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FOREWORD

This Contractor Information Meeting was part of the FY 77 efforts
of Task 4 (originally Task 5) of the Waste Isolation Safety Assessment
Program (WISAP). In Fy 78, tasks 1 and 2 have been combined and tasks 3
through 6 have been renumbered, so that the current FY 78 task equals

FY 77, Task 1. Thus, in certain of the presentations to follow, the

subject of these proceedings is referred to as Task 5. Materials prepared
before October 1, 1977, and presented in this report, will use the old
designation, Task 5.

The objectives of Task 4 Nuc]ide Transport Data are to:

1.

Evaluate sorption-desorption measurement methods and recommend
standard procedures.

Produce a generic data bank of nuclide-geologic interactions.
Perform statistical analysis and synthesis of these data.

Perform validation studies to compare short-term laboratory
studies to long-term in situ behavior.

Develop a.fundamental understanding of sorption-desorption
processes.

Disseminate resulting information to the international technical
community.

In order to accomplish these objectives a multiyear, laboratory-

dominated, experimental program was initiated. The talents of approximately

ten scientific groups at national labs and private institutions were
 mobilized in FY 77. S

The purpose of the Contractor Information Meeting was to:

Present an overview of OWI needs and schedules.
Present an overview of WISAP goals and methodology.

Reiterate Task 4 objectives.

iii



Present technical accomplishments of subcontractors during
FY 77.

Encourage information and idea exchange with other representatives
of related programs.

Solicit program critiques and peer review.

Conference participants included those subcontracted to WISAP Task 4
kepresentatives and independent subcontractors to the Office of Waste
Isolation, representatives from other waste disposal programs, and
éxpérts in the area of waste-geologic media interaction. An attendee
" 11st 1s appended to this document.

R. J. Serne, Manager

Waste-Geological Media Interactions Section,
Water and Land Resources Department,
Battelle Pacific Northwest Laboratories

Conference Chairman
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AN OVERVIEW
THE NATIONAL WASTE TERMINAL STORAGE (NWTS) PROGRAM



AN OVERVIEW OF THE OFFICE OF WASTE ISOLATION'S
' TECHNICAL SUPPORT PROJECTS
TO SUPPORT THE DESIGN, CONSTRUCTION, AND LICENSING
OF A DEEP GEOLOGICAL REPOSITORY FOR NUCLEAR WASTE

, L. R. Dole
Office of Waste Isolation

INTRODUCTION

Because I am documenting the overview of the Office of Waste
Isolation (OWI) Technical SuppOrt Program in May 1978, I will review
the program as it now stands rather than reconstruct the situation of
September 1977. I will present a brief outline of the program and
discuss some of the background material on site selection. Also, I
will cover some of the quality assurance program material that was
originally scheduled for the September meeting. The following figures
and attendant discussions constitute the narrative for the presentation.
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Figure 1: Goals of Deep Geological Disposal (OWI-77-523R2)

The OWI approach to salt repositories emphasizes that the principal
goal of geological disposal is the complete containment of radioactive
waste from the biosphere using the inherent stable properties of the
disposal horizon or formation. Therefore, most,of'the programs in the
technical support area of OWI are aimed at designing and engineering a
waste repository that does not insult the formation over geologic time.

Jeff Serne's nuclide migration program is relevant to quantifying
goals 2 and 3, in regard to nuclide migration resulting from a reposi-
tory breach. This project relates to the long-term safety assessment of
a repository. By "long-term" in time and space, we mean that period of
time after the decommissioning of a repository to a time from one to ten
million years and over geologic distances of kilometers from the disposal
horizon. '

Figure 2: Schedule for Repository No. 1 (OWI-78-17)

This figure presents the repository schedule as it stood in
January 1978. Although not now an accurate schedule, it illustrates that
this engineering project has milestones and a critical path. The output
from these studies will be used in preparing environmental impact state-
ments and safety analysis reports for specific sites. The work done in
this task, "Nuclide Migration Studies," encompasses generic studies of
materials in and around salt as well as other formations of interest for
geological disposal. This program will also supply analyses of nuclide
retardation properties of materials from specific sites in partial
éupport of the site selection process.

While this program has a strong mission/engineering orientation, we
realize that the technology to characterize the retardation of nuclides
in geologic media must be systematically and scientifica]1§—developed.
Therefore, Serne has tried to balance the mission milestones with Tong-
range scientific studies, investigating the thermodynamics, kinetics,

and mechanisms of nuclide migration.



FIGURE 1
GCALS OF DEEP GEOLOGICAL DISPOSAL

GOAL 1

CONTAIN WASTE FOR LONG TERM ISOLATION FROM THE BIOSPHERE
IN A SMALL ZOME OF A GEOLOGICAL FORMATION, REGARDLESS OF
~ WHAT LOCAL AND TIME-DEPENDENT CHANGES OCCUR.

GOAL 2

PROVIDE-ISOLATION FROM THE BIOSPHERE BY RETARDING THE
MIGRATION OF NUCLIDES, REGARDLESS OF EXTERNAL FORCES;'
SUCH AS EARTHQUAKES, EROSION, ICE SHEETS, WAR, METEORITES,
ETC.

GOAL 3

MITIGATE ANY HEALTH EFFECTS AS CONSEQUENCE OF NUCLIDES
REACHING THE BIOSPHERE.

