradient created by the repository heat load. Most of the convective
movement is contained in the upper layers of the stratigraphy, because of the higher permeability and the
relief. Figure 4-17 shows vapor flux distribution at 500 years after permanent closure of the repository.
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Vapor flux at ambient conditions.
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Figure 4-17.
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Vapor flux at 500 years after permanent closure of the geologic repository.
4 - 56

NUREG- 1464

_.

)-

Peq

00l

TC
-~n

RV
_

f~~
i

TVt
*
ws

,t A
,s1

A

A

A

**

A

A

A

A

v

v

A

~~~
E

;Hv v

,

.

,
n.

_

_

A.

t

..

A

A

A

K

W

"

I

.4
v

^1

...

tF~~~~y

t

W^ ^
X .....

t

v

g W, i~~~~~~~~~~~~v

^ * _. . 8 *8*--A
s>~~v

v

v

a.

O'^-

-_

,
4

&

WVR

vA

v
v

v

t t

DRAFT April, 1994

Figure 4-18.

4. Flow

nd Trtuurml

years after permanenet closure of the geologic
flux at
Vapor
Vapor fx
at 5,000
,000 years after permanenet closure of the geologic
repository.
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This is near the time of highest thermal gradients in the host rock, and the greatest convective vapor
movement is being induced. The vapor movement appears to be symmetric about the repository,
implying that the heat load of the repository is the major influence at this time. Figure 4-18 shows vaporflux distribution at 5000 years after repository closure. The magnitude of flux at the repository for 5000
years is about 20 percent of the flux for 500 years. The flux movement is still primarily influenced by
the repository heat load, as shown by the arrows. Figure 4-19 shows fluxes at 10,000 years after
permanent closure of the repository. The magnitude of flux at the repository for 10,000 years is about
10 percent of that for 500 years. The circulation pattern, however, is again starting to show the influence
of topography and the geothermal gradient.
The gas-flow model also appears to be useful for investigating the effects of thermal loading. The same
typical cross-section was used to compare gas travel times for a release at 500 years after closure for
thermal loadings at areal power densities of 57 KW per acre (the present design value), 114 KW per acre
and 28.5 KW per acre. The particle paths for these releases under the different loading conditions are
the nearly vertical lines from the repository to the surface shown in Figures 4-20 to 4-22. The nearly
horizontal lines that cross the particle paths are front lines that show the positions of particles along the
different pathways at various times after release. Both porosity and geochemical retardation (assumed
to be 10) were accounted for in the particle trackings. The actual average travel time for particles to reach
the surface under the design loading condition of 57 KW per acre was 2100 years, resulting in an overall
decrease because of radioactive decay of 22 percent. The actual average travel time for a particle to
reach the surface under the loading of 114 KW per acre was 980 years, resulting in an overall decrease
of 11 percent. The actual average travel time for a particle to reach the surface under the loading of 28.5
KW per acre was 5900 years, resulting in an overall decrease of 55 percent.
A major assumption in the coupling of the source term model with the gas-transport model is that the 4C
moves directly from the waste package to the fractures in the host rock outside of the EBS. If the gas
were to migrate first to the backfilled repository or even to pass through the repository on the way to the
surface, travel times would be greatly increased because of the relatively large porosity of the backfill.
Also, the fracture porosity of rock is used in the model, rather than the matrix porosity, which is much
larger. The assumption is made that the gas stays in the fractures and does not migrate laterally on the
way to the surface. It should be noted that if only 10 percent of the matrix porosity is available in the
Topopah Spring unit for lateral migration, travel time through the unit would be increased by over three
orders of magnitude. Although we consider our assumptions and our model to be conservative, we also
consider that this assumed confinement of gas transport to the fracture, by possible fracture coatings. may
tend to inhibit diffusion into the matrix.
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Figure 4-19 Vapor flux at 10,000 years after closure.
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Figure 4-20.

Paths and travel times for design thermal loading.
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Paths and travel times for 2 times the design thermal loading.
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Paths and travel times for . times the design thermal loading.
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FLOW AND TRANSPORT AUXILIARY ANALYSES

Eleven auxiliary analyses conducted for this demonstration were performed to evaluate the appropriateness
and limitations of various computational approaches and interpretations of data used in this study. These
analyses are summarized below and discussed in detail in the appendices at the end of this document.
They included: the evaluation of computer programs (DCM3D and NEFIRAN II); evaluation of the Kd
assumption; modeling of the saturated zone at Yucca Mountain, to determine flow paths and evaluate
water table changes caused by climatic variation; evaluation of topography and transient conditions on
percolation; evaluation of modeling considerations for unsaturated, fractured media; evaluation of the
effects of hydrologic structures on two-dimensional, variably saturated flow; evaluation of ' 4 C transport

in the unsaturated zone; and cation exchage.
4.4.1

Evaluation of the SNL Technology: -Testing of the DCM3D Computer Code
B. Sagar/CNWRA, L. Tweedy/SwRI, T.J. McCatin/RES, and A.B.
Gureghian/CNWRA

Sandia National Laboratories (SNL), formerly under contract to NRC, developed a computer program
for solving three-dimensional (3-D) ground-water flow problems in variably saturated, fractured porous
media. To explicitly evaluate a fractured media, the program implements a dual-continuum approach that
simulates the fractures and matrix as separate continua connected by a transfer term that depends on the
unsaturated permeability of the porous medium (sometimes referred to as a dual-porosity approach). This
approach, a departure from the more traditional composite characteristic curve approach, has not been
previously used by NRC staff to simulate fluid flow at Yucca Mountain. An auxiliary analysis was
conducted that compared DCM3D with other computer programs, to allow NRC staff to gain experience
with DCM3D and better understand the implications of the dual continuum approach in the context of
fluid flow in a fractured medium.
Because of the relatively recent interest in modeling fluid flow in partially saturated, fractured media it
is difficult to find problems in the literature with which to evaluate the dual porosity concept. Despite
this limitation, four test cases were used to provide some initial insights. The four cases involved:
*

One-dimensional (-D) flow in a horizontal soil column (analytic solution available):

*

Two-dimensional (2-D) flow in saturated-unsaturated soil (comparison with PORFLO-3):

*

2-D flow in a multi-layer unsaturated soil, based on a field experiment (comparison with
PORFLO-3, FLASH, and 7RACER3D); and

*

2-D flow through a layered, fractured, unsaturated rock (comparison with NORIA).

Overall, the comparison of DCM3D results for the four test cases compared well with the other computer
programs and the analytic solution, indicating that the basic equations are correctly implemented.
However, basic questions regarding the applicability of different approaches for simulating partially
saturated flow in fractured rock have not been resolved by the testing provided by the four test cases.
Many basic questions remain, such as:
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*

Anisotropic considerations of a fractured system;

*

Representation of pressure equilibration between the matrix and fracture: and

*

Transient effects.

Future work needs to examine problems that will provide more insights into differences in fracture-matrix
interactions, because of different modeling approaches and assumptions.
This auxiliary analysis is discussed in greater detail in Appendix C.
4.4.2

Evaluation of the Kd Assumption

J.W. BradburyNMSS
The system code of the present NRC performance assessment effort uses the Kd approach in estimating
retardation of radionuclides. The relationship of Kd to retardation is:

R = + p Hi,

(4-15)

where p' is the bulk density, W is the porosity, and "R; is the retardation factor that is defined as the
ratio of the velocity of ground water to that of the radionuclide. Freeze and Cherry (1979) state that this
relationship is valid only when:
*

The sorption reaction is fast and reversible; and

*

The sorption isotherm is linear.

A sorption isotherm is the locus of points describing the concentration of radionuclide on the solid as a
function of the concentration of radionuclide in the liquid. Drever (1988) adds that for the relation to
hold:
*

The concentration of the radionuclide is small, compared with the total concentration of
sorbing ions in solution.

In a system as complex as Yucca Mountain, it remains to be demonstrated that simplifications such as
the Kd approach in estimating retardation are valid. This auxiliary analysis tests two of the three
requirements described above. These requirements are that:
*

The sorption isotherm is linear; and

*

The radionuclide is in trace amounts relative to the total solute concentration.

The method of testing involves modeling sorption reactions in a -D flowing system. This modeling
exercise simulates ion exchange involving sodium and potassium. The reaction considered is:
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(4-16)
K + NaX =KX + Na',
where AX" is the sorbing site on the solid. This system can be viewed as an analog for both the Na-K
ion-exchange reactions involving zeolites and radionuclide-tuff reactions at Yucca Mountain. The
computer code capable of simulating these processes is PHREEQM, an adaptation of PHREEQE. for use
in mixing cell flowtube simulations. This code can simulate speciation and mass-transfer processes.
including precipitation and dissolution; it also can simulate ion-exchange reactions, I-D flow and
transport, diffusion, and dispersion in a porous medium. The reaction written above describes the
situation where a solution containing potassium flows through a column initially loaded with sodium. The
potassium replaces sodium on the solid and this solute-solid interaction retards the movement of potassium
down the column relative to that of water. In this study, the reverse of the reaction above is also
simulated, where a solution containing sodium flows through a column initially loaded with potassium.
This auxiliary analysis studies the effect of varying relative concentrations of sodium, potassium, and
sorption site, X, on the validity of the relationship between K, and R.. The equilibrium constant for the
reaction potassium replacing sorbed sodium is arbitrarily given a value of 5 (i.e.. > 1). The reverse
reaction thus has an equilibrium constant that is the inverse of 5 (i.e., < 1).
Results
The results of the simulations are presented in the Table 4-16, below:
Table 4-16
Results of Kd simulations
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Conclusion
The requirement that the sorption isotherm be linear so that the retardation factor can be calculated from
K, is correct. However, the concentration front of the migrating ion can spread if dispersion or diffusion
is significant. A linear isotherm results from the condition where the concentration of the migrating ion
is trace relative to the competing ion. Linear isotherms do not result from the condition where the
migrating ion is trace relative to the sorbing site. When the isotherm is nonlinear and convex up, the Kd
value associated with the highest concentration of the migrating ion to be expected can be used to
determine the retardation factor. This method does not work when the isotherm is concave up.
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While dispersion tends to spread the concentration front of the migrating ion, ion exchange, where the
corresponding nonlinear isotherm is convex up, tends to maintain a steep concentration gradient. On the
other hand, ion exchange, where the corresponding nonlinear sorption isotherm is concave up. works in
concert with dispersion, to spread the front.
his auxiliary analysis can be applied to the modeling of conditions and processes expected at Yucca
Mountain. The assumption that all radionuclides will be in trace amounts relative to competing ions has
not yet been proven. The waters at Yucca Mountain contain low concentrations of solute. Based on the
solubility values from the SCP (DOE, 1988, p. 4-100), uranium, neptunium, cesium, and technetium
could be at concentration levels comparable to those in the uncontaminated waters. Furthermore, what
constitutes a competing ion has not been established. Thus, in a solution with multiple species, the
competing ion could be a major, minor, or trace constituent. Furthermore, at the low temperatures at
Yucca Mountain, certain ion-exchange reactions may be kinetically inhibited, thus allowing less
thermodynamically favorable reactions to control the system. The questions concerning competing ions
will have to be addressed by experimentation.
The simulations done in this auxiliary analysis involved the binary system Na-K. Consequently, changes
in one component could affect the other, as shown when the two components were in comparable
concentrations. When the one component was trace relative to the other, its addition to the system did
not affect the other. This resulted in a linear isotherm, and constant K values along the column.
However, Reardon (1981) has shown that variations in the concentrations of a major component can affect
the partitioning (KJ)of a trace component. Thus, in a system as complex as Yucca Mountain, it is crucial
that there be a demonstration that the (competing constituent) chemistry of the far field is relatively
constant or predictable over the lifetime of the repository. Otherwise, the application of the K, approach
would be very difficult to defend technically.
This auxiliary analysis is discussed in greater detail in Appendix D.
4.4.3

Regional Flow Analysis
M.P. Ahola/CNWRA

Simulation of flow in the saturated zone in the region containing Yucca Mountain in Nevada was
undertaken as an auxiliary analysis for the IPA Phase 2. The primary purpose of the study is to gain
experience in modeling large-scale saturated flow and to draw very preliminary inferences regarding the
effects of certain selected conditions on the position of the water table. No effort, however, was made
to make the analysis comprehensive; only data that were readily available were used. Some parameter
values are taken from other published reports without verifying their accuracy. The analysis results
should be considered as very preliminary and are likely to change when actual field data are used in
simulations.
For this application, PORFLOW(Runchal and Sagar, 1989; Sagar and Runchal, 1990), an integrated finite
difference code, was modified to incorporate the free surface (water table) in a ground-water flow model.
The model was set up in the x-y (horizontal) plane. Provision was made to allow for specification of
recharge and discharge areas. A finite-difference grid (13161 computational cells) is imposed on a region
approximately 200 by 200 kilometers. At this regional scale, the Yucca Mountain repository area is
represented approximately by two grid nodes. In addition, to conduct more detailed saturated flow
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modeling in the vicinity of Yucca Mountain, a sub-regional model consisting of a finite difference grid
(18225 computational cells) is imposed on a region 50 by 50 kilometers around the proposed repository
site. Boundary conditions for this sub-regional model consisted of fixed pressures that were read from
the simulation results of the larger regional model. The hydrological data for the simulations are obtained
from previously published studies that themselves depended on numerical model calibration tor their
parameter values.
Recharge was assumed to occur on outcrops at higher elevations. Recharge areas included the Spring
Mountains, Sheep Range, Pahranagat Range, Kawich Range, and Pahute Mesa (see Figure 4-23).
Current recharge in these areas average from 25 to 50 mm/yr. Discharge areas include Alkali Flats and
the Furnace Creek Ranch, which were modeled as fixed-head boundaries. The entire modeled region was
divided into eight zones, in which the hydraulic conductivity varied from 0.05 to 0.0035 m/sec. The
model contains a low permeability zone northwest of Yucca Mountain for simulating the present-day high
hydraulic gradient at that location. The actual cause of the steep gradient is not yet fully know.
Considering the present-day conditions, a steady-state solution to the flow system was obtained. The
steady-state solution was then used as the starting point or initial state for simulating other conditions.
The conditions simulated in the regional model include: (i) climatic change in the future, increasing the
recharge at higher elevations by factors of 10, 20, and 30; (ii) increase of recharge in Fortymile Wash
by a factor of 10; (iii) rise in water level at Alkali Flats discharge area by 10 meters; (iv) geologic
activity (volcanic or tectonic) to the south of Yucca Mountain, creating a flow barrier 20 kilometers long;
and (v) geologic activity to the north of Yucca Mountain, breaking the existing flow barrier. Most of
the above conditions were simulated in a transient mode, so that the time variation of the water table
could be studied.
Using the steady-state solution obtained from the regional model for the present-day conditions. a total
of 10 additional simulations of volcanic dike intrusions in the vicinity of Yucca mountain were conducted,
using the sub-regional model. These volcanic dikes were situated at various orientations directly below
the repository site, as well as approximately 5 kilometers southeast of the site, to determine their impact
on the ground-water flow.
Based on the regional analysis, the rise in the water table under Yucca Mountain because of various
postulated conditions ranged from only a few meters to 275 meters. When the recharge at higher
elevations was increased by a factor of 20, the water table under Yucca Mountain rose by 85 meters in
about 700 years. Increase of recharge in Fortymile Wash by a factor of 10 raised the water table by about
100 meters. Backing up of ground water because of creation of a flow barrier south of Yucca Mountain
resulted in a water table rise, under Yucca Mountain, of about 200 meters. The largest water-table rise
of 275 meters was calculated when the flow barrier to the north of Yucca Mountain is removed. Figure
4-24 shows the results of the modeling of condition (i), described previously, in which the water table
rise at nodal points near Yucca Mountain and Fortymile Wash is plotted as a function of a multiple of
the increased recharge rate into the regional model. Figure 4-24 does not include the effect of recharge
into Fortymile Wash, which would cause an additional rise in the water table.
Results of the sub-regional model analysis of the intrusive volcanic dikes in the vicinity of Yucca
Mountain showed water-table rises ranging from only a few meters to as much as 103 meters. For
certain dike locations and orientations, the water table actually dropped several meters in the vicinity of
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the site. Figure 4-25 shows the simulated results of water-table rise, at the potential Yucca Mountain
repository site, as a function of dike orientation, for the case in which the single intrusive dike extends
vertically through the saturated zone directly beneath the repository site. The dike length is assumed to
be 4 kilometers. The points on the plot represent the nodal points where the maximum water-table rise
occurred, which in all cases was located somewhere along the fault. The maximum water-table rise for
a single dike intrusion can be seen from Figure 4-25, to occur, for the dike orientation, approximately
750 counterclockwise from the east direction. The NRC staff has indicated that this particular dike
orientation is the most likely to occur, because of the present faulting patterns in the Yucca Mountain
area.
A number of assumptions were made in this study, with regard to the numerical model, as well as the
data. These assumptions, which are discussed in the body of the report (Ahola and Sagar, 1992). should
be kept in mind in interpreting the preliminary results given above. Specifically, with regard to the high
water-table rises predicted, we did not consider the formation of new discharge areas that such a rise may
cause.
This auxiliary analysis is discussed in greater detail in Appendix E.
4.4.4

Effects of Stratification, Dip of Strata, and Sub-Vertical Faults

-

A.C. BagtzogouCNRA

A numerical investigation of quasi-2-D unsaturated flow in a vertical cross-section with dipping strata and
sub-vertical fault is reported in detail in the Center for Nuclear Waste Regulatory Analyses (CNWRA)
report by Bagtzoglou, et al. (1992) and a technical paper by Bagtzoglou, et al. (1993). This work was
performed as a part of IPA Phase 2 effort. The objectives and results of the work are summarized below.
IPA Phase 2 includes performance assessment of the total system and detailed auxiliary analyses of
selected important features of subsystems. The main objectives of the auxiliary analyses in IPA are to
provide support to simplifications made in performance assessment of the total system by obtaining better
understanding of a subsystem through detailed analysis. Detailed analyses of flow in fully and partially
saturated domains containing heterogeneous porous media and discrete fractures were planned as auxil iary
analyses in the IPA Phase 2. Analyses of saturated flow in a region containing Yucca Mountain were
reported in an earlier report (Ahola and Sagar, 1992), which discussed fluctuations of water table for
various cases, including hypothesized changes in recharge/discharge conditions and stratigraphy. In the
CNWRA report by Bagtzoglou, et a. (1992), an analysis of the flow field in variably saturated zone has
been developed to understand the effect of stratigraphic layering, presence of a fault zone, and the dipping
of strata.
An analysis has been performed for a deep (approximately 530 m) hard-rock system. Some of the data
for the analysis were taken from the Yucca Mountain project reports, but were freely modified to enhance
the effects that are being studied. However, at this stage, the report does not aim at analyzing
unsaturated flow at the Yucca Mountain site. Hydraulic and stratigraphic parameters only resemble the
Yucca Mountain site. For example, the depths to water table, the number of geologic strata, their dip
angle, and the existence of a fault zone are characteristics used in the analysis that were based on
information from on Yucca Mountain. Whereas, the width of the faulting zone, the net percolation rate,
and the hydraulic parameters of the matrix and fault media used in the analysis were based only partially
4 - 70

NUREG-1464

O

9
I

*1

To

0

-4

'IC

z
a

;9

Figure 4-25.

Maximum water-tahle rise at potential Yucca Mountain repository site as a function of intrusive dike
orientation. (The volcanic dike is assumed to exist directly below the repository site and extend vertically
through the saturated zone.)

2of

K

a

75

I-

25/
0

0

25

50

75

100

125

Dike Orientation (Degrees Counterclockwise from East Direction)

Maximum water table rise at potential Yucca Mountain repository site
as a function of intrusive dike orientation

DRAFT April, 1994

4. Flow and Trwisrk-)rt

on information from on Yucca Mountain. Therefore, conclusions regarding suitability of Yucca Mountain
for the proposed nuclear waste repository are not directly derivable from this analysis. Rather, the
objective of this work is to help develop assumptions for the flow module in the total performance
assessment system. Also, the investigation is limited to 2-D or quasi-2-D simulations in a vertical crosssection or 'thin slice,' with dipping strata intersected by a subvertical fault zone. The simulations are
performed in a transient mode, to study the manner in which the solutions to the flow equation approach
steady-state. Many other aspects of multi-dimensional flow in the unsaturated zone are worthy of detailed
study. For a comprehensive review of variably saturated flow and field heterogeneity, see Ababou (1991).
In particular, the steady-state flow regime resulting from a 'wet' hydro-climatic scenario, corresponding
to a net annual percolation rate of 50 mm/yr was investigated. A hypothetical test problem was
developed, to take into account, at least qualitatively: the effects of bedding (represented by five
alternating layers); the presence of the sub-vertical Ghost Dance Fault (represented by a thin layer of very
coarse material); and the effect of inclination of the beds (dipping six degrees eastward). A number of
auxiliary tests were also conducted using variations on these hypothetical data. The main conclusions and
results from this study, obtained with the aid of the BIGFLOW simulation code (Ababou and Bagtzoglou.
1993) and data processor, are as follows.
First, it was observed that initial-boundary conditions must be generated in a manner consistent with the
hypothetical (and largely unknown) state of the system in-situ. More precisely, a method was devised
for generating initial-boundary conditions that are consistent with: (i) the assumed input percolation rate;
and (ii) the assumed material properties of the modeled cross-section. For instance, artificial boundary
conditions are needed for the East-West and for the North-South lateral boundaries. This is because, in
part, the cross-section is represented as a rectangular domain bounded below by the water table, rather
than a more complicated domain following the actual 'Yucca Mountain' topography. Artificial boundaries
connecting ground surface to water table are also needed, particularly for the East-West faces.
Recognizing that there are no simple, natural, initial-boundary conditions that can be used for the more
complex problems, a method of successive approximation was implemented. This method uses solutions
of auxiliary flow problems to set up pressure conditions for the more complex problems. Unfortunately,
for the 'thin-slice' simulations reported in this study, the results suggest that it is particularly difficult to
design 'consistent' initial-boundary conditions in the case where the fault intersects lateral boundaries (in
the case at hand, the North-South oriented fault intersected the North-South boundaries). An oscillating
flow regime was obtained at large times, that is, after all initial transients died out, and this was done tr
both a horizontal and dipping stratigraphy. This process appeared to be localized in regions where the
fault intersects these boundaries, although this requires further confirmation. This was shown to be an
effect of the discrete-time nature of the equations being solved, and was eliminated by using extremely
small time steps (At - 0). The techniques used to identify these effects relied on detailed plots of global
mass balance in terms of instantaneous net discharge rate and instantaneous rate of change of total mass.
Large At yielded oscillations for both 2-D and 3-D flow systems, but seemed more consequential in 3-D
(fault-cutting pressure boundaries).
Based on the parameters used, and simulations performed in this study, the following conclusions can be
reached:
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*

The effects of stratification are important only for low net percolation rates and during
the early parts of transient simulations;

*

A dip angle of 6° to the East has a minimal effect on the pressure-head distributions
(approximately 2 percent of the maximum pressure-head difference); and

*

The flow behavior (ground-water fluxes and travel times) of a system consisting of highly
contrasted matrix and vertical fault properties is greatly influenced by the ratio of the
slopes of the matrix and fault unsaturated hydraulic conductivity curves.

Finally, the staff recognizes the need for introducing in future work, data that are more directly
representative of the Yucca Mountain site. The stratigraphy should be refined regarding: the spatial
configuration of geologic units; the orientation of the fault; the existence of a fault offset of the beds
because of fault slip; the replacement of the exponential conductivity curve with the smoother van
Genuchten-Maulm curve; the increase in contrast of some of the fault properties; a more refined mesh.
to simulate a thinner fault zone; and generally a more careful selection of the unsaturated parameters of
the fault and of the rock matrix in each geologic unit.
This auxiliary analysis is discussed in greater detail in Appendix F.
4.4.5

Exploration of Dual Continuum Flow Modeling Concepts
W.H. Ford/NMSS

To develop the ground-water flow and transport module, several different modeling approaches were
attempted. One of the approaches required the staff to learn and experiment with DCM3D. a
Dual-Continuum, three-dimensional, Ground-Water Flow Code for Unsaturated, Fractured, Porous Media
(Updegraff, 1991). TheDCM3D code is based on a dual-continuum model with matrix media comprising
one porous equivalent continuum and fractures the other. It is attractive to use continuum codes to model
ground-water flow at Yucca Mountain, because explicitly modeling individual fractures at the scale of
Yucca Mountain at this time may not be possible or necessary.
At present, two main types of continua approaches are being used to model Yucca Mountain site
unsaturated fracture and matrix ground-water flow; single continua and dual continua. Single continua
approaches often use the same porosity values for both matrix and fractures, and a single characteristic
curve to represent matrix and bulk fracture-matrix hydrologic properties (Kiavetter and Peters. 1986).
In contrast, dual-continuum models consist of two interconnected continua, with one continuum simulating
flow through the rock matrix and the other simulating flow through large numbers of fractures. The two
continua are connected by a fracture-matrix transfer term allowing water to flow between the fracture and
matrix continua. This enables a dual-continuum code to model the resistance to water movement between
the matrix and fracture continua and may allow the code to simulate situations where a single-continuium
approach could experience code-convergence problems.
A dual-continuum code may also be able to simulate conceptual models that single-continuum codes
cannot. For example, in a single-continuum model of unsaturated fracture and matrix ground-water flow,
when water saturation in the matrix reaches a level where bulk fracture flow occurs, faster velocities are
computed, but with no change in direction. Therefore, this approach assumes that bulk fracture flow
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contains the same anisotropies as the matrix. However, individual fractures tend to be linear features
with strong anisotropies. Therefore, for a single fracture it is reasonable to assume that irrespective of
the flow direction in the matrix, flow in the fracture will be strongly influenced by the anisotropic
properties of the fracture. Furthermore, when there are large numbers of fractures with similar
linearities, a general fracture anisotropy may be created that is different from the rock matrix. This may
be the case at Yucca Mountain, where faults and fractures are believed to be vertical or steeply dipping
(DOE, 1988, pp. 3-175, 3-179, and 3-185; and Barton, 1989). Use of a dual-continuum code in this type
of situation may be advantageous, because in a dual-continuum code, different anisotropies can be
assigned to both the matrix and fracture continua.
In this auxiliary analysis, simulations using the DCM3D code demonstrate that the dual-continuum code
DCM3D can model flow in two continua with different anisotropies, and that depending on the problem
to be modeled, it may produce significantly different answers than a single continuum code.
This auxiliary analysis is discussed in greater detail in Appendix G.
4.4.6

Release and Transport of Potentially Gaseous Radionuclides Other than
Volcanism and Normal Operations
R.B. Codell/NMSS

14

C during

Several potentially volatile compounds of ATc, 'Se, and 29I may be present in spent nuclear fuel.
Because of the possibility of a gaseous pathway through the unsaturated rock at Yucca Mountain from
the buried waste to the atmosphere, this auxiliary analysis investigated, using a series of conservative
calculations, the phenomena by which volatile radionuclides could be released, and whether they posed
enough of a threat to warrant further study.
Vapor pressure of possible volatile radionuclide compounds were taken from the available literature and
also estimated thermodynamic information. Given the estimated vapor pressures, a portion of the
inventories of the volatile radionuclides could be released at normal repository operating conditions. The
bulk of the inventories of these radionuclides would be contained within the structure of the spent nuclear
fuel, however, and the vapor pressures of those inventories would be reduced. Barometric pumping
caused by changes in atmospheric pressure was considered a possible mechanism for release of volatile
radionuclides from breached waste-package containers. For temperatures and atmospheric pressure
variations in the SCP design, the staff's conservative calculations estimated that less than I percent of the
inventory of volatile radionuclides would be released from the waste packages to the geosphere in 10,000
years. The staff further estimated that most of the volatile compounds would become associated with
liquid water in the rock rather than remaining in the gas phase.
The staff also estimated the effects of an intrusive basaltic dike causing temporary heating of the rock
near waste packages. For a 10-meter-wide dike of 3000 meters length, the staff conservatively assumed
that all volatile radionuclides in a 100 meter wide region would be driven off by the increased
temperature. This represents an area approximately 6 percent of the total repository area for the SCP
design. Even if all of the inventories of "9 Tc, '9 Se, and '251 in 6 percent of the repository were released
to the accessible environment, the total consequences would sum to only about 0.125 of the releases
allowed under 40 CFR Part 191. On this basis, the staff also concluded that the releases were not large
enough to warrant further study.
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This auxiliary analysis is discussed in greater detail in Appendix H.
4.4.7

Evaluation of U.S. Geological Survey Ground-Water Modeling for the Region That Includes
Yucca Mountain, Nevada
N.M. Cokman/NMSS

This section describes the major ground-water modeling work that has been performed by the U.S.
Geological Survey (USGS) for the region of southern Nevada. Emphasis will be placed on the evolution
of the subregional model originally developed by Czarnecki and Waddell (1984).
In the late 1970's,the USGS began an appraisal of the Nevada Test Site for potential disposal sites for
high-level nuclear wastes. This work included regional geologic and hydrologic investigations, and a
regional ground-water flow model was developed by Waddell (1982). Waddell produced a 2-D. steadystate, finite-element model that covered an area of about 18,000 km2. This model extended from the
Pahranagat Range and Las Vegas Valley on the east to Pahute Mesa and Death Valley on the west. The
model included the Yucca Mountain area and almost all of the Nevada Test Site.
Following identification of the proposed Yucca Mountain site, Czarnecki and Waddell (1984) developed
a subregional model within the hydrologic subbasin that includes the site. This model was derived using
a parameter-estimation procedure developed by Cooley (1977, 1979, 1982). Czarnecki (1985) later
revised and improved this model to help develop smaller site-scale models of ground-water flow and
transport for the Yucca Mountain site. He initially prepared a steady-state base-case model and revised
it to simulate the geohydrologic effects of increased recharge in the region. A transient version of the
model was later used to evaluate scenarios related to the large hydraulic gradient located north of Yucca
Mountain (1990a). The work of Czarnecki and Waddell (1984), Czarnecki (1985, 1989, 1990a, 1990b),
and Czarnecki and Wilson (1989) illustrates a methodical process for developing and improving numerical
models of ground-water flow.
Because of the importance of the USGS regional modeling work, with respect to site characterization of
the Yucca Mountain site, the NRC staff have acquired the subregional model of Czarnecki (1985) and
the MODFE computer code. PC-based versions of the code and model have been prepared to facilitate
staff evaluation. This evaluation is provided below, and serves as an example of how the staff can
directly obtain and evaluate numerical codes and models developed under DOE's high-level waste
program. In this way, the NRC staff can become more knowledgeable about codes and models during
site characterization and before receipt of a potential license application.
Finally, the work of Czarnecki (1992) represents an important 10-year forecast of how future groundwater levels will be affected by human activities. After 10 years of site characterization. it will be
possible to see how well the regional model has predicted the perturbations caused by pumping at wells
J-13 and J-12. It is expected that one of the many scenarios analyzed by Czarnecki will approximate
actual ground-water withdrawals at the wellsites, providing a test of how well the regional model
represents present-day conditions in the flow system near Yucca Mountain.
This auxiliary analysis is discussed in greater detail in Appendix 1.
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Modeling Saturated Flow to the Accessible Environment
J. W. FordI/NMSS

In the development of the ground-water flow and transport module, several different modeling approaches
were attempted. DCM3D was used to analyze a dual-continuum approach for modeling a fractured.
porous media. Using this code, a one-dimensional saturated zone flow model was built from the Yucca
Mountain site, across that portion of the saturated zone simulated by the performance assessment flow
module, to a location near the presently defined Accessible Environment Boundary."
Simulations of ground-water flow and water-table elevation were conducted for a range of material
properties. From these simulations, it was observed that:
*

The slowest velocities and longest flow times were obtained from runs that used matrix
properties. Seepage velocities were 1.3 x 1 and 1.6 x 10-5 meters/year. resulting in
extremely long calculated flow times of 3180 million years and 31.7 million years;

*

The fastest velocities and shortest flow times were obtained from runs that used
hydrologic properties from well tests. The average seepage velocity was 473 meters/yr
and the calculated flow time was 10.6 years; and

*

A simulation of fracture flow that, like matrix property simulations, used low saturated
hydraulic conductivities, produced faster flow velocities, and shorter flow times than
matrix property runs. This simulation contained smaller porosity values than the matrix
property runs and illustrates the importance of determining fracture porosity values,
which at this time are hypothetically determined for bulk fracture property flow codes.

This auxiliary analysis is discussed in greater detail in Appendix J.
4.4.9

Geochemical Model for IC Transport In Unsaturated Rock
R.B. CodeIINMSS and W.M. Murphy/CNWRA

Under the unsaturated, oxiding conditions expected for a geologic repository at the Yucca Mountain site.
IC contained in spent nuclear fuel may be converted to carbon dioxide and be transported with moving
gas to the atmosphere. There are several mechanisms that could facilitate the transport of gaseous
radionuclides, including "C, to the atmsophere, and these are discussed in Section 5.6.
"C, as cabon dioxide, would interact with ions in the ground water and country rock. and would
therefore be retarded with respect to the transport of inert gases. Since the temperature, gas flow, and
water saturation of the rock will respond to the large amount of heat caused by the decaying nuclear
waste, the chemical processes leading to retardation of gaseous C will be complicated. This staff
investigated the geochemical interactions of "C for a geologic repository in partially saturated rock. The
"C transport model consists of three parts:
*

A geochemical model describing the state of all carbon species in a representative volume
of rock;
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*

A flow and transport model, for movement of total carbon through the system that consists of a number of connected volumes or cells"; and

*

A model of 'IC migration as a trace quantity in the general movement of total carbon.

For a simple -D example of vertical gas flow from the repository to the amosphere, the staff reached
the following conclusions:
*

*

The results of the analysis show a significant redistribution of autochthonous carbon
among solid, liquid, and gas phases, even in areas remote from the repository plane.
Carbon remains predominantly in the aqueous solution, in spite of the fact that near-field
heating results in a reduction of liquid saturation, abundant calcite precipitation, and
increased equilibrium fractionation of CO 2 into the gas phase.
Transport of "IC released from the repository is generally retarded by a factor of
approximately 30 to 40 because of immobilization in the liquid phase. In addition, "C.
released early during the period of solid calcite precipitation can be fixed for a long
period before repository cooling leads to redissolution of the calcite.

This auxiliary analysis is discussed in greater detail in Appendix K.
4.4.10 The Exchange of Major Cations at Yucca Mountain, Nevada
H.M. Astwood/NMSS
Zeolites are crystalline, hydrated aluminosilicates, which are characterized by an ability to readily
exchange cations with aqueous solutions. The presence of zeolites is seen as an important barrier to
the migration of radionuclides to the accessible environment. This auxiliary analysis was undertaken
to address two questions related to the exchange of cations in Yucca Mountain.
The first question concerned the stability of zeolites. Using potassium/argon (K/Ar) dating
techniques, WoldeGabriel, et al. (1992) determined that the zeolites from boreholes in the Yucca
Mountain vicinity range in age from 2 million years to 10 million years old. However, ion exchange
involving potassium and sodium on zeolites has been shown to reach equilibrium in about 2 days
(Pabalan, 1991). How, then, can a mineral that can alter within a couple of days exist unchanged for
at least 2 million years? To answer that question, simulations were performed in which pore water.
whose composition approximates that found at Yucca Mountain, percolates through site-specific
zeolite layers for a period of approximately 150,000 years. The simulation was intended to represent
the chemical reactions that would take place between the cations dissolved in the pore water and the
cations sorbed onto zeolites. If, in the simulation, the potassium ions attached to the zeolites become
mobile, there would be reason to doubt the zeolites could be accurately dated using a K/Ar technique.
If, however, the K is immobile, the K/Ar ratios would not be affected by ion-exchange reactions.
The second question to be answered by this analysis involved the determination of pore-water
compositions from the unsaturated zone. Peters, et al. (1992) describe methods of measuring pore
water compositions from rocks of the unsaturated zone, plus the possible causes of changes in the
compositions of the pore waters, due to the method of extraction (compression). Given that in4 - 77
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exchange reactions involving zeolites are fast (Pabalan, 1991), can it be determined what the chemical
composition of pore water from the unsaturated zone is if the composition of the zeolite in direct
contact with the pore water is known?
The simulations performed to address the first question in this auxiliary analysis concerning the
validity of K/Ar dating relied on the geochemical modeling code PHREEQM (Nienhuis and Appelo.
1990). This analysis involved simulating the flow of site-specific ground water through site-specific
porous rock, at a site-specific rate. The simulation that was performed used mole fractions of Na.,
Ca+Mg, and K, derived from the zeolite compositions reported by Broxton, et al. (1986). The
flushing solution composition in the simulation approximates that of the site-specific water from
Peters, et al. (1992).
The results of this auxiliary analysis demonstrate that the K in the zeolites is relatively immobile.
This is because of the large reservoir of K held in the zeolite, versus the amount of exchangeable
cations in the liquid. There simply are not enough cations in the pore water to exchange with the K
on the zeolites, and therefore the K remains immobile. Consequently, the K/Ar technique for
determining the age of the zeolites should not be affected by ion exchange, given the low
concentrations of cations in the ground water and slow flow rate in the vadose zone.
The simulations performed to address the second question in this auxiliary analysis required modeling
the three ion-exchange reactions:
NaX + K
21Va + CaX2
2K + CaX2

KX +N

.

2NaX + Ca2
2KX

Ca2 +

(4-17)
.

(4-18)
(4-19)

Equilibrium constants for Equations (4-18) and (4-19) were from Pabalan, 1991. Equation (4-20) was
derived by multiplying Equation (4-18) by 2 and adding the result to Equation (4-19). The
equilibrium constant for Equation (4-20) was derived similarly.
By using the compositions of clinoptilolites from Yucca Mountain (Broxton, et al., 1986) and the
equilibrium constants from Pabalan (1991) and this study for Equations (4-18) through (4-20). the
relative concentrations of the exchangeable cations in the pore were calculated.
The results of the exercise demonstrate the wide variation in the pore-water chemistry which is
possible in the vicinity around Yucca Mountain. In addition, this analysis has shown that the
chemical composition of the pore waters in contact with the solids in the unsaturated zone may be
different from the composition of the water in the saturated zone.
This auxiliary analysis is discussed in greater detail in Appendix L.
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4A.11 Considerations In Modeling Percolation at Yucca Mountain
J. Pohze/NMSS and TJ. McCailin/RES
The infiltration at Yucca Mountain could vary considerably because of topography, spatial variation in
hydrologic properties, and the intensity and duration of the rainfall. The effect of these variations on
the rate of percolation at the repository depth is uncertain. Detailed spatial and temporal hydrologic
modeling exercises have been proposed to provide insights on the impact of these variations.
The surface boundary condition for many modeling exercises is assumed to be a constant value over
large areas. Although this type of assumption may offer a type of "average" behavior of percolation.
a more explicit model which takes into account both the change in hydrologic properties and
topography (e.g., alluvium in a wash), is needed, to better understand the effect this type of spatial
variation has on percolation. Although very detailed topography of Yucca Mountain is readily
available, site characterization is still quite limited in providing a detailed description of the
hydrologic layering and structures below Yucca Mountain, to determine the effect on percolation
(isolated areas of increased recharge may either be of benefit or detriment to performance, depending
on whether the recharge intercepts the repository). Despite this characterization limitation, the
current exercise was conducted to gain insights into the importance of this effect, examine the
viability of modeling on a small spatial scale (meters to tens of meters), and gain experience on the
recently developed computer program DCMS3D (Updegraff, 1991). A 2-D simulation based on
detailed spatial variation and topography was conducted to analyze the affect on percolation. The
simulation revealed an ability to concentrate recharge in the low-lying alluvium and indicated the
numerical difficulties in examining this type of localized, focused recharge.
Likewise the duration of rainfall could have a significant impact on the determination of the amount
of percolation at Yucca Mountain. Typically, surface boundary conditions assume a small annual,
steady-state average infiltration rate. The effect of using an infiltration rate based on averaging
rainfall over an entire year, as compared to using a transient infiltration rate, needs to be evaluated.
to better understand any correlations with percolation and fracture flow. A l-D simulation was
conducted with transient infiltration rates, to examine the effect on percolation and fracture-flow rates.
The above two simulations experienced similar numerical difficulties simulating the infiltration of a
sharp wetting front (either infiltration from a wet, high permeability alluvium in a wash into an
underlying dry, low permeability unit or large episodic infiltration into a dry unit). The numerical
difficulties were traced back to the manner in which pressures are evaluated at the grid block interface
(either a linear interpolation or a Newton-Raphson iteration scheme). Numerical problems arose
when very dry-node,(meters of suction) and wet-node (near zero suction) pressures are interpolated to
arrive at an interface pressure. When this situation occurs the saturated node increases in positive
pressure (meters of pressure) before any appreciable water flows between the two nodes. This
situation is a result of the interface pressure value remaining a large negative value, until the wet node
attains the very large positive pressure to balance the high suction value of the dry node. This effect
in the 1-D transient simulation resulted in large oscillations in the pressure, as the recharge front
moved down the column. This type of behavior is considered to be an artifact of the numerics. rather
than caused by the physical system. Upstream-weighting of the pressure interpolation scheme has
been introduced into the DCM3D computer program, to correct this effect. This technique has
corrected the observed aberrant behavior; however, further testing is needed to examine numerical
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dispersion effects before performing the above simulations again.
4.4.12 Comparison of NEFPRAN 11 to UCBNE41
M. Rose Byrne/NMSS
NEF)RdN 11, an SNL transport code, was compared to UCBNE41. UCBNE4) is a saturated l-D
transport code that uses an analytic solution. An error in the internal documentation to the UCBNE41
code was found and corrected. H.C. Lung and W.W-L Lee agree that the internal documentation fr
the code was in error. H.C. Lung is the author of UCBNE41. W.W-L Lee is NRC's contact at the
University of California at Berkeley. The initial concentrations should be input in moles/m3 . not
glm'.
After making this change, the two computer codes compare well. Figures 4-26 to 4-28 compare the
results of NEF7R4N H and UCENE41, for a test case based on sample data set no. 3 in the NEF7RAN
11 documentation. Since UCBNE41 requires a constant velocity, the initial velocity was maintained
for all times. Sample data set no. 3 prescribes a doubling of the initial velocity at 50,000 years.
The codes UCBNE40, UCBNES0, UCENES1, and UCBNE52 were not compared to NEF7RAN in this
study. However, they are very similar to UCBNE41. As transmitted to NRC, all the codes in the
UCBNE40 and 50 series ask for initial concentrations in g/m3 but do not accept the atomic mass as
input. UCBNE40, UCBNE0, UCENESI, and UCBNES2 have therefore been altered to indicate that
the initial concentrations should be input in moles/m 3 , not g/m 3 . UCBNE40 compiles correctly.
UCBNE50, UCENES), and UCBNE52 contain a non-ANSI(American National Standards Institute)standard feature. Tey alter the value of a do loop variable inside the loop. This feature causes
problems with some FORTRAN 77 compilers. This problem was documented, but not corrected.
Fixing this problem would require reworking the entire looping structure of the program. The codes
UCBNE40, UCENES0, UCBNES, and UCBNES2 should be tested further before being used.
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CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

A number of conclusions and recommendations resulted from: (1) the development and
implementation of computational tools for calculating ground-water flow and radionuclide transport,
(2) the analysis of results related to the conceptual models used for ground-water flow and
radionuclide transport; and (3) the auxiliary analyses. A description of the more salient conclusions
and recommendations relevant to ground-water flow and transport are presented below:
Recommendation I - Examine modeling issues affecting percolation
Conceptual model assumptions with respect to percolation should have a major effect on water flux
through a repository located in the unsaturated zone. One-dimensional approaches, like that used in
the IPA Phase 2 analysis, can be very sensitive to assumptions regarding percolation. The modeling
assumptions and uncertainties affecting percolation rates need to be analyzed to better understand their
effect in relationship to the range assumed for percolation. Uncertainty in the percolation rate. in
part, can be attributed to: variations in the infiltration rate; spatial variability of hydrologic properties
within a hydrogeologic unit; variability in the thickness of the hydrologic units; and assumptions
regarding fracture matrix interactions. The current analysis accounted for some of this uncertainty by
use of a correlation length, to develop a representative permeability range for each hydrogeologic
unit, use of different hydrogeologic unit sequences, and thicknesses attributed to different sub-areas of
the repository, and the use of 2-D flow modeling results to interpolate spatial variation of percolation
caused by the slope of the hydrogeologic units. These model abstractions were considered to be very
important to the conceptualization of the flow problem and proved to be equally important to
obtaining reasonable computer execution times for the TPA computer code. However a number of
issues that are considered important to estimating percolation were not evaluated in IPA Phase 2.
Issues that need to be examined further include: the relationship between highly transient rainfall and
percolation estimates; the effect of topographic lows and fault zones as sources of increased recharge;
how spatial variability in hydrologic parameters affect percolation; and the effect of fracture
imbibition on percolation (see Recommendation 2).
Recommendation 2 - Examine modeling assumptions affecting fracture-matrixinteraction
Modeling assumptions regarding the interaction between matrix and fractures are very important.
because of differences in fluid velocities and retardation between the two flow systems. These
differences are primarily caused by the fracture flow system having a very small bulk porosity (0

to

and limited surface area of the fracture walls, compared with the large bulk porosity (.1 to .4)
and large surface area associated with the pores of the matrix flow system. The IPA Phase 2 analysis
used a dual-continuum approach that represented the fracture and matrix systems as separate but
interacting continua. Steady-state interaction between the two continua were modeled. assuming the
fractures were planar, regularly spaced, and without a mineral coating affecting the movement of
water across the fracture surface in modeling. Further simulation efforts could improve the
understanding of conceptual modeling assumptions regarding small-scale interactions at the fracturematrix interface (e.g., detailed simulations to examine the equilibration of pressure between the
fracture and matrix, considering transient conditions and the effects of mineral coatings on fracture
surfaces) and large-scale effects concerning the flow field within a hydrogeologic unit (e.g.. examine
10O5)
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how the small-scale effects propagate through a geologic unit). These further analyses can be used to
modify current IPA models and revise parametric ranges.
Recommendation 3 -

Examine hydrogeologicfeaturesand heterogeneity in the context of
providing a "short circuit" through the unsaturatedzone

The IPA Phase 2 flow and transport analyses assumed that fluid flow and radionuclide transport could
be represented through 1-D stream tubes for each of the bydrogeologic units. This representation
does not account for possible short circuiting" of the low conductivity matrix pathway via
hydrogeologic features (i.e., fault zones) or fracture flow initiated by perched water forming in areas
of heterogeneity. Two- and three-dimensional analyses could investigate the impact of fault zones and
perched water on pathways through the unsaturated zone. If the impact were of sufficient magnitude.
then additional pathways could be added to the flow and transport analysis in Phase 3.
Recommendation 4 -

Examine the coupling of water in the gaseous and liquid phases

Although a number of characteristics of the flow system have been included in the abstracted models
of the TPA computer models, a number of characteristics of the real system have not been included.
The real problem is transient, 3-D, partially saturated flow with significant air and water-vapor
movement in a fractured, porous medium complicated by potentially significant heat transfer and the
associated flows of gas and liquid affecting the redistribution of moisture. How these phenomena can
be approximated by simplifying assumptions and still provide an adequate representation for the
calculation of system performance is poorly understood at this time and needs further investigation.
Abstracted models need to be tested through simulation, comparing the results with those of the
"complete" model, which includes the coupling of water movement in the liquid and gaseous phases,
under non-isothermal conditions. Simulation efforts could examine the variation in moisture contents
and fluid flux, through the repository, caused by vapor movement and condensation (this effect would
be especially pronounced during the thermal phase of the repository). These results would provide
more realistic fluid flux for the source-term and flow and transport modules.
Recommendation 5 -

Examine refinements in the saturatedmodeling to improve concentration
estimatesfor dose calculations

The calculation of dose requires a determination of the radionuclide concentration. The concentration
determination required an additional refinement of the transport model, beyond what is required for
the calculation of integrated discharge, for comparison with the EPA standard. This determination
required not only the integrated discharge of radionuclides, but the quantity of water associated with
this discharge. For the current analysis, the contaminant plume was assumed to remain near the
water table, and assumptions were made concerning the local population and its water usage.
Additional refinements in these assumptions could require significant improvements in the current
modeling approach for flow and transport and place greater demands on data requirements. Initial
efforts should concentrate on compiling different approaches used for modeling saturated fractured
rock and their relationship to field conditions at Yucca Mountain, as a guide for possible
improvements to the current analysis.
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Recommendation 6 - Examine modeling assumptionsaffecting retardationin fractures
Radionuclide releases, in the liquid pathway, to the accesible environment were affected primarily by
the presence of fracture flow. The IPA Phase 2 analysis conservatively assumed that there was no
retardation in the fractures and did not consider the process of matrix diffusion in the modeling.
Future work needs to evaluate the nature and magnitude of the conservatism of these assumptions and
the relationship of fracture coatings in affecting these processes.

Recommendaton 7-

Access the usefulness of additionalintermediate calculationsfor
understandingthe flow and transportresults

The IPA Phase 2 performance measures were integrated discharge and radionuclide dose.
Oftentimes, it is difficult to explain these results in the absence of other information on modeling
results for individual modules (e.g., fluid flux or water velocity for the ground-water pathway, and
release rates for the source term module). These intermediate results proved extremely valuable in
both determining if the modules were performing as expected and in assisting the sensitivity analysis.
It would be beneficial to further examine the modeling approaches and identify intermediate
calculations that could be performed to provide further insights on model and system performance.
For example, the current analysis used a dual-continuum model to represent the fracture-matrix
system as separate but interacting continua that enabled a simple procedure to be implemented for
performing intermediate calculations concerning fluid flow in the fracture and matrix continua.

Recommendationsfrom the Auxiliary Analyses
The auxiliary analyses contributed to parametric values used in the TPA system code and to better
understanding assumptions and limitations used to represent ground-water flow and radionuclide
transport. The assignment of individual parametric values through an auxiliary analysis is not
discussed here except in terms of impacting assumptions and limitations of the analysis. A brief
description of the more salient conclusions and recommendations related to the auxiliary analyses are
presented below (more complete descriptions can be found in the associated appendices):
(1)

The representation of a fractured system via a discrete fracture model, a composite approach.
which attempts to average the matrix and fracture system, or a dual-continuum approach.
which treats the matrix and fracture as separate but interacting continua. Each of these
representations have both benefits and disadvantages. Experimental information with respect
to fracture-matrix interactions is extremely scant and is needed to provide insights ofn the
applicable Of these approaches.

(2)

Ground-water flow modeling is affected by a number of assumptions at a very small scale
(millimeters to centimeters) and at a large scale (tens of meters to kilometers). At a very
small scale, assumptions with respect to characteristic curves (pore scale) can have dramatic
impact on interactions between the matrix and fracture flow fields, in addition to assumptions
regarding steady-state versus transient flow. At a large scale, there are a number of
assumptions and features (topographic details that lead to spatial variation of recharge and
discharge areas, discrete features such as a fault zone, spatial variability in hydrologic
properties, and layering of geologic strata) that can have significant impact on the distribution
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of fluxes throughout the unsaturated zone. Further analysis is needed to better understand the
impact of these assumptions on the overall repository performance.
(3)

Several potentially volatile compounds of 4Tc, 'Se, and "I'1may be present in spent nuclear
fuel. Conservative estimates of gaseous releases of these radionuclides during volcanism and
normal operations were sufficiently low to not warrant further study.

(4)

The transport of gaseous 'IC will be affected by variation in saturation, gas flow, and
temperature, caused primarily by heat from decaying nuclear waste. Geochemical modeling
of 4C transport demonstrated a retardation factor of approximately 30 to 40, because of
primarily transfer of carbon between the CO 2 in the gas phase and dissolved carbonate and
bicarbonate in the liquid phase. Some 'IC might be trapped temporarily, in precipitating
calcite during the period when temperatures are rising, and released from the calcite as it
redissolves, as temperatures fall.
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S.

SOURCE TERM MODUIE'
R.B. Codell/NMSS, J.C Walton/CNWR,

5.1

and B. Sagar/CNWRA

INTRODUCTION

The model used by the staff to calculate the source term in Iterative Performance Assessment
(IPA) Phase 1 was that incorporated in the NEFAN (NEtwork Flow and TRANsport)
computer code obtained from the Sandia National Laboratories (SNL) (see Longsine et al.,
1987). In this model, radionuclide releases would occur only after failure of the waste
package canister,' characterized as a single failure time.
In IPA Phase 2, the staff developed its own computer code to calculate the source term. The
SOTEC (Source Term Code) module (see Sagar et al. (1992)) deals with the calculation of
aqueous and gaseous radionuclide time- and space-dependent source terms for the geologic
repository. It does so by considering the variations in those physical processes expected to
be important for the release of radionuclides from the engineered barrier system (EBS).
Three primary calculations are done in SOTEC: (a) failure of waste packages because of a
combination of corrosion processes and mechanical stresses; (b) the leaching of spent
nuclear fuel; and (c) the release of 14CO2 gas from the oxidation of U0 2 and other
components in spent nuclear fuel and hardware. The principal features of the staffs source
term analysis are discussed below.

S.2

OVERALL STRUCTURE OF THE SOURCE TERM CODE

5.2.1
Conceptual Model
The proposed geologic repository at Yucca Mountain will consist of a large number of waste
packages placed in drifts and perhaps in boreholes. The repository environment will change
with time, as a result of radioactive decay, leading to initial heating of the rock, followed by
a long cooling period. The heating is anticipated to promote dramatic changes in the
chemical and hydrologic environment surrounding the waste packages. Temperature and
water flow rates will vary widely in both time and space. The geology of the mountain is of
a fractured, porous rock material with high spatial variability. The problems with

The figures shown in this chapter present the results from a demonstration of staff capability to review a
performance assessment. These figures, like the demonstration, are limited by the use of many simplifying
assumptions and sparse data.
2

Now with the Department of Civil Engineering at the University of Texas, El Paso.

3

The term 'waste package' is used here synonymously with container' and canister'.
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heterogeneity are increased because the type of water flow of greatest concern is fracture
flow. The characteristics of the waste material such as age, bumup, heavy metal inventory,
and spent nuclear fuel versus defense vitrified waste (glass) will vary spatially in the
repository. Environmental variables such as water flow rates, water saturation, water
chemistry, and temperature will vary in time and in space in the repository.
The problem associated with heterogeneity are addressed in part in the source term module
SOTEC by dividing the geologic repository into a number of zones, referred to as 'repository
sub-areas'. Within each repository sub-area, all chemical, physical, and waste form
properties are assumed to be identical. The release rate for each repository sub-area is then
the release rate for an individual waste package in the repository sub-area times the number
of waste packages in the repository sub-area. SOTEC calculates the performance
characteristics for an individual waste package and extrapolates the result to the entire
repository area.
Information concerning variability may come either from standard input parameters listed in
Appendix A or from output files created by other modules of the total-system performance
assessment (MA) computer code. To limit the amount of input data and code complexity,
the assumption is made that (except for temperature) a separation of variables can be
performed between spatial and temporal variations. For each parameter, the input appears as
a time- variant repository average (or reference) value and a set of load factors for the
individual repository sub-areas. SOTEC and the temperature code consider only seven
separate repository sub-areas. The small number of repository sub-areas is inadequate to
describe a continuous distribution of failure times for the waste packages and the fractional
release rate for the EBS. The concept of ensemble averaging to choose parameters that best
represent all waste package canisters in discussed briefly in Section 5.3.5 and in greater
detail in Appendix L.
5.2.2
Input to and Output from SOTEC
The structure and flow of the source term code is illustrated in Figures 5-1 and 5-2. Data
are read into SOTEC from a series of files. Some of the file names are initially fixed,
however the majority of file names are read from the main input files.
As noted in Chapter 2, many of the TPA modules can run in either the 'internal' or the
"external' mode.' In the internal mode, SOTEC reads from the file of input parameters
produced by the Latin Hypercube Sampling (LHS) procedure. Many of the parameters in

lInternal' versus external' refers to the manner of code execution and the time at which the output files
from the consequence modules are generated. In the internal mode, consequence modules are run and cumulative
radionuclide releases calculated as the system code is executed. In the external mode, the modules are separate from
the system code, and as a result, the cumulative releases can be generated and placed in files at any time before
iteration of the system code.
4
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Figure 5-1. SOTEC
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SOTEC that are read from the stand-alone input files are overwritten. Overwritten
parameters represent either random parameters or system-wide input parameters. Figure 5-1
presents input and output files for SOTEC. Some of the output files for SOTEC are only
written when operation is in internal mode.
All of the major output files written by SOTEC are designed to be read by other codes. The
major output of SOTEC is the release rate, as a function of time, for each radionuclide for
each repository sub-area. Additional outputs are:
*

Waste package lifetimes for use in some of the other disruptive consequence
models;

*

The 1000-year inventory for each radionuclide, assuming radioactive decay only,
with no other loss from the waste package;

*

The cumulative release from the EBS of each radionuclide in each repository
sub-area; and

*

The failure times by corrosion necessary for evaluation of the model for seismic
failure.

5.2.3
Structure of Calculations
The overall flow of the calculations in SOTEC is illustrated in Figure 5-2. Subsequent to
reading the input files, SOTEC loops over time calculating corrosion penetration for each
waste package as a function of time. Waste package failure times for each repository subarea are recorded for use in the release-rate portion of the code. The corrosion portion of
SOTEC is not coupled to the liquid release calculations and could be put in a separate code.
In the corrosion calculations, the corrosion rate is estimated at the beginning of each time
step. At the end of the time step, the total corrosion depth is compared with the critical
thickness for buckling. If the remaining waste package thickness is less than the critical
thickness, or if the remaining thickness is less than zero, failure is presumed to occur.
Depending on input assumptions, the waste package may either fail completely, resulting in a
flow-through system, or fail partially, with a specified maximum volume inside the failed
waste package.
Calculation of liquid and gaseous releases begins with evaluation of the failure time and types
for each repository sub-area. Individual waste packages in each repository sub-area can fail
by three different mechanisms. The first type of failure is initial defectives, representing
waste packages that were defective at the time of repository closure. Defective waste
packages will begin releasing "C at time = 0 and begin releasing radionuclides in the
aqueous phase once the waste package cools below the boiling point and begins filling with
water. The second type of failure is by scenario. The scenario option fundamentally allows
5 -
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the TPA computer code, or the analyst, to specify a time of failure for a portion of the waste
packages in each repository sub-area. The primary purpose is to facilitate evaluation of
alternative scenarios besides corrosion/buckling failure of the waste packages. The scenario
option can also be used by the TPA code to specify a waste package lifetime distribution
independent of the corrosion calculations. The third type of waste package failure is by the
corrosion/buckling mechanism discussed in Section 5.4.
After sorting out the type and timing of the failures in each repository sub-area, the liquid
and gaseous release calculations begin. The calculations proceed by repository sub-area,
with internal time and radionuclide loops in the liquid and gas-release modules. The
calculations are set up to handle multiple chains of radionuclides and multiple isotopes of the
same element.
Subsequent to the release calculations, the release rates are summarized by calculating
cumulative release and interpolated to even grids for writing to file.
5.2.4 Radionuclide Inventory
The inventory of radionuclides included in the calculations of IPA Phase 2 were carefully
screened from a large list of radionuclides, to include only the major contributors to
cumulative release and dose. The primary objective of this screening was to reduce to a
minimum the number of calculations in the computer programs, without substantially
affecting the results.
Starting with a list of 37 radionuclides, the TPA computer code was run for 50 LHS vectors
of the fully disturbed (csdv) scenario, and the results tabulated for cumulative release at the
accessible environment and on-site dose to the farm family. A radionuclide was retained, in
the inventory, if, in any of the 50 vectors, it contributed more than 1 percent of the U.S.
Environmental Protection Agency (EPA) cumulative release limit for that nuclide. The
screening analysis also checked the maximum dose to the farm family, to see if any of the
radionuclides that might have been screened out on the basis of cumulative release should
have been kept on the basis of dose. In all cases, however, the cumulative release criteria
were more restrictive than dose.
If a radionuclide screened out of the inventory was a parent to another radionuclide, the
inventory of the progeny was adjusted upward to account for the decay of the parent. This
was important for the radionuclide "Pu, which was screened out, and whose decayed
inventory was added to that of the progeny 23 U. Table 5.1 presents the radionuclide
inventory used in the Phase 2 analyses.
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Table 5.1 - Initial Radionuclide Inventory
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WASTE PACKAGE ENVIRONMENT

5.3.1
Introduction
The waste emplacement environment at the Yucca Mountain is expected to be highly
complex. Modeling for the IPA Phase 2 requires a relatively simple conceptual model for
the interaction of the waste packages and their immediate environment. The following
subsections discuss the thermal, hydrologic, and geochemical environment for the waste
package, as conceived in IPA Phase 2.
5.3.2
Thermal Environment
The repository environment will change with time as a result of heat generated in the
decaying waste. Heat will be transferred in the host rock primarily by thermal conduction,
but heat transfer will be complicated by the evaporation and condensation of water, and the
transport of air and water vapor. The movement of water vapor and liquid water will affect
the hydrologic environment for periods of time after waste emplacement. The strengths of
the thermal effects will be a function of the types of waste and the thermal loading per unit
area. The repository temperature model for IPA Phase 2, discussed in Section 5.4.2,
considers only heat conduction in a uniform semi-infinite medium, and does not take into
account two-phase flow.
IPA Phase 2 considers only simplified aspects of the thermal environment for several of the
models:
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*

Onset of waste package corrosion - The waste packages are assumed to remain
dry, and no corrosion of the waste packages occurs before the temperature falling
below the assumed boiling point, at the repository, of 96 C.

*

Corrosion model parameters - Several of the corrosion parameters in the model
of Section 5.4.1 are temperature-dependent.

*

Carbon-14 source term model - As described in Section 5.6.3, the release rate
of gaseous 4CO2 from the spent fuel waste form is temperature dependent. The
rate of liquid release predicted by the model does not depend directly on the
temperature.

5.3.3

Hydrologic Environment
The assumed disposal concept adopted in the IPA Phase 2 is one of vertically placed waste
packages surrounded by an air gap, as discussed in the 1988 Site Characterization Plan (SCP)
(see DOE, 1988). One of the main intentions of this design is the isolation of the waste
packages from liquid water, since there would be little or no direct contact of the waste
packages with the surrounding rock. In an unsaturated environment, capillary suction should
keep liquid water diverted away from the air gap and confine it to the rock.
If no liquid water could reach the waste packages, there would be little possibility of waterborne radionuclide releases to the geosphere, even if the waste packages failed. Gaseous
radionuclides could still be released, however, as could releases in the case of disturbances
such as human intrusion and volcanism. The reliance on engineered design to maintain the
dryness of the waste packages has not been demonstrated, however, so the authors found it
prudent to postulate mechanisms by which liquid water could reach the waste packages, and
carry away dissolved radionuclides:

*

Drippingfractures -- Fracture flow in the rock could occur under conditions
where infiltration exceeded the hydraulic conductivity of the rock matrix.