ONI-77-525R2
3-22-78
’ LRD



FIGURE

SCHEDULE FOR REPOSITORY NO. 1

£ "

[

FY 1978 FY 1979 FY 1980 FY 1981 FY 1982 FY 1983 FY 1984 FY 1985
J A J A J A U J A U J A A YA J AU
IDENTIFY owl
STUDY SHLECT TWO-S(TE
AREAS LQCATIONS . SELECFION
"y : y_
F N
DOE|SITE
o SELECTION
FINAL ~ |sTART . COMPLETE
FORMATION | LOCATION LQCATION
REPORTS STUDIES STUDIES
4 y
7 Y 7 3 w
START FINAL FINAL
AREA ARER , LOCATION
STUDIES REPPRTS REPORTS
EIS QUTLINE PDE!S 10O DOE
COMPLETE TO DOE INITIAL| FINAL -
. \ A / y
WISAP AND 2 ArACILITIES
GEOROGIC INPUT  PRQJECTS INPUT
ER OUTLINE . DRAFT ER
COMPLETE TO OOE TO DOE
4 h 4 A 4
WISAP AND A AFAGILITIES
GEOUOGIC INPUT  PRQJUECTS INFUT
SAR OUTLINE DRAFT 3AR
COMPL i DOE TO DOE
Yy v . 4
WISAP AND# AFAGILITIES
GEOLOGIC INPUT  PRQJECTS INPJT"
‘| START START BALANCE FINISH )
‘ ) SHAFT OF FACILITIES SHAFT HOT
START TITLE ! DESIGN CONSTRUCTION  |CONSTRUCTION CONSTRUCTION ** OPERATION
\ 4 h 4 k 4 h 4 y
a 3 2 a
CONCEPTUAL TITLE | TITLE Nl TITLE Wi
DESIGN REPORT DES GN DESIGN COMPLETE
REPORT FINISHED
OWI-78-17

1/9/78
ASQ




Figure 3: I Give Up, Dear (OWI-77-478)

In constructing an event tree for the geologic disposal program,
H. C. Clairborne of OWI establishes public acceptance as a fop priority.
Personally, I have difficulty seeing direct relationships between public
relations and conducting a technically sound program.

To support the design and construction of a nuclear repository with
scientific studies that achieve a good "scientific" basis as perceived
by a cunsensus of knowlcdgeable experts in each particular field is
necessary, but not sufficient, to assure public acceptance. There may
be a direct tie between a good scientific study and nuclear 1icensfng-
public relationships contexts but it is, unfortunately, very weak. -

Figure 4: Long-Term Storaged Implies Unique Restraints (OWI-77-506R1)

This combination of engineering restraints drives many of the
programs in the OWI technical support studies. If the natural stability
of a salt formation is to be used, nuclear waste must be emplaced in
such a manner as to minimize the insult to the formation. Therefore, we
must be able to predict the thermal/mechanical responses of the far-
field thermal gradients over time spans of 200 to 2000 years with reasonable
accuracy. Retrieval periods of up to 25 years also demand accurate
predictions of hole and room closures in near-field effects. In addition
to the thermal/mechanical changes, geochemical changes are induced in
the waste form and the surrounding host rock by heat and radiation which
persist up to 2000 years. '

Item 3 may appear reddndant, but it emphasizes the geological sense
of time that pervades the very long-range considerations of a repository
whose functional life is to be upwards of one to ten million years.,
Predictions of stabi]fty and breaching events over periods of geologic
time, encompassing multiple glaciations anh the accompanying climatical
cycles, represent a challenge. \ '

Figure 5: Technical Support Projects (OWI-77-507R1)

The majority of studies represented by the first three items are
aimed at characterizing the thermally-driven properties within the
repository horizon. The heat transfer/thermal analysis studies input

10
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FIGURE 4

LONG TERM STORAGE OF HIGH-LEVEL WASTE IMPLIES

UNIQUE RESTRAINTS

HIGH HEAT AND RADIATION

PREDICTION IN LONG TIME AND SHORT TIME OF
MECHANICAL RESPONSE

TIME SPAN OF THE PREDICTION

OWI-77-596R1
8/10/77
12 LRD



information is necessary to perform the rock mechanics modeling calculations
and scope the test conditions of the close in waste/rock interaction. Serne's
programAfo measure the nuclide interactions with various geologic materials
pertains to the transport of nuclides beyond the boundary of the disposal hori-
zon thrbugh the intervening rock strata to the biosphere. In the case of a
salt repository, such hydrologic transport would be the result of an improbable
breaching event. '

- Safety and reliability studies are performed under Harry Burkholder at
Battelle Pacific Northwest Laboratories, and represent the effort to predict
and characterize thevprobability of breaching scenarios for both specific and
generic repositories. Burkholder describes the Waste Isolation Safety Assess- -
ment Program (WISAP) in more detail later in this report.

Borehole plugging studies include the development of special cement tech-
nologies and a demonstration program to be begun in FY 1978.

The data management task is aimed at developing a computerized geological
data base and a flexible, graphic retrieval system.