Several mechanisms could lead to local saturation, such as perching along rock
interbeds, fracture flow along continuous pathways from areas of local recharge
at the surface, and the return of condensed water that had been evaporated by the
waste heat. These phenomena are discussed more thoroughly in Chapter 4.

*

Direct contact of waste package with rock or rubble infiling material- The air
gap surrounding the waste package could be compromised if it were to become
filled in with porous material from rock spallation or sedimentation. Another
possibility would be the tilting of the waste package so that it leans against the
side of the emplacement borehole.

*

Condensation of water onto surface of waste packages - Minerals contained in
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the groundwater that might come into contact with the waste package surface
could become highly concentrated, leading to a condition of vapor-pressure
lowering (Walton, 1993). These highly concentrated mineral solutions might
remain liquid at temperatures significantly above the boiling point of water.
Furthermore, the solutions would probably be corrosive.
*

Immersion of waste package - Perched water or a general rise in the regional

water table could immerse the waste packages. Another possible mechanism for
waste package immersion might be the mineralization of fractures near the waste
packages, because of hydrothermal activity induced by repository heat or an
external heat source. The plugged fracture might then allow the collection of
infiltrating water that would otherwise drain. The possibility of waste package
immersion was not considered to be a credible scenario in the IPA Phase 2
analysis.
5.3.4
Interaction of Liquid Water with Waste Form: Direct Contact
The IPA Phase 2 model for release of dissolved radionuclides considers that there might be
direct contact of dripping liquid water with some of the waste packages. Based on the
infiltration of meteoric water, the carrying capacity of fractures and matrix in the vertical
rock columns, and on horizontal diversions by the dipping bedding planes, the hydrologic
models discussed in Chapter 4 are used to estimate an areally averaged rate of water carried
by fractures. In some cases, all flow will be carried by the matrix, and consequently, there
will be no release of dissolved radionuclides by direct contact of liquid water.
For the cases where there is fracture flow, dripping liquid water from fractures is likely to be
non-uniformly distributed over the repository. There would be a wide distribution of
amounts of dripping water, and many of the waste packages might never receive any. On
average however, the total rate of water influx q affecting each waste package is likely to be
no greater than the effective cross-sectional area A, (or 'funnel factor') of the emplacement
hole times the average fracture infiltration rate I>; that is:
q

Ae1,

(5-1)

The effective cross-sectional area of the emplacement hole A, is chosen to be a uniformly
distributed random area between 0 and 0.4 meters 2 per waste package, based on a mean area
for the borehole of 0.2 n 2. There are several reasons to believe that the flow rate of water
affecting the waste packages would actually be far less:
*

For partially saturated flow, openings are barriers to flow rather than conduits.
Even in fractures and the emplacement borehole, capillary tension would likely
restrict water to the fractures and borehole walls; and
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*

Dripping fractures would occur only occasionally, and drips might not land on
the waste package or in places that would lead to corrosion or entry into the
waste package.

5.3.5
Ensemble Averaging
For the sake of computational speed, the EPA Phase 2 analysis used a 'lumped parameter"
approach, in which the entire repository is represented by a relatively small number of waste
packages. Since the repository source term, consisting of tens of thousands of waste
packages (Johnson, 1990), is being represented by only seven repository sub-areas, with only
one waste package per repository sub-area, there must be careful consideration given to the
way in which the repository sub-areas represent the ensemble of waste packages.
Presently, the arithmetic average of external environmental parameter values (e.g.,
temperature, flow rate) for all waste packages in the repository sub-area is chosen for a
representative waste package. Additionally, there is only one set of source term parameter
values (e.g., corrosion parameters, solubilities) representing the corrosion, liquid, and
gaseous release submodels per repository sub-area.
A demonstration of the conditions under which the lumped parameter approach might be
valid is presented as an IPA Phase 2 auxiliary analysis in Appendix L. For solubility limited
releases of single, long-lived radionuclides, the ensemble average cumulative release per
waste package is represented exactly by the arithmetic averages of the flow rate per waste
package <q>, the waste package failure time <t>, and the waste package failure volume
< VO> . The waste package failure time, however, is a calculated parameter that is based on
temperature and a number of corrosion parameters which might not be represented correctly
by their arithmetic means.
The ensemble mean parameters for the congruent release case should be the <I/q> (the
harmonic mean), < t/q>, and < Vq>, which are much more complicated parameters.
Use of the arithmetic average values of q, waste package-failure parameters, and V may not
necessarily give good results for radionuclides that are not solubility limited.
Numerical experiments with the release rate models themselves confirm that cumulative
release of the long-lived solubility limited radionuclides is proportional to flow, which
demonstrates that the arithmetic mean flow rate is the correct ensemble average to use for
these radionuclides. Release of congruently released radionuclides is not proportional to the
flow rate, but for these radionuclides, the flow rate is relatively unimportant. As expected,
numerical experiments with SOTEC showed a relatively low sensitivity of radionuclide
releases to flow rate q, for congruently released radionuclides. The effects of using the
arithmetic mean of VO and the parameters for the failure model has not been determined for
IPA Phase 2.
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5.3.6
Geochemical Environment
The waste package material, the waste itself, and the heat generated by the waste will affect
the geochemical environment in a complex way. The IPA Phase 2 source term models do
not explicitly consider changes in the geochemical environment, except to the extent these
effects have been taken into account in choosing the parameter ranges for the submodels.
The effects of heat on the geochemical environment presented in the IPA Phase 2 auxiliary
analysis in Appendix K were explored in regard to the transport of ` 4C in the gas phase.
This auxiliary analysis was used to justify a range of retardation coefficients.
WASTE PACKAGE FAILURE MODES

5.4

5.4.1
Corrosion Models
SOTEC considers the failure of waste packages from initial defects, corrosion, mechanical
processes, and disruptions. For any given metal and set of environmental conditions, the
corrosion potential is a major factor influencing the types of active corrosion processes and
their rates. The importance of the corrosion potential is reflected in the philosophy and
implementation of the corrosion routines in SOTEC. SOTEC assumes that the corrosion
potential is a function of temperature and radiation dose rate:
E,,,7 = E

A(T-298) + fe 1 '.

(5-2)

where:
A
,B
X

El

=
=
=
=
=
=

T
t
EO.,=

empirical factor for temperature effect on corrosion potential (Mv/°K),
empirical factor for radiolysis effect on corrosion potential (Mv),
average decay rate for gamma emitters in waste (year'),
reference corrosion potential (Mv),
temperature (K),
time (years),
corrosion potential (Mv).

The equation for the corrosion potential assumes that the influence of radiolysis varies
linearly with gamma dose rate, and that temperature affects the corrosion potential in a linear
fashion. The impact of radiolysis appears as a maximum corrosion potential effect at time =
0, and declines with time, with radioactive decay of gamma emitters. The dependence of the
corrosion potential on temperature and radiolysis is presumed to be obtained from
independent theoretical analysis (e.g., Macdonald and Urquidi-Macdonald, 1990) or
experimental data and translated into functional forms allowed in SOTEC.
Rates of pitting and crevice corrosion depend directly on the corrosion potential. When the
potential is elevated above a critical that which is dependent on the type of metal, metal
history, and solution composition, localized corrosion begins. The critical potential may be
5-
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referred to as E , Erw, or E ,, depending on the context and the type of corrosion
involved. When the potential is lowered sufficiently, the localized corrosion pits generally
repassivate. This is sometimes referred to as the repassivation potential or protection

potential Ep'. SO7EC currently allows only one critical potential for each of pitting and crevice corrosion
and the critical potential is assumed to be a function of temperature, but not of solution
composition.
5.4.1.1
General Corrosion
General corrosion is assumed to begin when repository temperatures drop below a specified
(input) temperature. In the atmosphere, general corrosion is known to become significant
when the relative humidity exceeds 80 percent. At the elevation of Yucca Mountain
(approximately 1500 meters above sea level), this corresponds to a temperature of
approximately 960 C, assuming conservatively that the air is 100 percent water vapor. Once
corrosion begins, the corrosion rate is described by a generic power law equation (for more
discussion, see Williford (1991)) of the form:
b

r = aeTtdCitCf,

T<

r

(53)

where r is the corrosion rate, a, b, c, d, e, andf are empirical constants, T is absolute
temperature, and t is time. Instead of concentrations C1, C2, etc., of aggressive species, the
logarithm (to base 10) of the concentrations can be used. In some interpretations of this
equation (e.g., Kubaschewski and Hopkins, 1962), b is the activation energy, and c is the
gas law constant.
General corrosion is assumed to represent a passivated metal and as such is independent of
the corrosion potential.
5.4.1.2
Crevice Corrosion
Crevice corrosion is affected by a number of coupled processes. These include mass
transfer, production of metal ions within the crevice and hydrolysis. In the literature both
the steady-state and transient models for crevice corrosion exist (see Watson and
Postlethwaite (1990) as an example). However, for inclusion in SOTEC, such models are too
complex and computationally time consuming. Therefore, a strategy to develop a simple
parametric equation for crevice corrosion for use in SOTEC has been adopted.
Crevice corrosion has two characteristics: (1) critical potential for initiation and
repassivation; and (2) propagation rate. Initiation time depends on the corrosion potential of
the metal exceeding the critical potential for crevice-corrosion initiation.
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The repassivation potential is taken to be a function of temperature:

Er = Er

CT.

(5-4)

where:

E
Er

=
=
=

crevice repassivation potential (Mv),
reference potential (Mv),
temperature-correction factor (Mv/ 0 K).

Subsequent to initiation, crevice corrosion is assumed to penetrate the waste package at a
constant empirical rate r. The active corrosion rate can be estimated from an equation of the
form:
r= iw
pzF

(5-5)

where , is the active current density; w is the formula weight of the waste package material;
p is the material density; z is the ion valency; and F is the Faraday constant. SOTEC
assumes a constant active corrosion rate.

5.4.1.3

Pitting Corrosion

Episodic evaporation and condensation of water on the surface of waste packages resulting in
high concentration of aggressive ions makes them susceptible to pitting corrosion.

Mechanistically, pitting corrosion is similar to crevice corrosion and it is possible to develop
detailed models (Farmer et al., 1991) for predicting critical pitting potentials or
electrochemical conditions within the pit. Alternatively, heuristic stochastic models may also
be developed (Henshall, 1991). For development of the SOTEC code, a strategy similar to
that for crevice corrosion will be followed. Detailed models for pitting corrosion are still
under development, and a constant propagation rate is assumed for pitting, in Version 1.0 of
SOTEC.

Pitting corrosion is assumed to begin when the critical potential for pitting is reached.
Pitting is assumed to begin immediately when the critical potential is exceeded. The critical
potential is given by Equation (5-4). The rate of penetration by pitting is assumed to be
identical to the rate in crevice corrosion, as described by Equation (5-5).
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5.4.2
Temperature Model for Source Term
5.4.2.1
Introduction
Spent nuclear fuel will generate significant quantities of heat, leading to increases in the
temperature of the waste package, fuel, and surrounding rock. The increase in temperature,
in turn, will lead to changes important to the performance of the repository, such as chemical
equilibrium and kinetics of the fuel and rock, mechanical changes to the host rock, waste
package corrosion, and movements of gas and liquid. In the IPA Phase 2 analysis,
temperature is taken into account explicitly in only three places; the gas velocity for the 14C
transport model; the onset of corrosion in the source term model; and release of 1 4C from
the spent nuclear fuel, under dry conditions.
The main purpose for program CANT2 is to generate temperature for the surface of each
waste package, to determine the time at which the temperature falls below the boiling point,
assumed to be the onset of corrosion in the source term model. The temperature of the fuel
inside the waste packages is calculated from the skin temperature for the IC source term
model, by means of an empirical correlation (see Section 5.6.3.5.5).
5.4.2.2
Heat Transfer In Yucca Mountain
Heat transfer under both natural and repository modified conditions at Yucca Mountain will
be complicated because of the unsaturated nature of the geologic media. Air circulates
within Yucca Mountain under the influence of forces such as wind, barometric-pressure
variations, and natural convection. Heat is transferred through conduction in the rock, and,
to some extent, by the moving air, both as sensible and latent heat. Heat-transfer
coefficients for conduction are sensitive to the degree of saturation of the rock, which can
change both spatially and temporally. Close to the emplaced waste in the proposed
repository, latent heat transfer and drying of the rock take on greater importance.
Experiments (e.g., Ramirez and Wilder, 1991) and sophisticated mathematical models (e.g.,
Buscheck and Nitao, 1990) indicate deviations in temperature from model predictions based
on conduction only, especially close to the emplaced waste. Furthermore, models of
conductive heat transfer cannot predict the drying and re-wetting of the rock close to the
waste packages. Models to predict two-phase heat and mass transfer are at the cutting edge
of technology. In addition to the long computer run times associated with these models,
there are a number of fundamental questions about how to treat two-phase flow through
fractured porous media. Although it is possible to simulate two-phase flow at the scale of
individual fractures, modeling of the waste package and larger scales must generally rely on
the equivalent porous medium approach, to capture the effect of fractures in the matrix.
Modeling of individual fractures is not feasible on the larger scale, because of both the large
amount of computer resources that would be needed, and the lack of data on the location and
characteristics of individual fractures.
5.4.2.3
Thermal Loading of Repository
Under the design evaluated in IPA Phase 2, each waste panel would contain thousands of
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waste packages with different waste makeup (i.e., some will be vitrified defense wastes, most
will be spent nuclear fuel, but of varying ages, from different types of reactors, and a range
of burnups). Therefore, each waste package-type will have a different heat output rate as a
function of time.
5.4.2.4
NRC Temperature Model
The Nuclear Regulatory Commission temperature model is similar in some respects to the
models of Altenhofen (1990) and also Johnson (1990). There are a number of significant
enhancements that makes the present model more suited to our work in IPA Phase 2. It is
very fast and efficient, so it could actually be incorporated into the system model if necessary
(although it is not presently implemented this way).
As a first approximation of temperature of the waste packages within the repository, the
report authors considered the following simplifying assumptions:
*

Heat transfer is by thermal conduction only;

*

The medium is homogeneous with constant thermal diffusivity;

*

Waste packages placed on a plane surface in a semi-infinite medium. The semiinfinite medium simulates a constant temperature at the surface of the earth, but
extends infinitely in depth and laterally; and

*

Heat output of each waste package as a function of time only.

The present model uses linear superposition of the temperature field for all waste packages in
a panel, superimposed on the temperature field from all other panels represented as
rectangular flat planes, as shown in Figure 5-3. Each waste package is represented as a solid
rectangular parallelepiped with an instantaneous release of heat per unit volume. The heat
source in each panel can vary from panel to panel. Convolution of the instantaneous Green's
functions for one waste package is performed numerically, to generalize the temperature to
the time-varying heat source term.
Even with high efficiency, it would be very costly to evaluate all of the thousands of waste
packages. Instead of calculating the temperature of all waste packages, the program samples
a representative number in a Monte Carlo fashion from each panel. For the IPA Phase 2
study, there were a total of 66 waste packages sampled, approximately apportioned to the 17
waste panels according to the spent-fuel load per panel. Since the geologic repository is
divided into a small number of repository sub-areas (seven in IPA Phase 2), each repository
sub-area consists of a whole number of waste panels. The present grouping of the waste
packages and panels into individual repository sub-areas is shown in Figure 5-4.
The contribution to the temperature of a sampled waste package from the surrounding waste
5 - 15
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Figure 5-3. Representation of waste packages and panels In temperature model.
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Figure 5-4. Grouping of waste packages and panels in temperature model (after
Johnson, 1990).
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packages in the panel is simplified greatly by assuming that all waste packages are identical
within a panel. The geothermal gradient is assumed to be a constant, so that the temperature
of the rock (without the addition of repository heat) would be a function only of depth. In
the model, the geothermal temperature addition is constant for each panel, based on the depth
below the surface of the earth of the panel center. This temperature is then added to the
temperature calculated for the individual waste package.
The temperature model considers only spent nuclear fuel waste. Heat loading, age of waste,
and spacing of waste packages may vary between panels, but the model also assumes that all
waste is buried instantaneously (i.e., there is no provision for temperature changes during the
repository filling phase).
Green's Function Modelfor Individual Waste Package:
The parallelepiped representing the waste package has a length equal to the actual cylindrical
waste package, but its width and depth are adjusted so that the volume is equivalent to that of.
the cylindrical waste package. This parallelepiped shape allows the definition of a relatively
simple analytical expression for temperature for an instantaneous heat release, whereas the
expressions for a cylindrical waste package would be many times more complicated (Carslaw
and Jaeger, 1959).
The temperature rise T' at any point x', y', z', and time t', in space relative to the center
point of a single parallelepiped, can be calculated by the convolution of a Green's function,
for an instantaneous release of heat and a function describing the rate of heat release:
ti
TV(x',ylgl,tl)

-

GC(x1.y1,zIt)

(-

Fe(T-tfd
d,

0

where x', y, z' is the position in the local coordinate system for each parallelepiped, t' is the
time relative to the emplacement time for each parallelepiped, Go is the temperature Green's
function for an instantaneous unit release of heat, Fe is the heat-release rate as a function of
time evaluated at time ( - t), and T is a dummy parameter of integration. T is the
temperature that would be produced by a single parallelepiped in complete isolation from all
others.
For an instantaneous parallelepiped heat source of one Joule in an infinite medium, the
Green's function G. is defined:
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Ge =8C- G, G G

I~

Gxo= arf 2

G

=

erf

(S7

+ erf 2

+ eif

where W, L, and H are the width, length, and height of the parallelepiped, respectively; p =
the bulk density of the rock; C. = the heat capacity of the rock; k = thermal diffusivity of
the rock; and eif is the error function. The temperature at any point x, y, z in space
calculated from the contributions of all the other waste packages in the waste panel, would
be:
rH,
=

~

-+ eiiL][

where N = number of waste packages in panel L; x,., y1., z. is the location of the center of
each parallelepiped; and t,' is the starting time (i.e., time of emplacement) for each
parallelepiped.
All waste packages are assumed to be identical within a waste panel, but may vary from
panel to panel. Equation (5-7) is used to define a table of temperature versus time and
distance from the waste package. Although Green's function for the parallelepiped is not
axially symmetric, the isotherms in the x-y plane around the parallelepiped are approximately
circular a short distance from the waste package. These tables are then used to efficiently
sum the temperature contributions for a large number of waste packages, using Equation (58).
Contrbution of Other Waste Panels:
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(

T[ x-x Y'-Y. zi'-z t - t

T(x,yzt) 51

The waste package temperature contribution from the other waste panels is calculated in a
similar manner to the single panel in a waste package field. The panels are represented as
rectangular flat plates. The temperature at the earth's surface is held steady, and is parallel
to the repository plane.
The Green's function for temperature at any point x, y, z relative to the panel center (x" y",
z") contributed by a panel with an instantaneous heat load of one Joule is:
G =

Gx=

Go, GPY G:
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1
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(5-9)

exp

J

(z+z*)1

4ki2

]

W. and L. are the width and length of the panel, respectively; p = the bulk density of the
rock; C, = the heat capacity of the rock; k = thermal diffusivity of the rock; and z = depth
of the repository below the surface of the earth.

The temperature caused by the panel for a general heat release rate can be calculated with the
convolution integral:
T,(xI yz ,t) - fG,(x",y",zt) F(T -t" )d

(510)

TP~~~~~
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where t is the time relative to the emplacement time for each panel,and F. is the heat-release
rate as a function of time evaluated at time ( - t'), and x is a dummy parameter of
integration. The temperature T,'is the temperature that would be produced by a single panel
in complete isolation from all others.
The temperature at any point (x, y, z) calculated from the contributions of the individual
panels would therefore be:
NL
,V(XlY,

Zt

i-s

TP NP - X aotw

, Z-

Z t - t.

5-l

where NL = number of panels; x,,, y,i z is the location of the center of each panel; and t is
the starting time (i.e., time of emplacement) for each panel. The temperature at the sampled
waste package locations is the sum of the contributions of the panel temperatures, the other
waste packages, and the geothermal gradient.
5.4.2.5
Use of the Temperature Model
For the source term model, the staff is mainly interested in the waste package surface
temperature, because that will determine the minimum time at which the waste package can
be wetted by liquid water. The boiling point of water at the Yucca Mountain site is about
96 0 C, but this might vary slightly because of the tilt of the repository causing an elevation
difference from one end to the other. Mineral concentrations in the repository water
(especially if concentrated in minerals through evaporation) might also alter the boiling point.
This 'wetting time' is taken to be the time for the onset of corrosion leading to waste
package failure and radionuclide release. The coolest point on the waste package's surface
will be at its top, so this temperature is used to determine the minimum time for waste
package wetting. Waste packages near the center of the repository stay above the wetting
temperature for a longer period than those located at the edge of the repository. The
temperature generated by this model is also used for IC source term modeling. The gas
flow model used for the 14C analysis (see Section 4.3) also is temperature-dependent, but
uses a numerical solution different than the present model.
A total of 66 randomly selected waste packages were used to determine the temperature for
the IPA Phase 2 source term model. The number of waste packages was apportioned
between the 17 waste panels approximately proportional to the waste loading per panel. The
panels were, in turn, arranged into seven repository sub-areas, as shown in Figure 5-4.
Temperature for the onset of corrosion was taken as the arithmetic average of all waste
packages within a repository sub-area.
5.4.2.6
Extent of Possible Errors in NRC Temperature Model
Some of these possible errors in the approach are discussed below:
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5.5

*

Heat transfer by conduction-only neglects heat transfer by two-phase flow of gas
and liquid (i.e., the heat pipe). Neglecting heat-pipe effects would underestimate
heat transfer, possibly leading to predictions of higher temperature, which, in the
present case, would be non-conservative, because it could lead to later resaturation and waste package failure from corrosion;

*

Thermal properties of the host rock will be a function of water content, which
will vary with time, irrespective of the heat-pipe effect. Also, the site consists of
multiple layers of materials with differing heat-transfer properties;

*

The conduction model does not account for heat transfer by convection or
radiation across the air gap between the waste package and the host rock; and

*

Averaging the waste package temperatures in a repository sub-area would likely
overestimate the cooling time for those waste packages on the edge of the
repository sub-area farthest from the repository center.
STRUCTURAL FAILURE MODELS

5.5.1
Introduction
The structural failure considered for IPA Phase 2 is buckling failure of the corroded waste
package. External dynamic loads from IPA Phase 2 scenarios may be superimposed onto
emplaced waste packages, to predict buckling failure. The analytical expressions (Bazant and
Cedolin, 1991; and Roark and Young, 1975) used uniform waste package temperature and
uniform waste package thickness.
Consistent with structural engineering analysis practice, the waste package is assumed to be a
long slender cylinder subject to both axial and radial symmetric loads. The cylinder is
unconstrained in the radial direction. The stiffening effect contributed by the waste form
inside the cylinder and the end plates is conservatively neglected. The material properties
are assumed to be functions of temperature. Only static or quasi-static loads are considered.
In a typical buckling analysis, three types of bucklings are analyzed: elastic buckling,
elastic-plastic buckling, and plastic buckling. For the IPA Phase 2 buckling analysis, only
elastic buckling is considered, because this form of buckling occurs before elastic-plastic and
plastic buckling, and it is conservatively assumed that after elastic buckling, corrosion of the
buckled waste package would no longer contain the radionuclides inside the waste package.
A safety factor (load factor) of 3 is normally used to account for the uncertainty and
inconsistency experienced in the use of the elastic buckling formula.
5.5.2

Buckling Evaluation

For a uniform radial external load and for a safety factor of 3, assuming a uniform radial
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external load P., elastic buckling occurs when:
-P2E P
3

E

[ t?
4(1 -v2)[J

(5-12)

where:
Pe

=

external load (Mpa),

Pa.

=

buckling load (Mpa),

E
t

=
=

elastic modulus (Mpa - 182,000 x 1 -6 x 104 x (T-20)D,
wall thickness,

T

=

current temperature (C,

Ro

=

p

=

radius of cylinder,
Poisson's ratio 0.25 x

+ 4 x 104 x (T - 20)D.

The critical thickness tcan be:
0.32(a)
1-(a)

(5-13)

4PE (1 - v 2 ) 3

(5-14)

t=

where:

3E
For a unifonn axial external load in the elastic range, with a safety factor of 3, buckling
occurs when:
PE
3

P
"

1
53

E
t
-v v2 R

(5-15)

The critical thickness is:
t

0.32 (a)

1-(a)

(5-16)

where:

5 - 23

NUREG-1464

S. Source Term

a

PE

1(1

-

v 2)

(5-17)

A3 E

For a uniform axial and radialexternal load, buckling failure occurs when:
PE

3

2P

0-92 E
[L] [Ri

(5-18)

where L = length of the cylinder.
Failure because of buckling is assumed to occur when the calculated critical thickness t is
greater than the current (corroded) thickness or, equivalently, when the external load exceeds
the critical buckling load.
5.6

WASTE DISSOLUTION AND RADIONUCLIDE RELEASES

5.6.1
Introduction
Figure 5-5 shows a failed waste package, as represented in the SOTEC code. Water is
assumed to enter the waste package and exit again, carrying dissolved radionuclides only
(colloids are treated as a subcase of dissolved radionuclides and will be discussed further in
Section 5.6.2.5). The model also accounts for radionuclides transported away from the
waste package by molecular diffusion through the adjacent rock.
Radionuclides are released from the spent nuclear fuel waste form at a rate determined by the
alteration rate of the uranium dioxide fuel, as well as from crud, gap, grain boundary, and
cladding. These compartments are shown in Figure 5-6 (Apted, 19XX).
Radionuclides can leave the waste package at a rate no greater than that allowed by the
solubility of the element in the water. The code allows for radioactive decay of each
radionuclide and production from previous elements in the chain. The inventory of the
unaltered uranium dioxide is calculated analytically by the Bateman equations (Bateman,
1910). The inventory of released radionuclides inside the waste package is calculated by
numerical integration.
Molecular diffusion is accounted for in SOTEC by assuming a spherical source with no
advection, and then adding the diffusive component to the advective component of transport
out of the waste package. In the diffusion model, the inner surface of the sphere is held at
the concentration of radionuclides in water inside the waste package. The concentration a
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Figure 5-5.

Dissolved radionuclide-release model.
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Figure 5-6.

Locations of radionuclides in spent nuclear fuel.
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fixed distance away from the waste form is held at zero. The diffusion model accounts for
molecular diffusion, retardation, and radioactive decay, but does not allow for production
from a parent radionuclide.
On waste package failure, water is assumed to begin entering the waste package at a rate qh.
There is no outflow until a critical value V,. in the waste package is exceeded, at which
point the outflow is:
q,,

=

qkl

(V) 2

(5-19)

where kg is an arbitrary "weir' coefficient chosen so that the numerical integration of volume
occurs smoothly and converges to steady state quickly once the maximum volume is reached;
V is the volume of water; and V,. is the volume of water at which overflow occurs. For the
present model, k 1 = 0.8.
5.6.2
Waste Dissolution
5.6.2.1
Effective Waste Package Failure Time
No dissolved radionuclides can leave the waste package until it is perforated and water can
enter and leave. The waste package fails from damage or corrosion at time tFL. The
temperature drops below the boiling point at time tcOaL. The model assumes that no water
can enter or leave the waste package until t >tL
and t t
. The effective time at which
fuel degradation can begin, t, is given by:
t

,

= AX (ta t)

(5-20)

No dissolved radionuclides can leave the waste package until it is perforated and water can
enter and leave.
Upon failure, water flowing into the waste package is assumed to come into intimate contact
with the fuel. Radionuclides are released either instantaneously or congruently, with the
alteration of the U0 2 fuel. On contact with water, those radionuclides being released
congruently are released at a rate tied to the alteration rate of the U0 2 and the inventory of
remaining radionuclides in the fuel. The leaching time (em) is defined as:
tkn*

(firx alt)

,

(5-21)

Where alt is the fixed alteration rate of the wetted fuel, andff is the fraction of fuel that is
wetted at any time, SOTEC assumes that all fuel in the waste package will eventually be
contacted and consumed, even though only part of it is wetted at any given time.
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No alteration of the spent nuclear fuel occurs until t, and release from the spent nuclear fuel
continues for tm,years beyond t. The release stop time t is defined as:
t=

t

+ t4.
.m

(5-22)

Subsequent to alteration of all the spent nuclear fuel, at time = t, additional release from
the waste package may continue from the released, but undissolved, fraction. The model
does not consider that oxidation of the fuel in the dry state affects liquid release. Ranges of
solubilities used in the source term module are presented in Appendix A.
5.6.2.2
Solubility Limited Release
As the fuel is altered, it releases its radionuclide inventory at the alteration rate into the
released but undissolved (RBU) inventory. This assumption is generally called the
"congruent-release" mode, and assumes that the radionuclides are contained in the matrix of
the U0 2. Radionuclides not contained in the matrix, but collected at the grain boundaries
and in the cladding gap, are assumed to be part of the RDU inventory at the moment of
failure.
Release of radionuclides from the waste package is possible only in the dissolved state. The
inventory of all isotopes of an element are collected, and the model determines if the
hypothetical concentration of that element is greater than or less than the solubility limit. If
the hypothetical concentration exceeds the solubility, then the actual concentration of the
waste package water is held at the solubility limit. Otherwise, the concentration of the waste
package water is the RBU inventory divided by the volume of water V in the waste package.
There is an assumed minimum volume of water of 1 liter in the waste package, to avoid
division by zero. The concentration of the element in the waste package water is
reapportioned to the isotopes, when determining the release rates.
The mass of each radionuclide remaining in the waste package water and RBU inventory is
calculated by a material balance describing the inputs of:
*

Radionuclide released from the fuel;

*

Production from radioactive decay of another radionuclide;

*

Losses from radioactive decay;

*

Advective flow; and

*

Diffusion.
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5.6.2.3
Advective Mass Transfer
Advective mass transfer from the waste package occurs at the rate at which water leaves; that
is,
WXS

= Ca,

where C, is the aqueous concentration of radionuclide i. The radionuclide concentration also
is the boundary condition for the diffusive mass transfer from the waste package.
5.6.2.4
Diffusive Mass Transfer
The model assumes that mass can be transferred by molecular diffusion, irrespective of
convective mass transfer from flowing water into and out of the waste package. Diffusive
mass transfer is from an assumed spherical source into a domain unaffected by other waste
packages and the flow rate of liquid water through the waste package and the surrounding
rock. The boundary conditions are the concentration of water inside the waste package at the
inner spherical boundary and zero concentration at the outer radius of the spherical
boundary. The differential equation solved is:
K aC = D 1 - a r2 A t
r2 &
8r
tJ

KC,

(5-23)

where K is the retardation coefficient, C is the concentration, t is time, D is the coefficient of
molecular diffusion, r is radius, and X is the decay coefficient. The present formulation
considers only decay of the radionuclide in question, and does not consider generation of the
radionuclide from chain decay of other radionuclides.
The radius of the source sphere for diffusional mass transfer many be chosen so that the
surface area is equal to that of the cylindrical waste package. The spherical geometry with
no advection allows a relatively simple solution either numerically or analytically, since it is
one-dimensional. The present formulation for molecular diffusion is an approximation, since
the waste package is not a sphere, and advective mass transfer is not considered in its
solution. The staff believes that the formulation is conservative for the following reasons:
*

The concentration of the inner boundary is held constant at the concentration
inside the waste package, neglecting the substantial barrier of the waste package,
itself;

*

Neglecting the production of the radionuclide from chain decay of other
radionuclides causes the concentration gradient to be steeper than it would be if
production from other chains were allowed (for those radionuclides in chains);
and
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*

Setting the concentration at the outer boundary at zero causes the gradient to be
steeper than if the effect of buildup from other waste packages were considered.

The numerical solution to Equation (5-23) is obtained in a finite difference grid with varying
grid spacing. Diffusion coefficient and effective porosity may vary in each finite difference
cell. Each solution requires the solution of N linear algebraic equations, where N is the
number of increments in the finite difference grid. The equations are tri-diagonal, and
several of the terms do not vary with time. The solution of the equations with the Thomas
algorithm is quick and efficient (Lapidus, 1962).
The rate of change of mass ml of each radionuclide in the waste package is determined by the
following equation:
a

= m- l A, ami
- mi A - Ca qa

The rate of release of radionuclide

w - w .

~~~~~~~~~~~~~~~(5-2
24

from the fuel is defined:
w, = m x ff x alt .

(5-25)

The flux of radionuclide leaving the waste package by molecular diffusion is calculated
from the concentration gradient:
wf,(t) = 4:r 2 cD

(5-26)

where C. is the waste package concentration, C, is the concentration at the first grid point,
and AR, is the grid spacing between the innermost two points. The diffusive flux W,(t) is
subtracted from the inventory, when evaluating Equation (5-24) by numerical integration.
The parameters of water influx q,, alteration rate al, wetted fraction If, diffusion
coefficients, and maximum volume of water in the waste package V,,, effectively allow the
selection of several modes of potential release (e.g., a small V,. ensures the so-called 'wet
drip' case (Pigford, 1992), whereas a large Van leads to the bathtub' case). Very low flow
would correspond to the 'moist continuous' case where the only mechanism for liquid
release would be diffusion.
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5.6.2.5
Treatment of Colloids
Colloidal radionuclides are potentially important at the Yucca Mountain site. Radionuclides
such as plutonium have large inventories and are long-lived, but have generally low
solubilities. Under conditions of a high alteration rate of the fuel matrix, there is evidence
that they might form colloids when released from spent nuclear fuel (Wilson, 1990). SOTEC
does not explicitly handle the release of colloids from spent nuclear fuel. A mechanistic
treatment of the phenomena leading to growth of colloids from supersaturated liquids may be
incorporated into the next update of SOTEC. In PA Phase 2, colloids are considered to be
part of the dissolved inventory, and are treated in the calculations by adjusting the solubility
upwards.
Calculations of Gaseous Releases of "C
5.6.3
5.6.3.1
Introduction
Carbon-14 is a potentially important radionuclide at the partially saturated Yucca Mountain
site because, in the gaseous form, it could migrate quickly to the atmosphere. Its abundance
in spent nuclear fuel - roughly 10 times the present limi for cumulative releases of
radioactive material -- and its long half-life of 5720 years, contribute to the importance of the
potential issue.
Carbon-14 is generated in nuclear fuel by the neutron activation of 14N, 13 C, and 170
contained in the fuel and other materials in the reactor core (Van Konynenburg, 1984). 8 The
main reservoirs for 14C are the cladding, the cladding/fuel gap and grain boundaries, and the
fuel itself. There will be little 14C in vitrified defense waste stored at the site.
Park (1992) estimates the inventories of 14C in both spent nuclear fuels from boiling water
reactors (BWRs) and pressurized water reactors (PWRs), as shown in Table 5-2.

5 The Energy Policy Act of 1992 (Public Law 102-486), dated October 24, 1992, directs the NRC to
promulgate a rule, modifying 10 CFR Part 60 of its regulations, so that these regulations are consistent with the
EPA's public health and safety standards for protection of the public, from releases to the accessible environment,
from radioactive materials stored or disposed of at Yucca Mountain, Nevada, consistent with the findings and
recommendations made by the National Academy of Sciences, to EPA, on issues relating to the environmental
standards governing the Yucca Mountain repository.