Figure 6: Technical Support Projects (QWI-77—509R2)

This figure contains a list of waste/rock interaction studies presently
underway through OWI. Figures 7-13 summarize those studies not directly relat.-
to nuclide transport. '

Figure 7: The Effects of Water in Salt Repositories (OWI-77-811)

Figure 8: USGS P-1 Physical Chemistry of Salt and Brine (0w1-77-809)

Figure 9: Chemical Reactions with Repository Rocks/Waste (OWI-77-815)

Figure 10: Consolidation and Brine Migration in Rock Salt (OWI-77-814)

Figure 11: USGS M-1 Mineralogical Characterization (OWI-77-810)

Figure 12: Geothermometry (OEI-77-813)

Figure 13: Strain-Related Radiation Damage Measurements on Rock Salt
(OWI-77-808)

Figure 14: Nuclide Migration Program Organization (OWI-77-418R2)

The OWI technical program guidance matrix is composed of Clyde Claiborne,
Glenn Jenks, and Les Dole. Claiborne has administrative responsibilities for

13
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* TECHNICAL SUPPORT PROJECTS

HEAT TRANSFER/THERMAL ANALYSISl
WASTE/ROCK INTERACTION

ROCK MECHANICS

SAFETY AND RELIABILITY

BOREHOLE PLUGGING

» - DATA MANAGEMENT

OWI-77-50/R1
LRD 10/19/77.I
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FIGURE &
TECHNICAL SUPPORT PROJECTS

WASTE/ROCK INTERACTION

“.ln

10,

NucLiDE TrRANSPORT DATA (WISAP Task 5) .
.. BATTELLE PACIFIC NORTHNﬁST LABORATORIES
(SUBCONTRACTORS = LiIsT) :

NATURAL FissioNn REacTor ProGcrAM (NFRP)
. Los ALAMOS SCIENTIFIC LABORATORY

THE EFFecTs oF WATER IN SALT REPOSITORIES
. 0AK RiDGE NATIONAL LABORATORIES

CONSOLIDATION AND BRINE MIGRATION IN Rock SALT.
. PENNSYLVANIA STATE UNIVERSITY

USGS P-1 PHysicAL CHEMISTRY OF SALT AND BRINE
' . . U. S, GEoLoGIicAL SURVEY

CHEMICAL ReacTion WITH Rock/WASTE
. PENNSYLVANIA STATE UNIVERSITY

USGS M-1 MineraLoGIcAL CHARACTERIZATION
. U. S. GEOLOGICAL SURVEY

GEOTHERMOMETRY OF SHALE ,
. GEORGIA INSTITUTE OF TECHNOLOGY

STRAIN-RELATED RADIATION DAMAGE
", BROOKHAVEN NATIONAL LABORATORY

CRITICALITY STuDY OF NUCLEAR WASTE

. 0AK RiDGE NATIONAL LABORATORY ENGINEERING TECHNOLOGY

OWI-77-509R2
LRD 11/4/77



" FIGURE 7

THE EFFECTS OF WATER IN SALT REPOSITORIES

0ak RIDGE NATIONAL 'LABORATORY

THE EFFeECTS OF WATER ON:

1) THE MECHANICAL PROPERTIES OF SALT AND MINE
INTEGRITY

2) ROLE OF CONSOLIDATION OF BACKFILLED SALT

3) RATE OF CANISTER CORROSION AND HYDROGEN
GAS PRODUCTION

4) .INTERACTION OF WASTE AND TRANSPORT MECHANISM
A) BRINE MIGRATION | |
B) EPISODIC FLOODING
C) FLOWING AQUIFERS

oni-77-811 O

LRD 11/4/77
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- EIGURE 8

~ USGS P-1 PHYSICAL CHEMISTRY
OF SALT AND BRINE

PHASE RELATIONSHIPS 0F4NACL-CASO4¥H20 AND
NACL-CAS04-M6CLy~CACL,-H,0 SysTEM As FuncTiON

- OF TEMPERATURE AND COMPOSITION,

OWI-77-809
LRD '11/4/77
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FIGURE O -
CHEMICAL REACTIONS WITH REPOSITORY -

ROCKS/WASTE

PENNSYLVANIA STATE UNIVERSITY

CONTACT METAMORPHISM OF WASTE WITH
" HOST ROCK DURING THERMAL PERIOD OF
WASTE STORAGE

OWI-77-815
11-4-77
LRD

18



FICURE 10
ConsoLIDATION AND BRINE MIGRATION
IN Rock SALT

PENNSYLVANIA STATE UNIVERSITY

1) DEVELOP MODELS TO PREDICT CONSOLIDATION
| BEHAVIOR FOR A WIDE RANGE OF CONDITIONS

2)  EXPERIMENTAL COMPACTION BEHAVIOR

3)  BRINE MIGRATION IN POLY-CRYSTALLINE SALTS:
IN A THERMAL GRADIENT

OWr-77-814
: 11-4-77
19 - LRD -



FIGURE 11

USGS M-1 MINERALOGICAL CHARACTERIZATION

1. AnALYsIS OF SALT CoRrEes

2. FeasiBILITY STupy oF K/AR DATING OF

| SALT RECRYSTALLIZATION AND WATER
MOVEMENT.