5 - 31

NUREG-1464

5. Source Term

Table 5-2. Adjusted `C Content in Spent Nuclear Fuel (CbI
Tyvpe

_______I

U02
U

Burnup
(Mwd/MTHM)

l

Zircaloy

l

|
l

M

(after Park, 1992).

Hardware

| TOTAL
ll

BWR

35,000

0.69

0.48

0.13

1.3

PWR

40,000

0.73

0.22

0.26

1.21

0.72

0.31

0.21

1.24

Average

--

Currently, Park (1992) estimates that there will be 70,000 MTHM of spent nuclear fuel in
the repository, consisting of 22,500 MTHM of BWR fuel and 40,500 MTHM of PWR fuel.
The inventory of 14C is estimated to be 78,000 curies.
Van Konynenburg (1991) reports that the chemical forms of the "IC inventories are uncertain,
but that they are believed to exist partially as elemental carbon, carbides, and oxycarbides in
the fuel, and as dissolved carbon and carbides in the metal. The form in the cladding oxide
is unknown, but is at least partially in the reduced state.
Most of the IC in the fuel, cladding and hardware must first oxidize in order to be released
in the gas pathway. Although elemental carbon is generally stable at low temperatures,
thermodynamics in air favors the formation of gaseous compounds such as CO2 and methane.
Furthermore, carbon does not form protective oxide layers like corrosion-resistant metals.
Van Konynenburg (1987) noted that `CO2 was released from cladding in an oxidizing
environment with a radiation level of 10,000 rad/hour and a temperature of 275 C. Kopp
and Munzel (1990) showed "CO2 releases from 14C-doped zirconium sheets at temperatures
as low as 200'C, with virtually no radiation, and in an atmosphere of mostly argon with air
and water impurities. In very pure argon, however, there was no measurable release of "C.
The dependence of release on the 02 content of the gas indicates that carbon was undergoing
oxidation in the impure argon. Although kinetic considerations might restrict the formation
of gaseous compounds of the "C in the fuel, the model conservatively assumes that any "C
available to become oxidized is converted to "CO2.
The "C gas release component of SOTEC considers that "4CO2 is released from the fuel,
cladding, and hardware compartments on failure of the waste package. Several of the release
mechanisms depend on the presence of oxygen. Although there may be small quantities of
oxygen initially present in the waste package as impurity in the inert gas or as water, most of
the oxidation would not occur before waste package failure.
The 14C release model makes the following conservative and simplifying assumptions:
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*

There can be no release of gas before waste package failure;

*

Cladding does not protect the spent nuclear fuel from oxidation;

*

Once the waste package fails, it provides no resistance to the inflow of air or the
outflow of C0 2;

*

On waste package failure, a prompt release fraction" of approximately
2.5 percent (Van Konynenburg, 1991) of the total inventory is released from the
waste package instantaneously;

*

On waste package failure, cladding and structural metals undergo oxidation, and
release 14C at the rate that the metal oxidizes; and

*

On waste package failure, oxygen diffuses into the spent nuclear fuel and
oxidizes the 14C to 4CO 2, which then diffuses out to the waste package.

The bases for the assumed release mechanisms are discussed in the following paragraphs.
Prompt Release Fraction
5.6.3.2
On failure of the waste package and cladding (no credit taken for the cladding integrity), a
portion of the total 14C inventory estimated at about 2.5 percent (Van Konynenburg, 1991)
would be released quickly (i.e., within a few hundred years). This inventory represents the
14C held loosely on the cladding and in the cladding/fuel gap and grain boundaries.
Experiments on ruptured spent nuclear fuel indicate that on cladding failure, 0.5 percent of
the inventory is released from the fuel/cladding gap (Wilson, 1990). The initial layer of
oxide and crud on the cladding is the other readily available inventory of loosely held "C.
This layer holds a relatively elevated level of "C, some produced by activation in-situ but,
some probably picked up from the circulating water within the reactor. The chemical form
of this 14C is uncertain, but experiments in which cladding was heated indicate that the
release rate of 4CO2 appears to be controlled by a diffusion process from a layer of finite
thickness.
Smith and Baldwin (1989) showed that as much as 2 percent of the spent nuclear fuel "C
inventory was released in Zircaloy cladding heated to 350'C for 8 hours. The release rate is
an Arrhenius relationship consistent with diffusion out of a layer of finite thickness, with an
activation energy of between 19 and 25 Kcal/mole. However, the rate of release depended
on the presence of air. In argon with a trace of air (50 ppm oxygen), release rates were
lower by a factor of about 10, indicating that the carbon was in a reduced state and had to be
oxidized before being released.
If it is considered that the release of "C from the cladding oxide layer is governed by the
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diffusion mechanism, it is possible to estimate the upper bound of release rate for the
temperature range of interest, approximately 350 to 100°C. One-dimensional molecular
diffusion through the film of thickness 2L can be expressed by the partial differential
equation:
aC = D 82RC,

(5-27

where D is the diffusion coefficient, C is the concentration of 14CO2, and x is the distance
measured from the edge of the cladding toward the center. The boundary conditions that
apply to Equation (5-27) are:
C - C at x =0
= 0 at x = L (center of fin) .
Equation (5-27) has the following solution (Carslaw and Jaeger, 1959):

where

= DAl2 ,

C

'

CO

ir n-

_in4PA
__X_2

(528)

2n +12

= x1L, and L is one-half the cladding thickness.

For DAl2 = 1.5, C/Co is close to unity, meaning nearly all "4C02 would have diffused out of
the system. Relying on experimental data of Smith and Baldwin, which indicate virtually
complete release of IC from the oxide layer in 8 hours at 350'C, the fraction removed from
the sample at other temperatures is related to the parameter DelL 2 . Time to reach an
equivalent concentration profile is inversely proportional to the diffusion coefficient; that is:
Djt_ D 2t2
L2

(5-29)

62

or for constant film thickness,
(5-30)

=,Di

2

The ratio D 1 /D 2 can be related by the Arrhenius equation to be:
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Dt
=e

t

2

T~RX.

(5-31)

D2

The time for an equivalent release at lower temperatures is illustrated in Table 5-3, assuming
t = 8 hours, at 3500C, for E = 19 and 25 Kilocalories/mole. R is the gas law constant,
and the subscripts refer to the two different temperatures. Equation (5-12) was used to
estimate t2, for a range of activation energies and temperature.
Table 5-3. Diffusion of '4C02 from Surface Oxide.

Temperature

t3 (years)
E= 19

,

2 (Years)
E = 25

(0 )

(Keca/lMole)

350

0.00091

0.00091

300

0.0035

0.0053

250

0.017

0.043

200

0.12

0.55

150

1.3

(Kca/Mok)

13

100

27

690

75

169

7800

Results presented in Table 5-3 indicate that for temperatures as low as 75°C, release of the
14C by diffusion out of the oxide film would be nearly complete within 10,000 years, and
possibly much less time. Furthermore, there may be sufficient oxygen present in an unfailed
waste package as an impurity, or from the radiolysis of water to allow partial escape of
4C0 from the cladding into the waste package before failure. On the other hand, there are
2
few direct data on ' 4C0 2 releases from zirconium at low temperature.
The observation that release from the cladding depended on the presence of oxygen indicates
that the ' 4C may be in a reduced state in the oxide film. The oxidation to ' 4C0 2 might
depend on the combined effects of temperature, oxidizing environment, and ionizing
radiation. Considering the uncertainties, we must assume a conservative model for release of
'IC from the oxide layer. In the present model, the entire quantity of 'IC in each waste

package contained in the prompt-release fraction - 2.5 percent of the spent nuclear fuel
inventory -- is assumed to be released to the geosphere at the time of waste package failure.
5
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5.6.3.3
Cladding Integrity
Protection of the spent nuclear fuel by the cladding has been ignored in the IPA Phase 2
source term models for liquid and gaseous release. The staff believes this to be a
conservative assumption, but it is difficult to prove, to the contrary,that the cladding would
survive for long periods of time. Factors in favor of cladding integrity are:
*

Cladding is usually a highly corrosion-resistant Zirconium alloy (but some of the
older fuel was clad in stainless steel); and

*

Most fuel rods emplaced in the waste packages will be intact, but some will have
a small number of undetected pinholes or cracks in the cladding, generally
considered to be lower than 1 percent.

Factors in favor of loss of cladding integrity are:
*

Under circumstances of sufficiently high temperature in an oxidizing environment
to cause oxidation of the fuel to lower-density U 308, fuel rods with cladding
defects are known to split further. At temperatures above 2500C, fuel oxidation
was high enough to cause propagation of defects, but below 250 0 C, the defects
were not observed to propagate (Einziger and Kohli, 1984). Those defected rods
that do split allow oxygen to further oxidize fuel, causing the defect to spread
down the length of the fuel rod. The waste package must first fail, to allow
oxidation of the fuel and further splitting of the fuel rods;

*

While cladding is highly corrosion-resistant, there are factors, such as hydride
reorientation, that could lead to failure;

*

Cladding could fail by mechanical breakage caused by handling errors, waste
package buckling, or earthquakes; and

*

The fuel rods will be pressurized up to 50 atmospheres, so the cladding will be
under stress.

5.6.3.4
Release of "C from Oxidation of Cladding
The cladding oxidation layer is about 10 microns thick, initially. The cladding metal itself is
on the order of 0.5- to 1.0 millimeter thick, and contains the bulk of the 'IC in the cladding.
The Zirconium alloy generally used for cladding is highly corrosion-resistant, but in an
oxidizing environment with elevated temperatures, could oxidize. 0 oxidation, the IC
contained in the metal as elemental carbon, carbides, and oxycarbides could be released as
"Co

2

.

Studies of Zircaloy degradation in air have been performed in connection with dry-cask
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storage (Einziger and Kohli, 1984). The gain in weight of Zircaloy samples, attributed to
oxidation, has been determined to proceed in two modes. The first mode, known as the
'pre-transition' phase, shows weight gain proportional to the cube root of time until the
oxide thickness reaches a critical value. The post-transition' phase shows a linear weight
gain, for oxide-layer thickness, greater than the critical value. It is most likely that the
cladding reaches post-transition within the reactor core.
Post-transition cladding oxidation appears to follow an Arrhenius relationship (Gazarelli,
1980), that is:
Aw
At

(5-32)

E

where A is the coefficient, mg/dn 2 ; E = activation energy, calories/mole; R = gas constant,
1.987 cal/mole/0 K; and T = absolute temperature, Gazarelli presents several empirical
formulas for the post-transitional weight gain because of oxidation. Values of A = 1.87 x
101 mg/di 2 , and E = 22,200 cal/mole, were chosen from the formulas presented by
Gazarelli, because they represented the most pessimistic model. The release model for
cladding oxidation makes the following additional assumptions:
*

'ICO 2 is released from the Zircaloy at the rate that the metal oxidizes. Zirconium
is a strong oxygen getter, so oxygen concentrations available to oxidize carbon
would be limited until the Zirconium oxidizes; and

*

Other irradiated structural metal buried with the waste (other than the waste
package itself) is conservatively included with the Zircaloy cladding as a source
of "4C.

5.6.3.5
Release from U0 2
The largest inventory of 14C is contained in the spent nuclear fuel tied up as solid solutions,
elemental carbon, carbides, and oxycarbides. Investigations of the oxidation of grains of
spent nuclear fuel indicate that the rate of oxidation is controlled by at least diffusion through
two barriers; the grain boundaries, and the film of oxidized fuel surrounding each grain
(Einziger, 1988). Irradiated spent nuclear fuel contains numerous cracks which allow gas to
easily permeate the mass. The smallest scale of interest is the individual grains, that are on
the order of 10 to 20 microns in diameter.
The model for release of 14C from spent nuclear fuel makes the following assumptions:
*

U0 2 oxidizes at a rate controlled by the diffusion of oxygen through the grain
boundaries and film of higher oxide;
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*

The oxygen concentration at the oxide/fuel boundary will be zero because all
oxygen is being consumed by fuel oxidation;

*

"'Ccan oxidize only after the fuel oxidizes;

*

will be released from the spent nuclear fuel at the rate that the spent fuel
oxidizes;

*

IC02 must diffuse outward through the oxide film and grain boundaries; and

*

Concentration profiles for both oxygen and "4CO2 are at steady state, although the
position of the boundary changes with time.

1402

5.6.3.5.1 Fuel Oxidation Model
The present model assumes that the fuel mass in each waste package can be represented by
two concentric spheres, as shown in Figure 5-7. The outer sphere represents the diffusion
barrier for the grain boundaries, and has the equivalent spherical diameter of a fuel fragment,
about 0.2 centimeter. The inner sphere represents the diffusion barrier through the oxide
film on the surface of the fuel grain, with a diameter of about 20 microns. The boundary
conditions for the model are zero oxygen concentration at the fuel/oxide interface and
atmospheric oxygen concentration at the outer diameter.
Diffusion of oxygen through the fuel grain will be governed by the following partial
differential equation:
at

-=--{r2D
r2 Er

C

ary

(5-33)

where C = oxygen concentration, t = time, r = radius from the center of the sphere, and D
= diffusion coefficient.

The diffusion coefficient D is a function of temperature, and differs for the oxide layer and
grain boundary layers. The boundary between the spent fuel grain and the oxide layer
changes as the oxide layer grows, making this a moving boundary problem. The rate that
the boundary recedes is governed by the diffusion rate of oxygen at the interface:

aR

N

D aCI

(3-34)

where: r' = radius of fuel/oxide interface; D = diffusion coefficient in the oxide,
centimeters 2 /year; and is the density of the oxide, moles/centimeter 3 . The term N. is the
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Flgure 5-7.

C gaseous release model.
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conversion factor for UO in terms of moles U0 2 oxidized per mole 0 reaching the
boundary. X-ray diffraction analyses of samples of oxidized fuel indicate that for the
temperature ranges likely to be encountered in the repository, most of the oxide formed will
be U 4 09 , although stoichiometrically, the oxide appears to be U 3 0 7 , because of excess
oxygen loosely held by the lattice (Einziger, 1992). For the purposes of the present analysis,
N.. will be taken to be 3 (i.e., 3 moles of U0 2 will be oxidized by 1 mole of 0 (1/2 mole
02)).
5.6.3.5.2 Model for Oxygen and 4CO2 Diffusion
The model for the release of 14CO 2 is similar to the U0 2 oxidation model. Diffusion of
ICO2 through the fuel grain boundary layer and oxide layer will be governed by the
following partial differential equation:

C
&

Ia

r2&

(r 2D aC -

C,

&~c

(5-35)

where C = 4CO 2 concentration, t = time, r = radius from center of fragment, and X is the
decay coefficient for 14C. The outer boundary conditions are:
C= 0 at r = RI.
At the inner boundary, 4CO 2 enters the oxide layer from the just-oxidized fuel. The gradient
of 4CO2 concentration is adjusted to account for diffusion:
(Ice

3M

d e-At,

(5-36)

where M is the initial inventory of 14C and De diffusion coefficient in the oxide layer.
The 4C diffusion model depends on the UO2 oxidation model, to provide the position of the
moving boundary, and the source flux of 4CO2, at the inner boundary, as the oxide layer
grows. Release of 14C02 at the outer boundary of the fragment is calculated from the
concentration gradient at that boundary:
a1

=

2D

,

(537)

where q = the rate of release from the fragment, curies/year and D, = the diffusion
coefficient in the boundary diffusion layer.
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5.6.3.5.3 Numerical Solutions
A simple semi-analytical solution to Equation (5-35) was developed, which depends on the
assumption that the 0 and 4C0 2 gradients are at steady state. At steady state, Equation (536) for 0 concentration reduces to:
4(r2C) =0O

(5-38)

C

(5-39)

which has the general solution:
A +B
r

where A and B are constants.
The boundary condition for oxygen is atmospheric concentration at the surface of the sphere
and zero concentration at the boundary between the U307 and the fuel:
C= Co,atr=RI,
C 0, at r = r'.
Between r' and R., diffusion coefficient D. applies, and between R. and RI, D, applies. For
a composite hollow sphere between r and RI, therefore, the mass rate of oxygen transport to
the surface of the fuel at steady state is:
flux - 4Der 2 dC

4i(C, - C,)
De tr'

Re)

D RR

1

)

The rate of growth of the film is related to the flux of oxygen. In terms of the oxidation rate
of the fuel surface, Equation (5-40) becomes:
dr,

(CO - QNOX

[2=.

(em

)

D.j..

(jR

j)]re~ .

(541)

'

where:
CO = the concentration at the surface of the fuel, taken here to be zero; and
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C,

= concentration of oxygen at the surface of the fuel, taken here to

be the volumetric concentration in the atmosphere, 0.2 molesI22,400
centimeters.
The rate of growth depends on Ro and the diffusion coefficients Do and D,, which are
functions of fuel temperature. The temperature of the fuel is estimated from the temperature
of the waste package (generated from the CANI2 program externally) corrected with an
empirical formula determined from a calculational exercise on fuel temperature shown in
Figure 5-8 (O'Neal, 1984). The growth of the oxide layer is calculated by numerically
integrating Equation (5-41).
'IC0 generated at the oxide/fuel interface must diffuse out through the oxide and grain
boundary layers to leave the fuel fiagment. In the steady-state assumption, the gradient of
4CO 2 in the radial direction is steady, but because the 14C decays radioactively, the gradient
will be somewhat different than for a non-decaying substance. Although it is possible to
have a separate model for diffusion of 4CO at steady state, it would be much more
complicated (involving series of Bessel functions) than the model necessary for the diffusion
of the non-decaying oxygen. Numerical experiments on a somewhat simpler problem
however, demonstrated that the error in neglecting the decay of 4C in the diffusing layer was
negligible, and therefore the rate of release of 4CO2 to the waste package was taken as its
rate of production at the oxide boundary.
5.6.3.5.4 Overall 'C Model Conservatism
We believe the 'IC release rate model to be conservative for the following reasons:
*

The protection of the spent nuclear fuel from oxidation afforded by the cladding
is ignored in IPA Phase 2. Zircaloy is a highly corrosion-resistant material, and
it is likely that it would protect the fuel, after waste package failure, for a
substantial period of time. Protection of the fuel even for a few hundred years
would have a substantial impact on the calculated release rate, because the
greatest potential for release is the period during which the fuel temperature is
highest;

*

Most of the 4C in the fuel, cladding, and hardware is likely to be in a reduced
state, and must first become oxidized to be released in the gas pathway, although
thermodynamics in air favors the formation of gaseous compounds such as CO2 .
Although kinetic considerations might restrict the formation of gaseous
compounds of the 14C in the fuel, the model conservatively assumes that any IC
available to be oxidized is converted to 14CO 2;

*

The model assumes there is no resistance of ICO2 once it is released from the
fuel fragment (i.e., there is no resistance for diffusion through the long length of
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Figure 5-8.
Fgure
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the failed fuel rod, or through pinhole failures of the waste package). This
conservatism is relatively less important for the far-field release calculations
because of the long periods involved; that is, diffusion and barometric pumping
could allow virtually all "CO 2 to escape to the geosphere, even for relatively
small failure holes. Resistance to release from the waste package might be more
important in evaluating compliance with the subsystem requirements set forth in
10 CFR 60.113, which are more sensitive to short-term rates of release; and
A portion of the 14C in the spent nuclear fuel may be in a chemical form that is
not easily released. Experimental data in which spent nuclear fuel was heated to
temperatures of up to 450
in oxygen indicated that up to half of the 14C
remained in the solid, and was not released as 4CO2 (Van Konynenburg, 1992).
5.6.3.5.5 Parameter Estimation and Model Verification/Validation
The 'C source term model is based on an abstraction of many complex processes. At the
present time, the model can only be compared to data on U0 2 oxidation. It relates U0 2
oxidation to diffusion through two layers of material and outward diffusion of 14CO 2 through
the same two layers. The simplifying assumptions taken in the model are:
*

The fuel is represented by concentric spheres, of a single set of dimensions (i.e.,
the irregular shape of the fragments and grains is not taken into account);

*

The current version of SOEC allows only steady-state diffusion;

*

No effects of the waste package or cladding on the diffusional processes are
taken into account;

*

The increase in surface area caused by oxidation of the grains is not taken into
account; and

*

Although there are some direct data on release of "4CO2 from cladding and the
grain/gap inventory, releases from the argest inventory in the fuel itself are
lacking. There are data on U0 2 oxidation, but there are apparently no data
available for release of 14C0 2 from fuel grain oxidation.

Nevertheless, the model was considered to be realistic enough that the parameters necessary
for its implementation could be obtained from experimental data.
5.6.3.5.6 Data on Spent Nuclear Fuel Oxidation
Several investigators have collected data on the oxidation in air of spent and un-irradiated
reactor fuel in connection with intermediate storage (Einziger, 1984, 1988, 1991a, 1991b,
1992; Woodley, 1989; Thomas, 1991). The main concern of these investigators was the
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degradation of the waste form for fuel in contact with oxygen at temperatures of several
hundred C (e.g., dry storage in air). The experimental programs concentrated on the
physical changes to the fuel resulting from oxidation in failed rods rather than from the
releases of radionuclides.
Quantitative data on fuel oxidation in air were basically of four types:
*

Thermal Gravimetric Analysis (TGA);

*

Dry-bath analysis;

*

Ceramography; and

*

X-ray crystallography.

In TGA, samples of spent nuclear fuel were exposed to air at fixed temperatures, and the
gain in sample weight because of oxidation was recorded continuously, with an analytical
balance. In the dry-bath tests, samples were kept in small crucibles held at fixed
temperatures in an aluminum block, and weighed periodically outside the apparatus. The
advantage of the dry-bath tests was that they could be performed for very long times, on the
order of years, whereas the TGA experiments were limited to shorter periods, up to a few
months.
Ceramography is the inspection of thin slices of spent nuclear fuel, to visually observe the
growth of oxide films around individual fuel grains. These observations gave valuable,
quantitative information about the sizes of fuel grains necessary for the implementation of the
mathematical model and the rate of growth of the oxide thickness. In addition, ceramography
gave qualitative information about the mechanisms of oxidation (e.g., the fact that the film of
oxide appears to be growing at a consistent rate throughout the sample indicated that
diffusion of oxygen through grain boundaries and cracks probably was much faster than the
diffusion across the oxide layer, itself).
X-ray crystallography gave quantitative information on the chemical species of the oxide
formed at different temperatures. Among the more interesting indications of X-ray
crystallography was the observation that for temperatures below about 200'C, the oxide
formed was primarily U 409, even though it appeared to be U30 7 stoichiometrically (Einziger,
1992).
Uses of the Data for Parameter Identification
Aside from identifying the chemical form of the oxide layer, only the quantitative data on
grain size, growth of oxide film thickness, and sample weight were used, to determine the
model parameters for fuel oxidation. Data on sample weight gain and film thickness at fixed
5.6.3.5.7
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temperatures were put into the form of conversion fraction' of UO to U307 versus time.
The fuel oxidation model was then exercised to predict the conversion versus time of U0 2
grains to U307. The only model parameters that could vary were:
*

Grain size (i.e., radius of inner sphere);

*

Fragment size (i.e., radius of outer sphere);

*

Diffusion coefficient through oxide layer at the reference temperature of 200'C;

*

Diffusion coefficient through the grain boundary layer at the reference
temperature of 200'C; and

*

Activation energy for diffusion coefficient (considered to be equal for both
layers).

The parameter identification does not at the present time take into account any differences
between fragment sizes, grain sizes, or types of fuel.
Data on fuel conversion were collected in eight sets from TGA, Dry Bath, and
ceramography, representing experimental periods from 700 to 12,000 hours, with the lower
temperatures represented by the longer periods. Although data were available on whole- fuel
fragments, as well as crushed fuel, only the whole-fragment data were used for the parameter
identification for IPA Phase 2, because these samples were more like the actual spent nuclear
fuel that would be in the repository.
The parameter identification was performed by manually varying the parameters and
observing the agreement between predicted and observed conversion for the eight data sets.
Parameters giving the best comparisons are given in Table 5-4.
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Table 5-4. Model Parameters from Manual Identification
Model Parameter

[

Value

Grain radius (cm)

0.001

Fragment radius (cm)

0.1

Reference Film Diffusion Coefficient
(cm

5.256E-4

Reference Grain Diffusion Coefficient

5.942E-3

lyr)

(cm2

lyr)

.-

Reference Temperature (C)

200.0

Activation Energy (Kcal/mole)

32.0

Graphical results of the model/data comparison are given in Figures 5-9(a) through 5-9(h).
Although there is a degree of scatter in the data, the model prediction is quite reasonable for
the parameters chosen. Bear in mind that only one set of parameters was used to represent
what are certainly nonhomogeneous samples.

Figure 5-9(a). Model-prototype comparison, 250°C.

5 - 47

NUREG-1464

0.984

.E~~

I

01

(a)
1.09

.I

I'~

Time (hours)
(b)

.9.
I

.*.

5. Source Term

Figure 5-9(b). Model-prototype comparison, 2251C.

Figure 5-9(c). Model-prototype comparison, 200'C.
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Figure 5-9(d). Model-prototype comparison, 195°C.

Figure 5-9(e). Model-prototype comparison, 175C.
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Figure 5-9(1). Model-prototype comparison, 155 0 C.

Figure 5-9(g). Model-prototype comparison, 130'C.
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Figure 5-9(h). Model-prototype comparison, 109 0 C.
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5.6.3.5.8 Discussion
There are several facets of the model for IC release from the fuel matrix that could lead to
errors. These factors are discussed. below, and in the recommendations for further work, in
Section 5.8:
*

The IPA Phase 2 model considers only steady-state concentrations of oxygen and
4CO 2 in the fuel. Although it was possible to get a consistent fit of the model
predictions to measured U0 2 conversion rates, there is some indication, from the
transient modeling discussed in Section 5.6.3.5.1, that the coefficient for
diffusion of oxygen through the grain boundaries should be relatively bigger than
it appears in the steady-state model fit (Grambow, 1989). Thermal gravimetric
analysis data on many samples indicate a period of very slow initial weight gain,
followed by a substantially higher rate. This result has been interpreted as the
transient diffusion of oxygen through the grain boundaries before oxidation of the
grains. A transient model would be capable of simulating this phenomenon, but
was not successfully completed for IPA Phase 2, because of problems with mass
balance. The steady-state model used in IPA Phase 2 is incapable of simulating
such a transient. At high temperatures where diffusion coefficients are large,
there is relatively little difference between the conversion of large fuel fragments
and crushed samples, indicating that the grain-boundary diffusion is fast. At
lower temperatures, the difference between whole and crushed samples is much
more evident. Although the steady-state model appears to fit the data well, it
may, in fact, be portraying the transient diffusion as a much lower rate of
conversion, especially at lower temperatures. This could lead to inaccurate
predictions of conversion rates at low temperatures, for times much larger than
the period of 12,000 hours, for the longest experiment;

*

The PA Phase 2 model assumes that the oxidizing fuel can be characterized by a
single set of parameters. Actually, each sample of fuel oxidized in the
laboratory consisted of grains of varying sizes, and material properties
determined by their position in the fuel rod and distance from the pellet edge.
Furthermore, the fuel would be expected to vary from one rod to the next, in the
same core, and from one set of spent nuclear fuel to another, depending on such
factors as reactor type, burnup, and fuel manufacturer; and

*

The present model calculates an ensemble release rate from all waste packages,
to feed into the gaseous transport model. Waste packages in different portions of
the repository would be expected to have quite different gaseous release rates of
'4C0 2 , because of factors such as temperature, thermal loading, and age of the
waste. Furthermore, the same factors would lead to gas-flow velocities varying
from one portion of the repository to another, and these variations would be
correlated to the variations in the ' 4C0 release rates.
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5.7

SOURCE TERM AUXILIRY ANALYSES

Two auxiliary analyses conducted for this demonstration were performed to evaluate the
appropriateness and limitations of various computational approaches and interpretations of
data used in this study. These analyses are summarized below.
5.7.1

Ensemble Averaging for Source Term Parameters
R.B. Codell/NMSS

For the sake of computational speed in the systems model, the Phase 2 IPA analysis
approximated the large number of individual waste packages by only seven repository subareas, with one waste package per repository sub-area. This analysis evaluates the way in
which the averaging of a large number of waste packages can be accomplished with the least
error. The demonstration of the effects of ensemble averaging of the parameters associated
with the source term code was performed for a simplified case of only two radionuclides,
one solubility limited and the other limited by congruent dissolution of the U0 2 fuel.
Furthermore, both radionuclides were considered to have long half lives and the analysis did
not consider decay daughters.
The staff concluded that for solubility lined releases of single, long-lived radionuclides, the
ensemble average cumulative release per waste package would be represented by the
arithmetic averages of the liquid flow rate per waste package, waste package failure time,
and the volume held by the waste package at the time of failure. The corresponding
ensemble parameters for the congruent release case would be the harmonic mean flow rate
per waste package, the mean of t,flq, and the mean of V.Iq. There is presently no apparent
way to choose the ensemble means of environmental parameters to use in the system analysis
that would apply to all radionuclides.
This auxiliary analysis is discussed at greater detail in Appendix M.
5.7.2

Release and Transport of Potentially Gaseous Radionudlides Other than 'C
during Volcanism and Normal Operations
R.B. Codell/NMSS

Several potentially volatile compounds of 7Se, 9" c, and 129I may be present in spent nuclear
fuel. Because of the possibility of a gaseous pathway through the unsaturated rock at Yucca
Mountain from the buried waste to the atmosphere, this auxiliary analysis investigated, using
a series of conservative calculations, the phenomena by which volatile radionuclides could be
released, and whether they posed enough of a threat to warrant further study.
Vapor pressure of possible volatile radionuclide compounds were taken from the available
literature and also estimated thermodynamic information. Given the estimated vapor
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pressures, a portion of the inventories of the volatile radionuclides could be released at
normal repository operating conditions. The bulk of the inventories of these radionuclides
would be contained within the structure of the fuel, however, and the vapor pressures of
those inventories would be reduced. Barometric pumping caused by changes in atmospheric
pressure was considered a possible mechanism for release of volatile radionuclides from
breached waste packages. For temperatures and atmospheric pressure variations in the SCP
design, the staff's conservative calculations estimated that less than 1 percent of the inventory
of volatile radionuclides would be released from the waste packages to the geosphere in
10,000 years. The staff further estimated that most of the volatile compounds would become
associated with liquid water in the rock, rather than remaining in the gas phase.
The staff also estimated the effects of an intrusive basaltic dike causing temporary heating of
the rock near waste packages. For a 10-meter-wide dike of 3000 meters length, the staff
conservatively assumed that all volatile radionuclides in a 100-meter-wide region would be
driven off by the increased temperature. This represents an area approximately 6 percent of
the total repository sub-area for the SCP design. Even if all of the inventories of '9 Tc, 79Se,
and T29J in 6 percent of the repository were released to the accessible environment, the total
consequences would sum to only about 0.125 of the releases allowed under 40 CFR Part
191. The results of this analysis supported the staff's decision to neglect, for the time being,
releases of volatile radionuclides other than 14C in the Phase 2 analyses. This analysis,
however, was based on preliminary models and data, and does not intend to foreclose further
study of the issue of volatile radionuclides at Yucca Mountain.
5.8

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

The following recommendations to improve the source term model came out of the work
presented in Chapter 5:

Recommendation
environment.

-

Improve modeling of interaction between the waste and the near-field

IPA Phase 2 analyses simplified treatments for the thermal, hydrological, and geochemical
environments, based on the disposal concept of vertically placed waste packages surrounded
by an air gap, as presented in DOE's 1988 SCP. Failure of the waste packages, by
corrosion and transport of dissolved radionuclides from the waste package, is expected to
depend on contact with liquid water. In IPA Phase 2, waste packages were considered to
remain dry until their surface temperature dropped below the boiling point, and then assumed
to come into contact with liquid water from dripping fractures and wet rock. Future models
need: (1) plausible re-wetting mechanisms for dry rock; (2) the possible influx of liquid
water such as dripping fractures; (3) condensation of water vapor on waste package
surfaces, because of capillary and solution effects; (4) rise in the water table; and (4) water
reflux, driven by repository or geothermal heat. Additionally, alterations to the hydrologic
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environment from climate change or hydrothermal processes, along with man-made changes,
need to be factored into models for water influx. Models to determine accurately the contact
of waste with liquid water will be highly, design-specific to the repository concept finally
adopted. Much of this work is expected to stem from confirmatory lab-scale and field-heater
tests used to validate mathematical models of two-phase heat and mass transfer (Buscheck et
at., 1993). Since the experimental data must be necessarily of short duration and smallscale, relative to those of the repository, reliable mathematical models may be the only way
to extrapolate results to greater times and distances. In this regard, the basis for the
development of these models will rely on a mechanistic understanding of the processes and
events related to waste package interaction with its environment.
Recommendation 2 - Revise model for current DOE disposalconcept.
IPA Phase 2 was based on the waste package concept described in the Yucca Mountain Site
Characterization Plan (see DOE, 1989) of single-walled packages placed vertically in
boreholes, with an air gap between the waste package canister and the surrounding host rock.
However, since the issuance of the SCP, DOE has developed a significant interest in more
robust waste package concepts for both borehole and drift emplacement, including
consideration of overpacked multi-purpose canisters for spent nuclear fuel. As part of its
ongoing waste package Advanced Conceptual Design (ACD) (DOE, 1993), DOE has
identified various concepts for evaluation: (1) metallic multi-barrier containers; (2) metallic
shielded containers; (3) small metallic multi-barrier containers; (4) non-metallic multibarrier containers; (5) overpacked multi-purpose canisters; (6) Universal cask; (7) SCP
single containers; and (8) Defense high-level waste containers. Concurrent with the waste
package ACD program, DOE is assessing the merits of various repository thermal loading
strategies (i.e., cold, intermediate, and hot). Any decision regarding repository thermal
loading should be integrated with the waste package concept. The behavior of the waste
packages in the environment of the geologic repository will depend markedly on the concept
finally adopted, the mode of emplacement (e.g., borehole or drift), and whether backfill or
an air gap will be employed in the balance of the EBS design. The current models will have
to be modified as DOE progresses in site characterization and makes decisions about its
thermal loading strategy, waste package design, waste package materials, and additional
engineered barriers.
Recommendation 3- Develop more mechanistic models for waste package corrosion.
Corrosion will be affected by a number of coupled processes that include heat and mass
transfer, production of metal ions within the crevices and pits, and hydrolysis. Episodic
evaporation and condensation of water on the surface of waste packages may result in high
concentration of aggressive ions at temperatures well above the normal boiling point. The
present version of SOTEC used in IPA Phase 2 considered simplified models for corrosion.
General corrosion was assumed to begin when repository temperatures drop below boiling,
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and was described by a generic power law equation. Models of crevice and pitting corrosion
assume an empirically derived temperature and radiation-dependent corrosion, critical and
repassivation potentials, and constant corrosion propagation rate. Needed improvements to
SOTEC include codes abstracted from complex physics-based models, and inclusion of other
localized corrosion modes, taking into account the geochemical environment and mechanical
stresses. The models should also investigate the correlation between near-field chemical
conditions, and corrosion and leaching.

Recommendation 4- Improve models for the effects of heat.
The present temperature model uses a semi-analytical approach for conduction-only. More
realistic models could take heat and mass transfer in two-phase flow into account, to better
estimate the temperature in the near field and the transfer of liquid water and water vapor
(Buscheck, 1993), inputs needed to predict the onset of corrosion and the interaction of liquid
water with the waste.

Recommendation S - Take spatialand temporal variability into account in source tenm
models.
For the sake of computational speed, IPA Phase 2 used an approach in which the entire
repository was represented by only seven zones or sub-areas, within which all waste
packages were of the same design and experienced the same environment. Future IPAs
should deal with the difficult problem of spatial and temporal variability of material
properties and external driving forces. If highly simplified models are required, then the
IPAs should be able to demonstrate how spatial and temporal variabilities propagate through
the system. IPA Phase 2 began to explore appropriate ensemble averages of the temporally
and spatially varying input parameters for the simplified models.
An issue related to spatial and temporal variability is the distributed nature of some
parameters. The distinction here is that the models might be able to account explicitly for
known variations of parameters in space (e.g., temperature) and time (e.g., water flux). The
distributed parameters cannot be completely characterized spatially or temporally, but should
nevertheless be taken into account in the models. For example, SOTEC assumes that the
oxidizing fuel can be characterized by a single set of parameters. The spent nuclear fuel,
however, is highly heterogeneous, consisting of grains of varying size and material properties
(Stout et al., 1991). Improved source term models should take the variability of the
properties of the spent nuclear fuel into account, either explicitly, or by defining effective
input parameters that capture the variability without making the models too complex for totalsystem performance assessments.

Recommendation 6- Improve models for the release of gaseous "C.
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For several reasons, the release of "IC from the waste was one of the most important
radionuclides identified in the PA Phase 2 study: (1) C can be released from the waste
form as a gas whether or not there is liquid water involved; (2) the estimated inventory of
"4C in the spent fuel probably exceeds that which would be allowed under 40 CFR Part 191;
and (3) there may be direct pathways for gaseous flow from the waste to the atmosphere
through the unsaturated zone. SOTEC considers the release of gaseous 14CO 2 emanating from
the waste form, tied to the oxidation of U0 2 from diffusing oxygen and escape of '22
through the oxidized film (Codell, 1993). There is little if any direct evidence of gaseous
"IC emanation from spent nuclear fuel, however, and the 14C releases in SOTEC were based
largely on speculation on the mechanisms for oxidation of the UO2 , and diffusion of 4CO 2
through the oxidized film and interstitial spaces.
A better model for gaseous UC emanations must await more definitive experimental data on
spent fuel. Among the questions that await experimental results for the 'IC model are (van
Konynenburg et al., 1987): (1) the chemical form of 4C in the spent nuclear fuel; (2) the
diffusion of the "IC through the spent fuel matrix and the product of its oxidation, and the
form of the diffusing substance (e.g., elemental carbon, CO, C0 2); (3) the variation in 'IC
inventory in the different fuel assemblies, because of type of fuel, type of reactor and burnup; (4) the rate of oxidation of 14C in elemental or compound form; (5) the preferential
locations of unoxidized 14C in the fuel (e.g., along grain boundaries, within fuel grains); and
(6) the effect of the state of U0 2 fuel oxidation on release (e.g., powdering of U 3 0, at high
temperature)(Tempest et al., 1988).
Additional points concerning the model for CO2 release are:
*

The IPA Phase 2 model considers the release of gaseous ICO2 emanating from the
waste, based on steady-state diffusion of oxygen and "4CO2. Although it was possible
to get a consistent fit of the model predictions to measured U12 conversion rates,
there is evidence that transient diffusion may be important. Failure to include the
transient diffusion of oxygen evident from the data could lead to inaccurate
predictions of conversion rates at low temperatures. The model could be improved by
considering transient diffusion.

*

The Phase 2 model assumes that the oxidizing fuel can be characterized by a single
set of parameters. The spent fuel, however, is highly heterogeneous, consisting of
grains of varying size and material properties. Future EPA models should take the
variability of the properties of the fuel into account explicitly.

*

The present implementation of the model for the release of gaseous 14C mixes the
contribution from the seven repository zones for use in the two-dimensional gas flow
model. Since the release rate of "IC is highly dependent on the temperature of the
waste packages and the times of failure, this procedure might lead to needless errors
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in the release rate at the accessible environment. The procedure for calculating
transport to the atmosphere should be revised to take into account the variations in
release rate from the 7 repository areas.

Recommendation 7-Improve structumaifailuremodels.
Analytical expressions for buckling are only available for simplified geometries and loading
conditions with static loads. A buckling model for a complex geometry and multiple and
transient loads would require a complicated and computationally intensive simulation unsuited
for IPA. The structural failure considered in IPA Phase 2 was for buckling of a highly
simplified waste package weakened by corrosion, with external forces from seismic shaking.
Structural failure depends on the engineering design, and the model should be adjusted
accordingly, for changes. Once the engineering design has been finalized, the structural
failure of the waste packages from dynamic and other forces could be analyzed
deterministically by numerical and experimental techniques, and abstracted for IPA. These
analyses would include the possible impact of mechanical fatigue of the waste packages from
recurrent, low-intensity, seismic activity.

Recommendation 8- Consider modes of waste packagefailure other than corrosion.
Waste packages might also fail from mechanisms other than corrosion, such as seismic
shaking, volcanism, and inadvertent human intrusion. Although IPA Phase 2 considered
failure by drilling, volcanism and seismicity, the models were highly simplified. Improved
models of seismic failure might take into account the range of frequencies of earth motion,
and realistic dynamic modes of the waste packages. Models for failure by volcanism might
take into account mechanisms of interaction between magma and the waste packages (e.g.,
corrosive gases and viscous forces). Improved models for human intrusion might consider
the site-specific likelihood for drilling, shear forces from drilling fluids, and mechanisms that
could bring radioactive material to the surface. These disruptive events could also have a
significant effect on the other aspects of the repository performance.

Recommendation 9- Improve modelfor the dissolution of radionuclide frfm the waste
fonn.

The chemistry within the waste package was treated in a highly simplified manner in IPA
Phase 2. On waste package failure, water was assumed to infiltrate the waste package and
come into intimate contact with the fuel. Radionuclides were released from the waste form
to the inside of the waste package at a rate determined by the alteration rate of UO2 , and
instantaneously from crud, gap, grain boundaries, and cladding. Transport out of the waste
packages was limited by solubility of the nuclides. The models did not consider colloids
explicitly; colloids were considered to be part of the dissolved inventory. The model could
be improved by taking into account the formation and subsequent transport of colloids.
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Reflective of this interest, the NRC staff is presently conducting a literature survey of the
role of colloids in the release and transport of radionuclides from vitrified waste forms and
spent fuel. Improvements in the model for waste form dissolution should also consider
speciation of the elements released to the water, the contribution of minerals from the
groundwater and corrosion products from the waste package, the changing temperature, and
other factors such as ionizing radiation. Subsequent iterations should also investigate models
of spent fuel dissolution based on electrochemical theories (Shoesmith and Sunder (1992).
Recommendation 10- Improve model for transportof radionuclidesfrom the waste
package.
Mass transfer out of the waste package by flowing water and diffusion was included in IPA
Phase 2, based on the 1988 SCP conceptual waste package. These transport mechanisms are
highly specific to both waste package and overall repository design. Plausible mechanisms
for transport from failed waste packages will need to take into account the design finally
adopted by DOE. Both NRC and DOE total-system performance assessments considered
rather simplistic idealizations for transport from the waste packages, such as bathtub or moist
continuous cases (see Sagar et aL, 1992). However, in future assessments, the NRC staff
plans to develop a more mechanistic model, which predicts the mass transport of
radionuclides from the waste packages. The transport model, in conjunction with the waste
form dissolution model, should consider the rates that water contacts and enters the waste
package, interacts with the waste form, and transports radionuclides from the waste package
by both advection and diffusion. The model should recognize that the suite of waste
packages will represent a broad range of varying stages of degradation, with some completely intact and others significantly degraded from both anticipated and unanticipated
processes and events. These conditions are progressive over the 10,000-year period of
interest. Although conservatively neglected in SOTEC, the model could include recognition
that degraded waste packages, including failed fuel (e.g., defective cladding), can still
contribute to the isolation or controlled release of radionuclides, as demonstrated in static
dissolution tests (Wilson, 1990)
Recommendation 11

-

Include models for other waste forms.

The NRC staff's first two IPAs focused on evaluating the performance of waste packages for
spent fuel, recognizing that by the year 2030, spent fuel will constitute roughly 97% of the
curie inventory of waste expected to be emplaced in a repository'. However, this does not
mean that the waste form resulting from the planned vitrification of existing defense-related
HLW can be neglected as a potential contributor to the overall source term. Accordingly, in
future IPAs, the staff should develop a source term model for the expected inventory of glass
waste packages, with special consideration to the kinetics of glass dissolution, formation of
secondary silicate mineral, colloid formation, and mass transport of radionuclides. Further,
waste forms other than LWR spent fuel and defense-related glass may ultimately need to be
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considered if they are determined to be potentially significant sources. These may include
any transuranic or greater-than-Class-C wastes.

RecommendatWon 12 - Develop source tern model abstractionsfor IPA.
Even though the analysis of the release of radionuclides to the geosphere from the waste
form was highly simplified, the source term models and codes represented a large proportion
of the overall complexity of the Phase 2 IPA. The recommended improvements listed above
will further add to the complexity of the models. A substantial effort will be required to
develop models that both take into account the complexity of the source term, yet are
simplified enough to be practical for IPA.
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6.

DISRUPTIVE CONSEQUENCE ANALYSIS'

6.1

OVERALL APPROACHES FOR TREATING CONSEQUENCES OF DISRUPTIVE
EVENTS

P.C. Lichtner/CNWRA, R.D. Manteufel/CNWRA, and R.B. Codel/NMSS
The performance of the undisturbed geologic repository may be modified by a number of disruptive
events, as discussed in Chapter 3. Those considered in Iterative Performance Assessment (IPA) Phase
2 were: climate change (pluvial scenario); human intrusion (including exploratory drilling - drilling
scenario); seismic shaking (seismic scenario); and magmatic eruption (volcanic scenario). These events,
individually and in combination, have the potential to alter repository performance in several different
ways. They may result in direct releases of radionuclides to the surface in, for example, the form of
contaminated drill cuttings, or indirect releases, by way of the liquid or gas pathway, augmented by
premature failure of waste packages or enhanced by a more rapid transport through the unsaturated zone.
The approach employed in developing the disruptive models was to use the undisturbed system models,
or base case,' to the extent practicable, to assume the same reference biosphere for each scenario when
computing doses, and to use the least aggressive approach feasible. This generally involved using
additional input data to the computational modules to simulate a disrupted condition (e.g., earlier failure
of the waste package to simulated drilling, seismic or volcanic failures, or increased infiltration to
simulate a pluvial climate). However, there were several modules developed specifically to simulate the
time and extent of the drilling, seismic, and volcanic failures.
Each scenario class is denoted by a four-tuple (a, a a. aj, with a,, a, a,, and a, corresponding to the

letter c, s, d and v, respectively, referring to the four disruptive events, or the letter o, to denote that the
particular disruptive event is absent. There are a maximum of 2' = 16 distinct scenario classes that are
possible. For example, the base case is denoted by oooo, and the fully disturbed by csdv. The four
categories of fundamental causative events from which scenario classes are formed for Phase 2 are:
climate change (c); drilling (d); seismic (s); and volcanic (v).
*

Climate change is represented by change in the infiltration rate at the surface of the
mountain and in the height of the water table. The infiltration rate is treated as a
sampled parameter, where its value is determined using Latin Hypercube Sampling
(LHS). Every realization of climate change exhibits an elevated water table, 100 meters
above non-pluvial conditions. Climate change can only indirectly affect release of
radionuclides from the repository.

*

Human intrusion into the repository is considered to occur by exploratory drilling.
Drilling is considered to cause, potentially, a direct release of radionuclides to the
surface. Indirect releases may occur in those realizations where drilling causes waste

1
The figures shown in this chapter present the results from a demonstration of staff capability to review a pcrformance
assessment. These figures, lIke the demonstration, are limited by the use of many simplifying assumptions and spase data.
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package failure2 and contributes to the source term. In computing the direct release of
radionuclides through drilling, the movement of radionuclides from the engineered barrier
system (EBS) and from the rock column to the accessible environment is considered.
*

The consequences of seismic events are limited to the premature failure of waste
packages, affecting only indirectly the release of radionuclides from the repository. The
model does not allow the alteration of site hydraulic properties, due to fault movement
along the linear segment representing the fault. Because there are numerous faults and
fractures intersecting the repository perimeter and its surroundings, it is expected that
movement along existing faults will change the hydraulic characteristics of the site to a
minimal degree.

*

Magmatism is modeled as consisting of either an intrusive or an extrusive magmatic
event. Intrusive magmatism is modeled as a linear dike extending up from the basement
and results in an indirect release of radionuclides. Extrusive magmatism is modeled as
a volcanic eruption of ash flow extending from the basement. This event is assumed to
result in a direct release of radionuclides. Coupling among magmatism and other release
mechanisms is not considered. For example, the removal of radionuclides from the EBS
and rock column by magmatic events is not taken into account in computing the release
of radionuclides by liquid and gaseous pathways, and vice versa.