3, INTERACTION oF HigH LEVEL WASTE -
SALT - SHALE MINERALS

ONI-77-810
. LRD 11/4/77%g



FIGURE 12

GEOTHERMOMETRY

~ GEORGIA INSTITUTE OF TECHNOLOGY

DETERMINE THE THERMAL HISTORY OF
ARGILLACEOUS ROCKS BY COMPARING
1) MINERALOGY
2)  K/MR RATIOS
3) 0'%/0'° RAflos

44) VITRINITE REFLECTANCE

OW-77-813
r LRD 11/4/77
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FIGURE 13

STRAIN RELATED RADIATION DAMAGE
MEASUREMENTS ON ROCK SALT

ACCUMULATION AND ANNEALING OF GAMMA RADIATION

DAMAGE (STORED ENERGY) IN Rock SALT As A FUNCTION
OF TEMPERATURE AND STRAIN (50-200°C, 3 x 10]0 RAD,
RATE < 3 x 10° RAD/HR) |

| CONI-77-808
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FIGURE 14

NUCLIDE MIGRATION PROGRAM ORGANIZATION

OWI
LES DOLE GLENN , JENKS — CLYDE CLAIBORNE
G, COWAN - BATTELLE - PNL
NATURAL FISSION WISAP
REACTOR PROGRAM | - ~ H. C. BURKHOLDER
LASL, . JEFF SERNE - -DON BRADLEY
‘ TASK 4 | TASK 2
NUCLIDE TRANSPORT SOURCE TERM

PNL3 LLL

PNL5—ANL 4 p—LLL{—ORNL ] 4 —LBL—SANDIA —ROCKWELL (HO)—ADAPTRONICS—LASL]—GIT
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tasks 1 through 3 of Burkholder's WISAP program, and Dole has administrative
responsibilities for Task 4 Qnder Serne. A fifth WISAP task, "Societal Affairs,"
is under the technical guidance and administrative control of A. S. Quist,

. OWI, Regulatory Affairs Department. The mission of the nuclide migration
program is to supply data for use in the consequence analysis of various
breaching scenarios generated by the probablistic modeling portion of the

WISAP program.

The main point‘of this meeting is to discuss the details of the sub-
contractors' work under Serne's program. Burkholder will summarize the
other WISAP tasks.

Figure 15: Deep Geological Hydrologic Transport Conditionsv(0w1-77-666)

In reality, the literature does not deal adequately with expected hydro-
logic transport conditions in the case of a deep geological repository. The
general perception is that the retardation coefficients found in the literature
are inconsistent and not fully tharacterized; that is, the experimental
methods, geological materials, and solution chemistry are not usually specified
in adequate detail. Therefore, OWI sponsored this systematic study to develop
a data base.

Figure 16: Internal Subtask of Task #4 of the Waste Isolation Safety
Assessment Program (WISAP) (OWI-77-665R1)

These subtasks, identified by Serne, are among those addressed in Task
#4 of the WISAP program. Serne will discuss these specific items in a following
presentation.

Figure 17: Oklo, Natural Fission Reactor Program (OWI-77-807)

This study under'George Cowan, Los Alamos Scientific Laboratory, is divided
.into two parts. The first task, the Natural Fission Reactor Program is being
phased out in FY 1978, and a second task, Characterization of Nuclide Diffusion
through Uraninite Minerals, is being started. |

Figure .18: Criticality Study of Nuclear waster(0w1577-812)

This study was completed by Ed Allen of the QOak RidgebNationa1 Laboratory.
His data inputs into a study recently begun, under Doug Brookins of the University
of New Mexico, to construct and model geochemical scenarios that could possibly

24



- S¢

N

- FIGURE 15

~ DEEP GEOLOGICAL HYDROLOGIC TRANSPORT CONDITIONS -

1. ANOXIC REDUCING
2. STEADY-STATE SATURATED FLOW

3, NaCl CONCENTRATION GRADIENT

OWI-77-666
" LRD 10/19/77



FIGUPE 16

INTERNAL SUBTASK OF TASK #4 .
WASTE ISOLATION SAFETY ASSESSMENT PROGRAM
(WISAP)
STANDARDIZATION OF PROCEDURES
. DaTA BANK GENERATION
SYNTHESIS AND STATISTICAL ANALYSIS'OF DATA
VALIDATION STUDIES

_ANALYTICAL RATE AND MECHANISTIC STUDIES

TEcHNICAL MANAGEMENT OF PROJECT INTERFACES

OWI-77-665R1 ‘l
y LRD 11/4/77



FIGURE 17

‘ OKLO, NATURAL'FISSION REACTOR PROGRAM

i

 Los ALAMOS SCIENTIFIC LABORATORY

STUDIES OF RADIONUCLIDE - GEOLOGIC MEDIA
INTERACTIONS THAT CONTROL THE TRANSPORT
'OF RADIONUCLIDES.

" - - OWI-77-807
® . S 11-4-77
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- FIGURE 12

CRITICALITY STupY oF NucLEAR WASTE

0AK RipGe NATIONAL LABORATORY

CALCULATE CRITICAL MASS FOR ANY
1) ACTINIDE COMPOSITION
2) MODERATOR COMPOSITION
3) REFLECTOR COMPOSITION
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result in a critical asseﬁb]y from nuclear waste. If such scenarios can be
determined, a third study of the probabilities and consequences of the scenarios

will follow.

Figure 19: OWI Site Selection Study (OWI-78-390)

- The OWI geological criteria for radioactive waste repositories are presented
in Y/OWI/TM-47, November 28, 1977. Regional screening specifications for bedded
salt in the Salina Basin and Gulf Coast Salt Domes are presented in Y/OWI/TM-48.
and Y/OWI/TM-54, respectivé]y.

To place nuclide retardation in perspective with other site selection cri-
teria, it is necessary 'to understand the relative weight of the nuclide migration
studies in relation to other geological properties and other sets of site criteria.

Figure 20: Site Selection for a Geological Repository Must be Based on Several
Sets of Criteria )OWI-78-339)

Here is a list of criteria required for consideration in the selection of
a particular site for a nuclear waste repository.

Figure 21: Hierarchy -of Terms Used in Site Selection (OWI-77-398)

This represents a graphical illustration of the relative hierarchy of con-
siderations in siting a nuclear waste repository. Each of the siting criteria, -
factors, measures, and specifications has a restricted definition that is
spelled out in Y/OWI/TM-47.

Nuclide migration would be one factor among many others in deciding the
suitability of a particular site. In the case of a salt repository, the
probability of a breach of containment and subsequent hydro]ogié transport is
considered extremely low, and the need for nuclide retention by surrounding
strata is less than that of a repository in a fractured crystalline rock. In
the latter case, the nuclide retention becomes more significant, because a
hydrologic pathway is a reasonabie certainty within the first 20 to 200 years.
Parenthetically, we do not know but would expect to be able to site a nuclear
repository in fractured crystalline rock that would have a very low hydrologic
gradient. Nevertheless, it would be necessary to describe the nuclide transport
from such a crystalline rock nuclear repository with greater accuracy, than from
a salt repository. Hence, OWI has a great interest in developing an accurate
nuclide data base, even though hydrologic transport is a small probability in
the case of a salt repository.
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FIGLRE 18
OWI SITE SELECTION STUDY | (

THE CURRENT STUDY WAS DEVOTED ONLY TO GEOLOGIC
CRITERIA,

- THEY ARE NECESSARY TO THE REPOSITORY
GOAL

- THEY ARE LEAST SUBJECT TO CONTROL OR
ALTERATION BY MAN

- THEY ARE NECESSARY PREDECESSORS TO SOME
| OF THE OTHER CRITERIA

OWI-78-390
| 6/8/77
30 LRD



EIGER: 20
SITE SELECTION FOR A GEOLOGIC REPOSITORY MUST BE
BASED ON SEVERAL SETS OF CRITERIA

GEOLOGIC

ENGINEERING

EconomIcC

SociaL

PoLITICAL

OWI-78-389
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QUALITY ASSURANCE REQUIREMENTS

' Following is a brief discussion of the quality assurance program for
WISAP and its subcontractors. This topic was originéT]y scheduled for the
September 1977 Information Meeting but was omitted because of insufficient
time. The definition, goals, and relationship of quality assurance to the
program are not well understood. Therefore, I will outline the background

of Appendix B, Quality Assurance Requirements, and pertinent sections of the

OWI quality assurance manual which are to be applied to these programs.

Figure 22: Quality Assurance (QA) Program (OWI-77-406)

Here is a list of project elements that must comply with 10 CFR 50
Appendix B. This task is that of testing for site evaluation and will be
covered under Appendix B. '

Figure 23 and 24: 10 CFR 50, Appendix B (OWI;77-408)

This presents an 18-point "laundry 1ist" of program functions to which
Appendix B requirements must be applied. The work under WISAP Task #4 is iden-
tified in the OWI quality assurance program as a special process, No. 9 on
Figure 23. '

Figure 25: Geology (Activities Covered by Appendix B-Type QA) (OWI-77-410)

A summary of acfivities associated with the nuclide migration program which
must be conducted in compliance with Appendix B is presented. The status of thc
quality assurance program under OWI is ihat the OWI quality assurance manual
was submitted to DOE-Headquarters and has not yet been approved. Some excerpts
from the OWI manual that apply to the WISAP program and the nuclide migration
measurements follows. |

Figure 26: 9.0 Control of Special Processes (OWI-77-613)

This is taken from the section of the OWI quality assurance manual which
identifies the sample taking and testing associated with the WISAP program.

Figure 27: 9.2.1 -Qué]ity Assurance is Responsible For: (OWI-77-614)

Here is an outline of the elements in the cooperative effort that must be
achieved by OWI, Battelle Northwest, and the subcontractors.

Figure 28: 6.0 Document Contro] (OWI-77-616)

A coordinated and traceable documentation system must be achieved by all
parties involved with site data. This involves the entire sample-handling and
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QUALITY ASSURANCE (QA) PROGRAM

QA .PROGRAM RESPONSIVE TO THE 18 SECTIONS OF 10 CFR 50
APPENDIX B MUST BE ESTABLISHED

REQUIREMENTS OF APPENDIX B APPLY TO ALL ACTIVITIES
. AFFECTING SAFETY-RELATED FUNCTIONS, INCLUDING:

e DESIGN | e PROCUREMENT ® FABRICATION
CONSTRUCTION e TESTING " ® OPERATION

SITE EVALUATION

OWI-77-406 -
6/16/77
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IL1.
V.

vi.
VII.

VIII.

1X.