The models of disruptive events for early failure of the waste packages work in conjunction with SO7EC
(Source Term Code), described in Chapter 5. SOTEC considers only one representative waste package
per repository sub-area, but is invoked three times to include: (1) initial failures (e.g., manufacturing
defects); (2) failures from corrosion; and (3) failures by scenarios (i.e., drilling, seismic, or volcanism).
For the drilling-only (oodo) or drilling combined with pluvial climate (codo) scenario classes, a direct
hit from drilling will fail only a single waste package within the repository sub-area (unless it has already
failed from corrosion). However the version of S07EC used in the Phase 2 analyses cannot distinguish
between types of scenario failures, so the analysis incorporates the most conservative assumption about
the number of failed waste packages and the time of failures: the number of failures is the sum of the
failures from drilling, seismicity, and volcanism, but the failure time is the shortest of the three failure
times.
In IPA Phase 2, the consequences from disruptive events are treated by adjusting submodel parameters,
introducing LHS variables, or through additional dependent or independent calculations. A summary of
the disruptive events, the names of the variables, and release modes are presented in Table 6-1. The
complete list of LHS parameters (including those associated with the base case) are itemized in
Appendix A.

2 The term wafst package is used here synonymously with container' and canister."

6-2

NURE-1464

6. Disruptive Consequences

Table 6-1.

Event

Lst of Disruptive Events, Their Corresponding LHS Parameters,
and Whether Release of Radionuclides Associated with the Event
Occurs Directly or Indirectly

Type

f

LHS Parameter(s)

TreMent

Climate

V

-

Drilling

M

- Number of boreholes
- Borehole radius, location, time of drilling
- Statistical Hit Indicator

Direct, Indirect

Seismic

M

- Statistical failure Indicator

Indirect

Magmatism
- Cone
- Dike

M

- Location, time of event
- Area
- Area, length, angle.

Direct, Indirect

*V

=

Infiltration at surface

Mechanism of Release
to the Accessible
Environment
Indirect

changed input variables; M - incorporation of one or more additional models.

bIndirect = potentially enhanced release via liquid or gas transport pathways; Direct = releases of
contaminated rock directly to surface.

The choice of LHS parameters was determined by the individual investigators responsible for the
disruptive scenario modules, based where available from data on Yucca Mountain site or similar rocks.
Parameter choices are discussed further in individual sections and in Appendix A. A detailed description
of methods for computing consequences of disruptive scenarios is provided in the following sections.
6.2

TREATMENT OF CLIMATE
M.P. Milkas/CNWRA

The climate at Yucca Mountain for the past approximately 50,000 years was assumed to characterize
future climates at the proposed repository site. Variation in precipitation and temperature in the
Yucca Mountain vicinity was no more than a few degrees Celsius 'C) decrease in temperature,
accompanied by an up to 40 percent higher than present (ca. 150 millimeters annually) precipitation.
To ensure a conservative analysis in IPA Phase 2, pluvial scenarios were incorporated by assuming an
increase in infiltration from the possible wetter climatic conditions associated with likely cooler
temperatures in the next 10,000 years. The conservative increase in infiltration was modeled by
assuming a higher range for infiltration (5.0 to 10.0 millimeters/year in future scenarios, versus 0.01
to 5.0 millimeters/year for the base case (oooo)). Associated with the increase in infiltration was a
rise of 100 meters in the water table, resulting in a decrease in the thickness of the unsaturated zone.
The increased infiltration values and associated rise in the water table were within the values espoused
in Czarneki (1985). Thus, the approach to treating climate change in the development of performance
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assessment scenarios in IPA Phase 2 was essentially the same as that used in IPA Phase I (see Codell
et al., 1992, p. 57). Further discussion of the treatment of climate change within the modeling effort
can be found in Chapter 4.
6.3

IMPROVED DRILLING MODEL AND CODE
N.A. Eisenberg/NMSS and J.R FiRh/NMSS

6.3.1
Introduction
The techniques used in the Phase 2 drilling modules differ from those used in IPA Phase 1. The
releases in IPA Phase 2, resulting from drilling, are determined using a series of geometric arguments
and radionuclide inventories in the waste packages within each region of the repository and the rock
columns encompassing the repository and extending down to the water table. The number of drilling
events for each trial was sampled from a normal distribution as an approximation to a Poisson
distribution. Each event was assumed to occur independently of any other drilling events and to
occur randomly in time and space.
63.2
Model for release of radionuclides from the rock column
As noted earlier, the geologic repository was divided into seven different sub-areas, as shown in
Figure 6.3, and was modeled using vertically emplaced waste packages, and assuming vertical
boreholes only. IPA Phase 2 adopted the repository layout of Johnson (1990) for the number of
waste packages in each of the seven repository sub-areas, as shown in Figure 5.4. The number of
waste packages per repository sub-area is given in Table 6.2. The probability of a drilling event
directly striking a waste package depends on the number of packages per repository sub-area, the
surface area and the incidence of the borehole. For IPA Phase 2, the boreholes are assumed to be
vertical, extending from the surface to the water table. The vertical boreholes are assumed, however,
to establish no preferential pathways for either the transport of gas to the surface, or of liquid to the
water table. Furthermore, there is considered to be no physical transport of waste from the repository
to the water table by the drilling process itself, although radionuclides are assumed to be transported
to the surface in drill cuttings.
Table 6-2. The Distribution of Waste Packages by Repository Sub-area
Repositoy Sub-atre

|

Surface Area

Number of Waste Packages

0.31

2335

2

1.40

6150

3

1.10

4375

4

0.66

3675

S

0.26

1275

6

1.20

5625

7

0.2

1073

Total

5.13

25,008
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The model assumes that radionuclides released from the waste packages migrate vertically through the
seven rock columns underlying each repository sub-area, until they reach the water table. Within the
water table, transport is assumed to be horizontal along the regional groundwater gradient. In the
unsaturated zone, the model assumes that all transport is confined to the rock columns, with no
horizontal transport by diffusion or dispersion. For the drilling model, all radionuclides are assumed
to be confined to either the waste packages, the rock column between the surface of the earth and the
water table, or in the water table itself. This inventory is corrected for radioactive decay, but not
losses to the earth's surface.
Each drilling incursion has the potential to release radionuclides that were confined to either the rock
column (RC) or the rock column and the waste package. The module keeps track of the radionuclide
inventories within the waste packages (for each region) and each of the seven rock columns. Since
the drilled hole extends all the way to the water table, ',*.RC, the content of radionuclide i in a
borehole in rock column k would be the amount present in the rock column, I'.*.Rc(t), times the ratio
of the borehole cross-sectional area Alto that of the rock column ASRC, and can be written as:
I

=Ab 1.L4 RC(t)

A ,RC
where ],A.Rc(t) is the inventory released from the rock column through the drilling event that occurred
at time t4.
For instance, when the borehole intersects a waste package, the inventory released includes
radionuclides from the EBS and from the rock column. As a conservatism, any direct hit of a waste
package assume that the entire borehole intersects that package. The amount released for each
repository sub-area through a drilling event that intersects a waste package can be expressed as:

I1,

I

=

AAb
b

(ti) +

A"kA.

l1

,tp

(6-2)

ALRC

where 1, is the inventory released, 4., is the amount released from the waste package, A. is the
cross-sectional area of the top of the waste package, and I.xp(ft) is the inventory of nuclide I in a
waste package, within region k of the repository at time (t).
6.3.3
Consequences
The drill hole, itself, does not establish any new pathways either to the atmosphere or the water table;
the only effect of drilling on liquid and gaseous releases would be through premature waste package
failure. However, the drilling model does consider the direct release of a contaminated rock at the
surface of the earth, contributing to the cumulative release at the accessible environment.
Additionally, the model takes into account the assumption that a fraction of the radionuclides in drill
cuttings is capable of becoming airborne and respirable, which has been estimated to be about 4
percent of the total rock brought to the surface. These respirable releases are factored into the dose
model described in Chapter 7. The drilling events are still modeled somewhat simplistically and, as
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such, may not be fully conservative.
The probability of drilling incursions into the repository was estimated to be 0.0003 boreholes per
kilometer' per year, and was based on the guidelines outlined by the U.S. Environmental Protection
Agency (see Appendix B in EPA, 1985). This translates into approximately 15.4 events within the
repository horizon in 10,000 years (the period of regulatory concern). A Poisson distribution of
drilling events, approximated for convenience by a Gaussian normal distribution with a = 3.88 and m
= 15.5, was used in the analysis and can be expressed as:
(P(Z)

C

f)
2.'

(6-3)

63.4
Hit Probability
The consequences also depend on whether the borehole intersects a waste package. The radii of the
boreholes were held constant over a given realization and were sampled from a uniform distribution
between 0.02 and 0.1 meters. The incident region was determined for each borehole by weighting
the probability of penetrating a given region by is relative size. The time of occurrence was
uniformly distributed over a range of 100 to 9900 years, for each borehole. The stated range includes
the effects of drilling up to 10,000 years, and a nominal period of 100 years for active control over
the site. The chance of striking a waste package in region k of the repository, assuming that no waste
package is within 2rb from another, can be expressed as:
P (hit)

mr(rb + r,)

(64l)

where P,,(hit) is the probability of a hit, n is the number of waste packages within the region, and r,
and r,, are the radii of the borehole and the waste package, respectively. The values of n are given
in Table 6-2. If a uniformly sampled variable, 0,11, is within the range of f0,P,(lit)J, then the
borehole intersects a waste package.
6.3.5
Radionuclide Inventory Determination
The inventory of radionuclides in the rock in each of the seven repository areas depends on the initial
inventory, radioactive decay, and the transport out of the area by water and gas flows. The inventory
of radionuclides in the intact waste packages can be determined easily by considering initial inventory
and radioactive decay, alone. The source term code SOTEC also keeps a running inventory of the
radionuclides, for failed waste packages, considering transport by diffusion and flow. The inventory
of radionuclides in the rock column is more problematic, however, because there was incomplete
information on radionuclide releases from SO7EC available to the drilling module in the Phase 2
system code organization. One approach to modeling the inventory is to develop a series of
differential equations and to allow continuous and arbitrary time functions for the addition and the
removal of mass from the rock columns.
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The approach that was used in IPA Phase 2 is better suited for use, and simpler to integrate, with the
limited information available from S07EC. The differential equation for the inventory ; in the rock
column is:

1i

-,

i-,+ i, + M(t),

(6-5)

where XN is the decay constant for nuclide i, and M,(t) is the rate of mass injection or removal of
nuclide I from the rock column.
Given initial concentrations of each nuclide and no injection or removal of nuclides (i.e., ,ft = 0) =
and M,(t) = 0), then this equation simplifies to a series of coupled, linear, ordinary differential
equations, generally known as the Bateman equations. Letting B, designate the solution of the
Bateman equation for nuclide , the inventory 1, can be written as:
',0

I(t)

Bi(t, XOri)

(6-6)

Knowledge of the initial inventory of a given nuclide, l,,, and its parent nuclides allows the inventory
of nuclide 1,to be found at any time t. It is much more difficult to solve Equation (6-5) when mass is
added to or withdrawn from the compartment. The SOTEC code calculates and outputs information
on the rate of nuclide release from the EBS into the geosphere as a discrete function of time. These
values can be used to represent M,(t) for the EBS and will contribute to the M,(t) for the RC. The
M,(t) for the RC is further complicated by the loss of mass to the accessible environment.
Let the rate of release of radionuclide , from the EBS into the RC, be denoted byfft0. S7EC will
output discrete values off(t) at times t, which may not be uniformly spaced. Let F. be defined as
fift), and it will be assumed that Fv = 0 for all .
There are several options to represent the release rateftt) from the point estimates F,. One option is
to determine a curve fit to F,, which would require assumptions of linearity and continuity of the
release rate from the SO7EC output. A second option would be to represent the source terms with a
series of steps centered about the pointsf(t). However, the method adopted for IPA Phase 2
simplifies the solution of the equations. This formulation adds and removes mass in instantaneous
pulses, using the Dirac delta function. This technique avoids the introduction of new recursive
relationships:
to=J

+2'A

(6-7)

2
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Considering, for the time being, only mass withdrawal, which applies to the inventories in the waste
packages, let:
Ali = ht}j

M ) - -)

= tX.J,1

-

i-1

(6-9)

t6j,

b (t-t9AtjF
11,

(6-10)

where 6(t - t) is the Dirac delta function and J is the total number of time steps.
This representation of the source term by a delta function makes the mass removal term zero for all
toij. The mass removal rate at t = t is infinite. The integral of the constant rate, Fj, over the
interval t, is, however, F Aj.
Consider a 2-member decay chain, where:
MI(t) - -ab(t-tj)Flj

(6-11)

6(t-t)F 2j

(6-12)

M 2 ()

= -a

Using Laplace transformations, the solutions for the inventory of each radionuclide at an arbitrary
time t, can be found:
J

11(t) = 110e "It

-

>

[H(t-t)]

F[e-L1Qt~)1

(6-13)

E-I

12(t) =20C

+

11°

[

-

4a),e

I'd
- [H~~t-tJ]Fv~~~t>(c

~(614)

J-1

E

I

-

AH- F

1

A -a2t-9)

-L]FjA1

(-1 4)(t-

J-1~~~~~~~~~~~~~~~
where H(t -t) is the Heaviside step function at time t. It may be noted that for the 12 solution, in this
instance, that the relationships between the second and first terms are congruent to those of the fourth
and third terms. Therefore, by superposition, the solution to the chain decay problem is given by:
where

= 1,..., 1.
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l~t) =BAt, 11t, 1),
The solution to this problem is given by:
/ - Bt, ljo, A)-[(t-t]B(t-t],

Atj F, Al),

S.

where I = I,..., .
Modifying the theoretical development now to include mass being added and withdrawn from the
compartment, requires modification to Equation (6-15) to:

MAI -

6(t->P[F,-G,).

(6S16)

where Fu is the amount of mass added to the rock column, equal and opposite to the amount
withdrawn from the EBS, and G, is the amount lost to the accessible environment. The solution for
the inventory of nuclide I in the rock column is:
J

1,

>

[H(t- JBi(t-r,]

F,-GjA,),

(6-17)

i-I

where 1 = I,..., 1.
6.3.6
Overview
The present formulation of the drilling consequences offers a limited degree of sophistication. It does
not, nor does it intend to, consider the full range of expected consequences of a drilling event. The
effect of drilling fluid has, for example, been neglected throughout the analysis, which introduces an
element of non-conservatism into the analysis. Furthermore, the model assumes that the process of
drilling does not create any additional pathways for liquid or gaseous releases. The conceptual
models of the drilling events were selected, in part, to allow effective use of, and integration with, the
other IPA Phase 2 models, and to avoid unnecessary complexity. In light of the uncertainties in other
parts of the IPA Phase 2 analyses, and the relatively minor contribution of drilling to either
cumulative releases or doses, the drilling model appears to have received an appropriate level of
attention.
6.4

IMPROVED SEISMIC SCENARIOS MODEL AND CODE
R.B Codell/NMSS, N.A. Eisenberg/NMSS, A.A. O'Campo/SwRI, and CJ.
Freitas/SwRI

6.4.1
Introduction
The physical integrity of the waste package is modeled, for the case of no seismicity, as if corrosion
will proceed until the thickness of the waste package material reaches a critical value. With
seismicity, a presumably lesser degree of corrosion can cause waste package failure. Since all waste
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packages are considered to be identical in each repository sub-area, all of them would fail at a time
earlier than the time of corrosion-induced collapse. The seismic analysis, therefore, calculates the
time of failure for all the packages in the repository sub-area, which is less than the failure time of
corrosion-induced failure. The critical thickness is calculated from models of pitting, crevice, and
uniform corrosion, choosing the greatest corrosion depth from among the three without regard to the
obvious differences in the likely effect of these processes on the mechanical strength of the waste
packages.
The seismic analysis is embodied in the computer code SEISMO. The seismic failure analysis relies
on SO7EC for the depth of pitting and crevice corrosion. Premature failures of the waste packages
are communicated back to the SOTEC code, to allow releases of radionuclides to commence sooner.
The SEISMO code determines the time at which the waste package fails, by comparing the probability
associated with the acceleration needed for failure to the probability that there will be an earthquake
of that magnitude. This analysis determines the time after emplacement that an earthquake would
have an acceleration that would cause the waste package to impact the side of the borehole, which is
taken here conservatively to lead to immediate failure. The details of the calculation are presented in
the succeeding sections. (See Table 6-3 for a description of the parameters used in the SEISMO
code.)
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Table 6-3. Parameters used in SEISMO Code
rable

Symbol

Name

-

Descrpion

Nominal Value and Units7Tpe

__l

Other Code

pacleng

L

package length

4.7625 meters

0

DRILLO

pacuad

R

package radius

0.3302 meters

a

DRILLO

pacthik

d

package thickness

0.01 meters

darnpfac

i

damping factor

0.03

clasmod

E

modulus of elasticity of package
material

2.0 x 10l N1m0

O

density of stainless steel

7.75 E+03 Kg/mO

wman

M.

mass of waste per package

6.4 E+03 Kg

frqacc

We

seismic wave fequency

5 HerZ

densss

widthag

P

ize of the air gap

0.0381 meters

6.4.2
Response of Waste Package o Seismic Shaking
The waste package is considered to be a hollow, slender, elastic cylinder of length L standing vertically,
and attached at the bottom to the ground, as illustrated in Figure 6-1.
The moment of inertia of the cylinder, 1, given by:
I =

4

[R4- (R -

]

wR 3 d,

(6-18)

where R = radius of cylindrical waste package, and d = thickness of cylinder walls.
The spring constant K is given by:

K

=

3E1

(6-19)

where E = elastic modulus and L = length of waste package.
Assuming that the cylinder is thin-walled, the volume of metal in the top or bottom ends of the waste
package V, is given by the expression:
V =w R2 d.

(6-20)

V = w R 2 - (R -d) 2 L.

(6-21)

The volume of the side V,is given by:
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Figure 6-1.

Representation of Waste Package for Seismic Model.
6- 12

NUREO-1464

.: I

6. Dismptive Consequences

The total volume VT is given by:
Vr = 2 V, + V

(6-22)

The mass of the waste package is therefore:
M

= VT

P,,,

(6-23)

where p, = density of stainless steel.

The total mass is the sum of the waste package mass and the waste mass,
MT

= M + M,.

(6-24)

The natural frequency of the undamped system is:
WX

MT 2J

(6-25)

Half the total mass is used in this calculation, because a simple lumped-system model of the waste
package and its contents would be for half the total mass at the end of the cantilever and half at the
bottoni. The mass at the bottom is assumed to travel with the ground, so it does not enter into the
calculation.
The excitation frequency (i.e., the frequency of the ground motion) is an input parameter chosen for this
seismic analysis to be similar to the resonant frequency of the object involved; in this case, the excitation
frequency was chosen to be 5 Herz. The amplitude of the ground motion is a function of the excitation
frequency, and, for the present analysis, has been taken from regional seismic data in the vicinity of
Yucca Mountain (Blume, 1986). The ratio of the excitation frequency to the resonant frequency is
defined:
a = Wox.

(6-26)

For the nominal waste package parameters, the natural frequency of the waste package will start off much
higher that the excitation frequency, but declines as the metal thickness is reduced by corrosion. As an
added conservatism in the model, the natural frequency is not permitted to decrease below the excitation
frequency (i.e., 0 > 1).
Let the displacement of the center of the mass be denoted by x(t), the motion of the ground by x,(t), and
the relative motion of the mass with respect to the ground (and the emplacement hole) by xft. Then,
X,(t) = x(t) - x,().

(6-27)

Further, since the analysis was interested in the harmonic motion solution, these functions are written in
the form:
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xat) = A. sin(cot),

(6-28)

x,(t = A, sin(w - O.

(6-29)

where A, and A, = amplitudes of the ground and waste package displacement, respectively, and Ois the
phase difference between ground and waste package movement.
For a simple spring mass system with damping associated with the velocity term, we find that:
A,

=

A

=

_

_

_

_

_

(&30)

'
[

(Q)212

kl02)2

where is the damping factor accounting for frictional forces opposite the direction of motion of the
center of mass.
Since we are assuming sinusoidal motion, we obtain, by differentiating Equation (6-28) twice:
fit)

=

X(t) =

-. A, sin(kq).

(6-31)

Further, we may take the peak ground acceleration a to be equal to the amplitude of the acceleration of
the seismic wave, that is:
a = i A,.
(6-32)
Then, the maximum displacement A, is:

A" =

(6-33)
X ((-O9 + (2t))21i2

6.43
Waste Package Fragility
The waste package canister is assumed to fail if one of the following conditions occurs:
*

The stress at the base exceeds the yield strength of the waste package material (Mode 1
failure), or;

*

The motion induced in the end of the waste package is great enough to impinge on the
side of the emplacement hole, thereby buckling the waste package (Mode 2 failure).

Failure by Mode 1.
Failure by Mode I is induced when the magnitude of the vibration of the waste package becomes so great
that the stress at the base (which is assumed to be a cantilever support - hence stress is greatest at the
base) exceeds the yield strength of the waste package material. Consider the forces at the base of the
spring-mass system used to represent the waste package. The force F. exerted by the movement of the
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mass at the free end of the cantilever beam can be derived from the definition of the spring constant:
F, = - K x,,

(6-34)

where x, = deflection.
Then by using the formula for the spring constant, Equation (6-19), the moment MA at the base is given
by:
MA

LFM

3Elx,

(6-35)

and the stress at the base is given by:
,L

(63

=3Ex,

0OA'MAL6

L

Since we are interested in the maximum stress, hence the maximum deflection, we can replace x, with
A,, to obtain:
EA,
L

(6-37)

A 2 Lar

(6-38)

=3

A failure will occur if a, 2

.,

that is:
3E

where ay is the stress at the yield point.
Failure by Mode 2.
Failure by Mode 2 is induced when the motion of the end of the waste package is so great that it
impinges on the side of the emplacement hole, thereby buckling the waste package. For failure to occur
by this mechanism, two conditions must be met:
(1)

The displacement of the end of the waste package must be large enough so that the
package hits the side of the emplacement hole; and

(2)

The force induced by this impact is great enough to buckle the side of the waste package.

For Condition (1) we can merely compare the amplitude of the displacement, given by Equation (6-33)
with the magnitude of the air gap, w,, which is read in as data. The 1988 Site Characterization Plan
design calls for a 3.81 centimeter-air gap all around the package. Thus,
A, 2!: w'W
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implies a failure could take place by this mechanism. For the IPA Phase 2 version of the model, the staff
conservatively assumed that any contact of the waste package with the side of the borehole will lead to
failure.
6.4.4
Computational algorithm for seismic failure of waste packages
At each time step, input on the corroded thickness of the waste package is supplied by the SOlEC code.
The thickness of the waste package metal is chosen from the largest corrosion depth calculated from
models for pitting, crevice or general corrosion. The strength of the remaining material, however, is
conservatively calculated, assuming that the entire surface corrodes uniformly to the calculated depth,
irrespective of which model (pitting, crevice, or general corrosion) gave the greatest depth of corrosion.
Given the thickness of the metal and the parameters presented in Table 6-3, the critical displacement of
the waste package A,, is calculated for Mode I or Mode 2 failure mechanisms, Equations (6-33) or (6-39),
respectively. The smaller of the two amplitudes is then used to determine at what acceleration the waste
package would fail.
The fragilityf corresponds to the acceleration in g's needed for the smaller amplitude:

f =A

(,2 [(i
-o2

re

9.81

+ (2fl340

(6-40)

2

The fragilityf has a corresponding annual rate of recurrence r,, derived from a curve fit to a published
relationship at Yucca Mountain (Blume, 1986), that includes all events sufficient to cause displacements
equal to or greater than the critical displacement. The fragility can be expressed as follows forf < 0.1 g:
r = 0.01 occurrences/year],

(6-41a)

for 0.1 <fi< 4:
Iog,,(r)
where

I

=

a + a + a)' + a

+ at

+ a,1 + a,

(6-41b)

= log,0 09:
a = 4.67174, a, = 4.16482, a, = 1.91376, a,
a, = -3.06375, a. = -2.04791, a = 1.65667,

=

3.75132,

forf > 4:
r = 0 occurrences/year].