FIGURE 23

10 CFR 50 APPENDIX B -

ORGANIZATION
QUALITY ASSURANCE PROGRAM

- DESIGN CONTROL

PROCUREMENT DOCUMENT CONTROL
INSTRUCTIONS, PROCEDURES, AND DRAWINGS
DOCUMENT CONTROL

CONTROL OF PURCHASED MATERIAL, EQUIPMENT,
AND SERVICES

IDENTIFICATION AND CONTROL OF MATERIAL,
PARTS AND COMPONENTS

CONTROL OF SPECIAL PROCESSES

: OWI-77-408
(CONTINUED O™ CW!-77-409 6/16/77
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Xl.

XIlI.

XIHl.

XIV.

XV.

XVI.
XVIL.

XVIII.

FIGURE 24

10 CFR 50 APPENDIX B
(CONTINUED)

INSPECTION

TEST CONTROL

- CONTROL OF MEASURING AND TEST EQUIPMENT

HANDLING, STORAGE AND SHIPPING
INSPECTION, TEST, AND OPERATING STATUS

NONCONFORMING MATERIALS, PARTS, OR

- COMPONENTS

CORRECTIVE ACTIONS
QUALITY ASSURANCE RECORDS

AUDITS
OWI-77-409
6/16/77
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FIGURE 25

| GEOLOGY -
(ACTIVITIES COVERED BY APPENDIX B-TYPE QA)

ACTIVITIES RELATING TO COLLECTION OF INFORMATION
ON WHICH SEISMIC AND GEOLOGIC DESIGN BASES ARE

 DETERMINED

COLLECTION OF SAMPLES, DATA, AND RELATED RECORDS
ANALYSES OF SAMPLES AND TESTS |
EVALUATION OF COLLECTED DATA

OWI-77-410
6/16/77
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FIGURE 26
9,0 CONTROL OF SPECIAL PROCESSES

FOR THE PURPOSE OF THE REPOSITORY, SPECIAL
PROCESSES ARE CORE BORING, GEOPHYSICAL TESTING,
AND DOWN HOLE HYDROLOGICAL TESTING.

OWI-77-613
LRD 9/19/77
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FIGART 27

9,2.1 QUALITY ASSURANCE IS RESPONSIBLE FOR:

1.

,2.

ESTABLISHING PROCEDURES

MONITORING THE ACCOMPLISHMENT - .

~ PREPARATION AND IMPLEMENTATION

QUALIFICATION OF PERSONNEL

MAINTENANCE OF RECORDS

OWI-77-614
LRD 9/19/77

39



FIGURE 28 |
- 6.0 -DOCUMENT CONTROL

6.3.1 A STANDARD DOCUMENT CONTROL PROCEDURE SHALL BE
PREPARED TO PROVIDE A UNIFORM SYSTEM OF DOCUMENT
lIDENTIFICATION AND CONTROL. SEPARATE PROCEDURES
SHALL BE PREPARED FOR THE- CONTROL OF DOCUMENTS
WITHIN QUALITY ASSURANCE, TECHNICAL PROJECTS,
FACILITY PROJECTS,” PLANNING ‘AND ANALYSIS,

REGULATORY AFFAIRS, AND PROCUREMENT IN ACCORDANCE
WITH THE STANDARD SYSTEM,

OWI-77-616
LRD 9/19/77
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date-taking process, from the driller in the field to the laboratory experi-
menter. |

Figure 29: Quality Assurance Requirements for Generic and Regional Studies
(OWI-77-612)

OWI considers the full and e]aborate quality assufance requirements of
Appendix B to apply to- those efforts that involve the selection of a specific
site. However, the generic studies and the regional studies now under way
should not require such intense documentation. Therefore, at this stage of
the program, OWI has determined that quality assurance requirements shall be
met by conduct consistent with good industry and scientific practice. This
is a list of quality assurance elements to be in force through Battelle-
Northwest and OWI projects. Meetings such as the one held in Seattle accom-
plish the documented, periodic independent-project-review by peers. Normal
contract procedures and project notebook practices accomplished in the first
two goals. ' 4

In the case of Battelle-Northwest, we have not established a written
quality assurance policy nor identified a program plan to implement quality
assurance requirements. Such negotiations are included in FY 1978 Form 189C
negotiations, presently underway. '

This concludes the summary of the background and status of the quality
assurance program associated with nuclide migration transport data task. As
this program evolves into the characterization of specific sites, the intensity
and rigor-of the quality assurance program will increase, making it necessary
for all of us to work out mutually-functional testing and documentation pro-
cedures.

DISCUSSION - L. R. Dole

DOE/NRC Overlap

Q. Isn't there a substantial amount of overlap between what OWI is doing for

DOE and what NRC is doing in the saine area?

A. The National Environmental Policy Act (NEPA) gives both DOE and NRC a mandate
to assess the safety of various plans that have been proposed for isolating radio-
active wastes. Although this dual mandate does create a certain degree of overlap,
there is a difference in the focus of the agencies' efforts: OWI will use its

data to prepare a generic environmental impact statement, while NRC will be
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FIGURE 25

QUALITY ‘ASSURANCE REQUIREMENTS =
FOR GENERIC AND REGIONAL STUDIES

DOCUMENT CONTRACTOR SELECTION IN ORDER TO DOCUMENT

- CONTRACTOR COMPETENCE. -

PUBLIC ACCESS TO ALL PROJECT RECORDS AND NOTEBOOKS.