(6-41c)

An approximation of the probability that the failure occurs within the time step t to t+& is approximated
from the annual rate of recurrence r, to be:
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p&t = 1 - (I - r)A'

(6-42)

where At is number of years in the time step.
Whether or not the failure occurs during a particular time step is a matter of chance. In the present
model, the failure probability (pAt) is compared with a number U between zero and unity, selected
randomly from a uniform distribution. If the random number is less than pt), the waste package is
assumed to fail. The random number is sampled once per vector from the main sampling routine, to keep
all randomness in the control of the system-level program. Although it would appear that the random
number U should be sampled for each time step within the vector, numerical experiments with the model
indicate that the results are about the same statistically for either case, given a sufficiently large number
of vectors.
6.4.5
Estimating Probability of Seismic Failure Scenario
The task of this section is to define an acceleration and its probability below which there would be no
perceptible difference between failure and no-failure by seismic forces.
Since the system code calculations are discretized in time, anything happening in less than one time step
is below our ability to discern its cause. The curve of waste package thickness vs. time from the
corrosion model is very steep and fairly insensitive to the environmental conditions, once corrosion
commences. Figure 6-2 is a typical set of curves describing the decrease in metal thickness, with time,
for the seven repository sub-areas. The thickness O1for six of the repository sub-areas is 9.8 x 10'
meters, 50 years before failure.
The natural frequency w. at failure, can be calculated from Equations (6-18), (6-19), and (6-25), by
substituting ffor d. For the assumed model parameters of R = 0.33 meters, L = 4.7 meters, w = 5
hz, E = 2 x 10" Newtons/meter 2 , and o = 2.067 x O' Newtons/meter2, and the mass of the fuel plus
waste package M, = 2925 kilograms, and thickness Of 50 years before failure = 9.8 x 104 meters, the
natural frequency from Equation (6-25) = 13.9 Herz, or 0 =
.
= 0.36).
In most cases, the waste package fails first by failure Mode 1, so one can write:

A-~
ar

|1)2 + (210i~t]

3E

-~.1O)2+CO2*l

(6-43)

The acceleration needed for the waste package to fail is:
a 1 .-_
f10

°Lt

[(-92)2

3E

(2
W

+

]

(6-44)

Evaluating Equation (6-44) for the resonance and t = 0.03 gives an acceleration of only 0.028 g.
Earthquakes of this magnitude would be expected to be very frequent. Equation (6-41) gives a default
annual recurrence rate of 0.01/year. Conversely, the expectation of no earthquakes of this magnitude in
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Figure 6-2.

Thickness vs. Time for Seven Repository Sub-areas for the Base Case
Canister
Canister Thickness vs. ime for Seven Repository Sub-areas for the Base Case
(oooo).
6- 8

NUREO-1464

E
. .01 0

zone

failure

1
2
3
4
5
6
7

1
1
1
1
1
1
1

time of failul
3145.0000
1985.0000
1585.0000
1185.0000
1705.0000
2305.0000
1425.0000

()

d

C

0

.

0 08

0

£
0.006

3(a

0.004

C)

0. 002
0
(O

n~
0.000
4000

vec

6. Disruptive Consequerces

10,000 years would be vanishingly small:
(P&)ffp~e~mdCsdbE)

6.5

=(

-

0.01)'O-t

=2 x

O".

(6-45)

IMPROVED MAGMATIC SCENARIOS MODEL AND CODE
R.G. Baca/CNWRA, R.D. Manteufel/CNWRA, C.S. Lin/SwRI, and R. Drake/SwRl

6.5.1
Introduction
This section describes models and codes that have been used to simulate magmatic activity for the IPA
Phase 2 consequence analysis. Magmatic scenarios are important for performance assessment because
some repository material may be ejected onto the earth's surface if a magmatic event penetrates the
repository during a volcanic eruption (Valentine et al., 1992). Even in the absence of actual eruption of
waste, subsurface magmatic effects may also affect repository performance. In the case of intrusive
events that occur within the repository area, dikes emplaced through and above the repository may
damage the waste packages. In addition, dikes or sills below or in the repository horizon could affect
the repository by producing hydrothermal processes or altering hydrology. The effects of intrusive dikes
on the regional hydrology are presented in Appendix E. For the parameters chosen in the model, the
model predicts a water table rise of over 100 meters for the case of two perpendicular dikes. The main
effect of the intrusions would be to decrease the distance between the repository and the water table, but
increase the travel time in the saturated zone. Hydrothermal processes could cause rapid corrosion of
waste packages. As a result, radionuclides could be transported to the accessible environment by either
groundwater flow or gaseous release. The hydrologic properties of the dike itself may produce important
changes in the long-term flow of groundwater.
Two areas of current investigation that are critical to consequence models are: (i) the mechanics of cinder
cone eruptions, the duration of these eruptions, and the areal distribution of vents at active cinder cones,
and; (ii) the secondary effects of volcanism, including the effects of diffuse degassing and thermal
loading on waste package performance, geochemical transport, and groundwater movement. Many of
these volcanic processes are incompletely characterized. For example, recent studies at historically
active cinder cones indicate that these eruptions are, under some circumstances, considerably more
energetic than normally inferred. During the 1992 eruption of Cerro Negro, Nicaragua, volcanic ash rose
to much higher altitudes and was dispersed over a greater area than is typical for mafic eruptions.
Although this volcano is in a magmatic arc, the heological properties of its magmas are similar to those
of Lathrop Wells (Connor and Hill, 1993). These data suggest that cinder cone eruption mechanics and
their impact on waste entrainment and dispersal must be investigated more fully. The secondary effects
of degassing and cooling of cinder cones are long-term processes, and their impact on repository
performance also will need to be more fully integrated into future IPA models, as studies progress.
Two approaches have been used previously to model volcanism consequences related to damage of the
repository and release of waste (Crowe et al., 1983; Valentine et al., 1992; Sheridan, 1992; Margulies
et al., 1992). The first method involves development of a geometric model to estimate the amount of
waste entrained in an ascending dike during both intrusive and extrusive events (Sheridan, 1992;
Margulies et al., 1992). In this model it is assumed that the amount of waste entrained is directly
proportional to the size of the dike. In the second approach, the likely amount of waste entrainment is
estimated by considering the abundance of shallow crustal xenoliths identified at volcanoes near the
repository site and at other cinder cones in the Great Basin (Crowe et al., 1983). The basic premise in
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this approach is that the amount of waste entrained should be proportional to the lithic fraction in scoria
cones, should a basaltic eruption occur through the repository. For IPA Phase 2, the geometric approach
was adapted to develop the magmatic consequence model and code.
In the magmatic consequence model, the number of waste packages damaged is computed from the area
of the repository intercepted by the ascending magma. Only one igneous event, either an intrusive
(modeled as a dike only) or an extrusive event (modeled as a coincident dike and cone), is assumed to
occur during each simulation run. It was assumed that all radioactive waste affected by the dike is
released to the surface of the earth through the cinder cone, for extrusive events. For intrusive events,
the magma is assumed to compromise the intercepted waste packages, leading to early failure, but not
providing additional gas or liquid pathways for radioactive release.
Relevant Literature
6.S.2
The volcanic release probability at Yucca Mountain region during the lifetime of the potential repository
has been studied by Crowe et al. (1982; 1983; 1992). The volcanic release probability was examined
in these studies as the product of three factors: (i) the probability that a volcanic event will affect the
repository site; (ii) the temporal probability of a volcanic event; and (iii) the probable amount of release
of radionuclides because of a volcanic event. However, these studies underestimated some parameters
in the consequence analysis, such as erosion depth, conduit shape, speed of entrainment, and total lithic
fraction.
The effects of volcanism on performance of the potential Yucca Mountain radioactive waste repository
were studied by Crowe et al. (1983) and Valentine et al. (1992). They adapted the implicit assumption
of the geometric model that the amount of waste entrained is directly proportional to the size of the dike.
Valentine et al., then estimated the amount of waste entrained from the total volume of erupted lithics
and the volume of repository intercepted by the dike.
Sheridan (1992) used Monte Carlo simulation to estimate the probability of occurrence of future volcanic
dikes in the vicinity of Yucca Mountain. His model incorporates the geometric approach and addresses
only the spatial probability of the various volcanic scenarios. In this model, the volcanic field defining
the area in which dikes can occur is approximated by an elliptical outline. The centers of the dikes are
distributed according to a bivariate Gaussian distribution centered in the middle of the volcanic field. The
geometric parameters of dikes are specified by a mean value and a standard deviation. After each dike
is located, the length and orientation are chosen from the Gaussian distributions specified by the mean
and standard deviation. Because the location of dike centers and the dike geometry are generated
independently, it is possible to have a dike field oriented in a different direction away from the orientation
of the elongated volcanic field. This study sets upper bounds on the probability of intersection of dikes
with the repository. Using this technique, Sheridan (1992) estimated that the worst-case probability of
a volcanic dike intersection with the repository in the next 10,000 years is between 0.001 and 0.01.
Using a Monte Carlo simulation approach, Margulies et al. (1992) estimated the areal extent that a
basaltic dike or volcanic cone intercepts the repository, by assuming the occurrence of magmatic activity
in the region near the repository. The magmatic events modeled were represented by planar geometrical
figures. Cones were represented as disks, and dikes were represented as rectangles. The repository area
and borders were represented realistically in the simulations. Based only on geometry, Margulies et al.
obtained the estimates of radionuclide release by assuming that any radioactive waste intercepted by the
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magma would result in release of radionuclides to the accessible environment.
Margulies et al. (1992) assume an inhomogeneous Poisson model for the occurrence of a magmatic event.
The probability of magmatism was uniform within simulation regions, but could vary between regions
in their study. Similarly, the rate of occurrence of magmatic events was allowed to vary discretely in
time. The vent distribution in the Yucca Mountain area indicates cluster of vents (Connor and Hill,
1993). From geologic evidence and theory, the probability of magmatism is not likely to be constant
in time in the vicinity of Yucca Mountain (Trapp and Justus, 1992). Important geological information,
such as the temporal and spatial variation in the rate of magmatism, therefore, remains to be incorporated
into the geometric approach of simulating magmatic events in the repository site.
6.5.3
Description of Modeling Approach
6.5.3.1
Introduction
The geometric approach used is an extension of the work by Margulies et al. (1992). In the geometric
approach, Monte Carlo sampling was used to estimate the areal extent that a basaltic dike or a volcanic
cone intercepts the repository. From a probabilistic point of view, magmatic events are distributed in
both space and time. For the purposes of IPA Phase 2, an estimate of the probability of magmatis in
the Yucca Mountain repository (over the next 10,000 years) is needed.
6.5.3.2
Simulation Procedure
In the Monte Carlo simulation, the staff considered a rectangular region surrounding the repository
horizon. As shown in the simulation configuration of the repository (Figure 6-3), the repository is
represented by a total of 17 rectangles. To obtain the simulation configuration of the repository, the
outline of the perimeter of the proposed Yucca Mountain repository has been traced from actual drawings.
The rectangles are further grouped into seven areas, also shown in Figure 6-3.
The simulation generates a volcanic event randomly in the simulated region. The volcanic event
occurrence time is chosen randomly within the specified time period. The simulation chooses an
intrusive magma event (with only a dike) with a probability 10 times that of an extrusive event (with a
feeder dike and a cone) (Crisp, 1984). Cones are represented as circular disks, whereas dikes are
represented as narrow rectangles. The dimensions of cones and dikes are selected by a random sampling
procedure. The Monte Carlo simulation procedure for estimating the occurrence and consequences of
a magmatic event is described below:
*

Locate the centerpoint of a dike event or an extrusive event by random sampling.

*

Determine geometry parameters (e.g., length, width, radius) by random sampling.

*

Calculate the overlapped area in each repository cell and convert the area to number of
waste packages, if a dike or a cone intercepts the repository.

*

In the case of cones, calculate and output the radioactive release amount in this trial. For
dikes, report number of affected waste packages to SOTEC.

In the procedure of determining geometry parameters, parameters are chosen randomly from a range of
values, based on the available data. Margulies et al. (1992) assumed that the length of the rectangular
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Figure 63.

Configuration of the repository in the simulation. (The repository is divided Into
seven sub-areas with a total of 17 rectangular panels. The number inside each
rectangle represents the sub-area number, and the number outside the rectangle
gives the panel number.)
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dike ranges between 1000 and 4000 meters, and the dike width ranges between I and 10 meters.
Therefore, the area of the rectangular dike varies between 1000 and 40,000 meters2 . The area of the
rectangular dike is chosen at random, in the code, as given by the following expression (Margulies et al.,
1992):
A = a('-P) bP,

(646)

where a = 1000 meters 2 is the minimum area, b = 40,000 meters 2 is the maximum area, and is a
random number chosen uniformly between 0 and 1. The probability density function of A for uniformly
distributed is skewed toward the smaller areas.
After the dike area is chosen, the length is chosen at random between max(c,A/ff and mln(A/e,d), with
equal probability. The corresponding width of the rectangular dike W is then determined from the area
A and length L, as W = IL. Here the parameters c and d define the minimum and maximum length,
respectively, whereas the parameters e andfdefine the minimum and maximum width, respectively. The
values of these parameters in the code are:
c
d
e
f

=
=
=

=

1000 meters (minimum length),
4000 meters (maximum length),
I meter (minimum width),
10 meters (maximum width).

This randomly generated rectangular dike has an angle of orientation that is chosen at random with equal
probability between two angles specified in the input. Typically, the input parameters for the angles are
chosen to be 750 and 90" counterclockwise from the horizontal axis, corresponding to the dike orientations
ranging from due north/south to north 15 degrees east. However, this distribution of dike orientation is
based on a postulate by Smith et al. (1990) and Ho et al. (1990), that there is a NE-trending structural
control on vent distribution within the Area of Most Recent Volcanism (AMRV). Crowe and Perry
(1989) have delineated a different area, the Crater Flat Volcanic Zone (CFVZ), that extends northnorthwest from the buried Amorgosa Valley vents, located about 35 kilometers south of Yucca Mountain,
to those at Sleeping Butte, about 65 kilometers northwest of the site.
To simulate the formation of volcanic cones through extrusion events, circular areas are used to represent
cones. Since we are interested in the effect of the volcano on the subsurface repository, these circular
areas more properly represent the stem-like conduit of magma feeding the volcanic eruption, which may
intersect the repository. The cone radius then corresponds approximately to the radius of the
approximately vertical, nearly circular magma conduit. The radius of the volcanic cones is chosen
uniformly at random between two input parameters, the minimum and maximum cone radii. Margulies
et al. (1992) have chosen the minimum and maximum radii to be 25 and 100 meters, respectively.
Currently the simulation adapts the parameters chosen by Margulies et al. However, the minimum and
maximum radii chosen in the simulation appear to be unrealistically small. The smallest cones in the
Yucca Mountain area have basal radii varying from 250 meters for Lathrop Wells and Little Black Peak,
to 300 meters for Hidden Cone (e.g., Crowe et al. 1988). Future simulations should address more
realistic values for the cone radii.
The program calculates the area of intersection between the dike and the repository by strictly geometrical
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computations. For an extrusive event, it also calculates the area of intersection between the cone and the
repository. The predicted area of interception from the simulations is used to estimate the number of
waste packages damaged, assuming a uniform distribution of waste packages within each repository cell.
For extrusive events, upper bound and conservative estimates of radionuclide release into the atmosphere
are calculated by assuming that the radioactivity material damaged by the dike has been transported to
the cone and a fraction of the transported material, 4 percent, released into the air. The amount of
radionuclides released into the air is considered to be zero for intrusive events.
The simulation estimates the amount of release Qk of radionuclide k to the atmosphere, for the extrusive
event, by summing over the radioactive inventory at the time of the event,
a

N I,k(t),

Qk=
J

Ik(t)

(647)

J

4(0) exp(-0.693tltk),

(6-48)

where NJ is the number of the damaged waste packages in area j, and I is the inventory of kth
radionuclide in each waste package at time t in area J. This approach neglects the generation of
radioactive progeny, which is non-conservative. The amount of radioactivity release for each
radionuclide is used as input by the AIRCOM program, to calculate dose by the DIlTI code (Dose
Integrated over Ten Thousand Years). In addition, the number of damaged waste packages predicted by
the Monte Carlo simulation is used by the S07EC program to determine the release of waste in air and
water. (See Section 2.1.3 for a description of these other TPA computer code modules.)
6.5.3.3
Assumptions and Umitations
Several assumptions are implied, in applying the geometric approach, to estimate the amount of waste
entrained in an ascending dike, as discussed in Valentine et al. (1992). The Monte Carlo simulation
model of basaltic igneous activity assumes: (i) any magma that intrudes the repository will have a low
volatile content; (ii) any igneous event will involve the intrusion of a single igneous dike; (iii) the
repository itself will not affect magma flow or eruption dynamics; (iv) magmatic events are of relatively
short duration; (v) groundwater, possibly derived from a perched water table, will not interact with
magma; and (vi) the probability of an intrusive event is 10 times that of an extrusive event. As the code
is developed firther, these assumptions will be explored in more detail.
The basic assumption that the amount of waste entrained in an ascending dike is determined by the dike
size is justified if the magma intruding the repository has a low volatile content. High-volatile content
magmas will likely erode wallrock during the eruption and thus entrain a larger volume of waste than
what is calculated using a standard dike width.
The simulation results for magmatic activity are normalized according to the magma scenario probability
and the area of the simulation region. The magma scenario probability, an input parameter to the TPA
computer code, was determined from the work of Connor and Hill (1993) (see Section 3.3.2.2 (A) for
detailed discussion). They used a nonhomogeneous Poisson model calculated by near-neighbor methods
to estimate the probability of volcanic disruption of a repository-sized area in the Yucca Mountain area
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over the next 10,000 years.
The simulation region used in the VOLCANO code is an assumed area of 12 x 12 kilometers 2 around the
repository. The origin of the simulation region is the upper right corner of Area 7. In the simulation
system, the x coordinate ranges from -6000 meters to 6000 meters, and the y coordinate from -7500
meters to 4500 meters. Because the maximum length of a dike is assumed to be 4000 meters, this
simulation system is sufficiently large to ensure that it will include any magmatic events intercepting the
repository.
The current simulation model has several limitations. At present, effects of faults on magma activity are
not considered in the VOLCANO code. At least two faults are known to be located in the area: the Ghost
Dance fault passing through the repository and the Solitario Canyon fault west of the repository. Faults
may localize magma ascent in the shallow crust if fault orientation corresponds to the current orientation
of principal crustal stress (Nakamura, 1977). All these faults could localize magmatism and may influence
dike occurrence in the repository area. The VOLCANO code needs to be improved by including magma
events related to these faults. The model also considers only radioactivity release for intrusive and
extrusive events. The consequence analysis has not taken into account the interaction between intruding
magma and a perched body of water around the repository. However, Appendix E discusses an auxiliary
analysis that considers the effect on saturated groundwater flow and water table elevation, at the regional
scale resulting from intrusive dikes. Finally, the simulation model has not included the possibility of
multiple eruptions. There is evidence of multiple eruptions (polycyclic activity) at some of the
Quaternary cinder cones in the Yucca Mountain area (e.g., Crowe et al., 1992). The effects of this type
of igneous activity remain to be included in the model.
6.5.3.4
Summary
A geometric simulation approach has been used to model the consequence of volcanism in the proposed
repository. The model VOLCANO obtains the area of intersection between the repository and the area
of an intrusive magma event occurring randomly in a region surrounding the repository. The actual
geometry of the proposed Yucca Mountain repository is used as input to the model. Using the repository
initial inventory as input, the area of interception is converted into the number of waste packages
damaged from which the amount of radioactivity released into the atmosphere is calculated. The
predictions of the VOLCANO model are used as input by the AIRCOM and SO7EC modules in the total
system performance assessment computer code. The number of waste packages damaged by magma
activity is used in computing the source term in the S07EC module (Sagar and Janetzke,. 1993). The
results of the radionuclide release calculations are used in AIRCOM to calculate human dose, and in the
TPA Executive module (Exec), to calculate the total release (Sagar and Janetzke, 1993). A detailed
description of the VOLCANO code and its output is given in the VOLCANO User Guide (Lin et al.,
1993).
6.6

OVERALL CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

A number of conclusions were drawn from the disruptive consequence analyses. These conclusions are
summarized here, with specific recommendations for improvement during the next phase of EPA:
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Recommendation 1:

Improve Model for Climate Change.

The current implementation for climate change is very simplistic, and should be updated. Currently,
climate change is modeled as a change in the infiltration rate. The relationship between infiltration and
increased precipitation should be investigated. In particular, DeWispelare et al. (1993) have compiled
an expert elicitation about future climate at Yucca Mountain that may be used to improve the model. We
recommend that the climate change scenario take into account the most recent understanding of climate
at Yucca Mountain and how climate relates to infiltration.

Recommendation 2:

DrillingModel - Consolidate Calcuions of Radionuclide Inventory.

The drilling code calculates inventory, using the Bateman equations, and determines the inventory for the
time of the earliest drilling event. Greater efficiency may have been attainable by calculating the
evolution of the inventory one time only. The calculated inventory could be used by the source term,
drilling, seismic, and volcanic models, rather than being repeated in several different modules.

Recommendation 3:

DrillingModel - Allow Multiple Waste Package Failure Times.

The effect of drilling is predicted to be small relative to the other releases calculated in Phase 2, in part
because drilling affects only a small number of waste packages. However, for cases where there is both
drilling combined with volcanism or seismicity, the source term model predicts all failures occur at the
earliest time for any event. This simplifying modeling assumption could lead to predictions of earlier and
larger total releases when a later disruption (volcanic or seismic event) causes widespread failure of waste
packages. The drilling code and source term code should be modified to allow multiple waste package
failures at different times within the same run.

Recommendation 4:

DrillingModel - Reduce Number of Variablesand Tie Sampled Parametersto
the Extent of Drilling Activity.

The drilling model uses a total of 92 sampled parameters, to determine mainly the time of the drilling
event, the repository area in which the drilling occurs, and whether or not the drillhole intersected a waste
package. The purpose for generating these parameters in the main sampling procedure was to avoid the
necessity for generating random variables at the level of a consequence module, and to maintaining tight
control over all sampled parameters, for further statistical analysis. Unlike most of the other variables
sampled by the LHS procedure, the parameters used in the drilling model have little physical significance.
Including these variables in the statistical correlations did not yield meaningful results, and may have
detracted from the correlations between performance and other sampled variables. Possible alternatives
to the present sampling of the drilling parameters might be to have the random sampling built into the
drilling module, but relying on a random seed passed to the module as a sampled parameter generated
from the system-level LHS routine. Alternatively, some of the analyses in the drilling code presently
done in a Monte-Carlo fashion could be reduced to closed-form statistical formulae.

Recommendation 5:

Seismic Model - Improve Waste Package FailureModel for Mechanical and
Seismic Input

The mechanisms for failure of waste packages from seismic shaking and buckling used in IPA Phase 2
6 - !6

NUREG-1464

6. Disruptive Consequences

were highly simplified, and design-dependent. The model was based on the response of a flexible beam
rigidly attached to the ground and oscillating at a single frequency. Failure was caused by either contact
of the waste package with the wall, or exceedance of stress at the point of attachment. A more
mechanistic model of seismic failure would take into account a number of additional factors, including:
(1) a realistic mechanical model of the waste package and its contact with the ground; (2) a spectrum
of frequencies of ground motion; (3) the reduction in strength of the waste package walls predicted by
realistic models for pitting, crevice, and general corrosion; (4) the mechanical contact between the waste
package, rock, and backfill; (5) repeated mechanical response of the waste package to oscillatory forces;
and (6) failure caused by the repeated responsive motion, including the degradation of the metal by
fatigue, heat, and radiation. Seismic failure models for future iterations must, of course, take into
account the most recent design of the waste package.
Recommendation 6:

Improve Volcanism Model in Regard to Probabiityand Volcanic Processes.

As discussed in Section 6.5.3.3, the volcanism model presented is preliminary. Some assumptions
inherent in the VOLCANO code can be improved on through additional research. For example, the nearneighbor nonhomogeneous Poisson model used to generate the probability of magmatic activity for IPA
Phase 2 is one example of a spatial model that accounts for cinder cone clustering in the region. Other
models, such as Neymann-Scott and Poisson cluster models, should be explored, possibly as auxiliary
analyses, with an emphasis on how they would be implemented in the future IPAs. Additional geologic
information, including the role of volatiles in driving magma ascent, the importance of multiple dike
intrusions, and the role of pre-existing structure, also needs to be incorporated. Effects of uncertainty
in geochronological data, and related factors, need to be explored. Future models should incorporate
these kinds of analyses to provide a robust and defendable estimate of the probability and effects of
volcanic disruption.
Recommendation 7:

Improve Volcanism Model in Regard to Magma Interaction with Waste.

In the VOLCANO module, only direct effects of magma interacting with the radioactive waste are
considered. It is recognized that magma may have a number of indirect effects, such as changing the
groundwater conditions, and accelerating the corrosion of nearby waste packages. We recommend that
the scope of consequence analyses be expanded to include indirect affects of a nearby volcanic event.
Recommendation 8

Improve Tracking of Radioactive Inventory in VOLCANO.

The present version of VOLCANO keeps track of the radionuclide inventory by considering only simple
decay of radionuclides present in the waste packages, with no generation of radioactive progeny. It does
not keep track of radionuclides that have left the repository sub-area by the liquid or gaseous pathway.
Although the latter assumption is conservative, ignoring the ingrowth of radioactive progeny of chain
decay could underestimate radioactive releases of several radionuclides. VOLCANO should be updated
to include the ingrowth of radioactive progeny in the source term.
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