. - DOCUMENTED PERIODIC INDEPENDENT PROJECT REVIEW,

ESTABLISH WRITTEN QUALITY ASSURANCE POLICY AND PROGRAM
TO IMPLEMENT THE ABOVE REQUIREMENTS. |

OWI-77-612
CLRD 9/19/77
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involved in the selection of specific sites and in licensing activities. The
methods and data developed by OWI during the preparation of the impact state-
ment can then be used by NRC, either during the site selection process or as a ‘
safety-analysis tool after a particular site has been selected. It was further
pointed out that, since the final legal responsibility rests with NRC, that
agency needs to be able to assess the accuracy and completeness of the infor-
mation provided to it by OWI; therefore, to a certain extent, it must develop
similar capabilities. ’

Information Dissemination
Q. Will all those attending this conference receive, on a regular basis, copies

~of reports and other information on the progress of the OWI effort?
A. This has not been done to date, but it could be done.

" Quality Assurance and Peer Review
Q. Does "quality assurance" refer to the development of a standard method for

measuring Kd?

A. OWI's use of the term "quality assurance" does not refer to the accuracy or
reliability of the product. Although one purpose of the program is to come up
with a method of measuring Kd that is consistent, useful, and reliable, "quality
assurance" refers not to the experimental methods used but to the documentation
of the program's evolution, in terms of both generic and site-specific criteria.
The role of peer review as a quality assurance tool is to help shape the program
so that no oversights occur. ‘

Q. How does peer review tie in with quality assurance?

A. Peer review allows participating contractors to identify their areas of con-
cern, so that these may be incorporated into the program. Although all the sug-
gestions may not be followed, at least there will be a documentation of the

fact they were made.
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AN OVERVIEW OF PNL'S WASTE ISOLATION
SAFETY ASSESSMENT PROGRAM (WISAP)

H. C. Burkholder
Battelle Pacific Northwest Laboratories

ABSTRACT

The major objectives of the PNL Waste Isplation Safety Assessment
Mroyram (WISAP) were described (Figure 1). Tn FY 77, WISAP was divided
into six specific but interrelated tasks. Conceptually the interrelations
and final products from each task are shown in Figure 2. Figures 3-8

describe major activities within each task.
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FIGURE 1 WASTE ISOLATION SAFETY ASSESSMENT
PROGRAM

e DEVELOP GENERIC METHODS TO ASSESS SAFETY OF
GEOLOGIC ISOLATION REPOSITORIES

e OBTAIN GENERIC AND SITE-SPECIFIC DATA
NECESSARY TO APPLY METHODS

e DEMONSTRATE ASSESSMENT METHODS FOR SPECIFIC
SITE -

e APPLY I\.'IETHODS AND DATA TO MAKE SITE-SPECIFIC
SAFETY ASSESSMENTS FOR NATIONAL WASTE TERMINAL
STORAGE NWB PROGRAM

¢ |IDENTIFY SOCIETAL ACCEPTANCE ISSUES AND DEVELOP
METHODS OF COMMUNICATING ASSESSMENT RESULTS
WHICH ENHANCE RATIONAL RESOLUTION OF THOSE ISSUES



FIGURE 2 WASTE ISdL’ATI‘ON SAFET;Y ASSESSMENT
PROGRAM TASK INTERRELATIONSHIPS

TASK 1b RISK ANALYSIS / TASK 1a \ 'PERCEIVED RISK TASK 5
DISRUPTIVE APPROACHES [ CONCEPTS ANALYSIS | SOCIETAL
EVENT AND ~ACCEPTANCE
ANALYSIS METHODS : PERSPECTIVES
| ANALYSIS
Sggh‘iﬁf,gs COMMUNICATION
: METHODS
RELEASE OUTPUT ISSUES
SCENARIOS FORMAT | ANALYsIS| |
TASK 2 TASK 3 TRANSPORT TASK 4
SOURCE | RELEASE RATES [ o encor "DATA____ [ NucLIDE
CHARACTER- MODELING TRANSPORT
IZATION / _ , ' CATA
, \ 2K ]
METHOD SITE-SPECIFIC REPOSITORY
DEMONSTRATION [ ®| APPLICATICNS [ | LICENSING
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" FIGURE 3 TASK 1a ACTIVITIES:

e EVALUATE GEOLOGIC ISOLATION SAFETY
ASSESSMENT METHODS

e DETERMINE OUTPUT FORMAT FOR
ASSESSMENT RESULTS
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FIGURE 4 TASK 1b ACTIVITIES:

e IDENTIFY AND EVALUATE 'INTE'RDEPENDENCY OF EVENTS
AND PROCESSES WHICH CAN INDIVIDUALLY OR IN
CONCERT CAUSE CONTAINMENT FAILURE

¢ DEVELOP DETERMINISTIC AND/OR STOCHASTIC ANALYSIS
METHODS. '

e DETERMINE PROBABILITIES FOR EVENTS AND RATES
FOR PROCESSES . :

¢ DEMONSTRATE METHOD FOR SPECIFIC SITE

e APPLY METHOD TO SITES OF NWTS PROGRAM
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FIGURE 5 TASK 2 ACTIVITIES:

e CHARACTERIZE WASTE FORMS DESTINED
- FOR GEOLOGIC ISOLATION

e MEASURE RADIONUCLIDE LEACH RATES
e PERFORM WASTE FORM DEGRADATION STUDIES

e EVALUATE THE EFFECTS OF PHYSICAL PARAMETERS
ON LEACHING
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FIGURE 6 TASK 3 ACTIVITIES:

* EVALUATE EXISTING RADIONUCLIDE TRANSPORT
MODELS

» DEVELOP INTEGRATED TRANSPORT MODELING
SYSTEM FOR: ' .

— GEOSPHERE TRANSPORT
— BIOSPHERE TRANSPORT"
s+ DEMONSTRATE SYSTEM FOR SPECIFIC SITE

e APPLY SYSTEM TO SITIES OF N\VTS PROGRAM
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FIGURE 7 TASK 4 ACTIVITIES:

EVALUATE SORPTION MEASUREMENT METHODS
AND ESTABLISH STANDARDIZED MEASUREMENT
PROCEDURES

MEASURE IN LABORATORY THE SORPTION BEHAVIOR
OF BIOLOGICALLY SIGNIFICANT LONG-LIVED
NUCLIDES BOTH FOR VARIOUS GEOLOGIC MATERIALS
AND FOR ISOLATION CONDITIONS

EVALUATE ACCURACY TO WHICH NEAR-TERM -
LABORATORY STUDIES PREDICT LONG-TERM
IN-SITU BEHAVIOR
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FIGURE 8 TASK 5 ACTIVITIES:

e ASSESS MAJOR LEGAL, INSTITUTIONAL, SOCIOLOGICAL,
AND POLITICAL ISSUES WHICH IMPACT NWTS
PROGRAM

e FDENTIFY PERCEPTUAL SAFETY ISSUES
e DEVELOP METHODS OF COMMUNICATING TECHNICAL

SAFETY INFORMATION TO NONTECHNICAL
AUDIENCES



DISCUSSION--HARRY C. BURKHOLDER

Implementation of WISAP Objectives

Q.

Will the WISAP objectives be carried out in the order listed (see
Figure 1), or concurrently?

Of the five WISAP objectives, most will be taken up in the ordef
listed. Clearly, methods must be developed before they can be
demonstrated; they must be demonstrated before they can be
applied; and data are needed before the methods are either demon-
strated or applied.

The social acceptance issue, however, is being worked on right now.
Currently, the studies are dealing with the generic aspects of the
problem. As the licensing of a particular site becomes more im-
minent, the investigations will focus on the particular issues
surrounding the licensing of that site. '

Nature of Safety Assessment Method

N

Does "safety assessment method" refer specifically to a workable
hydrological analysis?

In part, but it is much broader than that. It consists, first of
all, of an analysis of the potential disrupting events that could

‘result in the release of materials from the repository cavity.

This portion of the effort involves two tasks: (1) a listing of

all the events and processes that, individually ar in concert,

could lead to failure of containment; and (2) integration of this
information with the necessary geological information and the assign-
ment of ranges of values to the parameters, so that the 1ikelihood

of each of the release scenarios can be predicted. The second part
of the development of a safety assessment method involves model-

ing efforts, for both the geosphere and the biosphere, to determine
the consequences of the various release scenarios.
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You say there will also be a test of the method; what will this’
involve? Will it be a physical test or a modeling effort?

The test will consist of preliminary application of the melhod to a
specific site, through the use of modeling techniques.

Involvement of Qutside Participants

Q.
A.

Who are some of the primary actors in the various WISAP activities?

In the eva]uationAof methods, there has been extensive involvement
- of people from a variety of disciplines within Battelle; a consul-

tant in safety assessment from the University of Tennessee has also

been used. For the output format, the WISAP staff has consulted
~ with health physicists and radiation biologists.

Qutput Format

Q.
A.

In what form should the data be given to the public?

From a technical standpoint, the only accurate way to express the
risk is in terms of radiation dose rate per individual. There are

-too-many uncertainties to determine future population dose rates,

or health effects on future generations. However, since the non-
technical public is interested in these other questions, many feel
that this type of information should be given too.

But isn't it wrong to give the public meaningless information?

~If OWI does not give out this type of information, some other

person or group is sure to do so--and they may do it wrong. In

. giving out this information, OWI can identify it as nonmeaningful

and explain why it is so. In this way, those who insist on having

.this type of information will have it in its least misleading form.

. But as your knowledge increases and you modify your numbers, the

public will be aware of the fact that you are changing your cal-
culations; won't this hurt your credibility?
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A. Hopefully, at the time the information is given out, error boun-
daries will be identified. |

Q. Doesn't that tie in with the social acceptance question? That is,
if you give the number of cancer deaths for a future population, can
you not also give an estimate of thé date that cancer will be
curable?

A. Yes. You can vary the parameters, specifying, for example, that
after a certain point there will be no effect on health.

Leaching Studies

Q. In your evaluation of the effects of physical parameters on leach-
ing (see Figure 5), will you be characterizing the chemical and
physical form of the leachate?

A. Yes, we will. At some point in the program, we'll be doing
leaching studies with actual materials destined for geologic
isolation.

WISAP Emphasis

Q. Does WISAP give priority to salt studies?

A. WISAP is not a salt-specific program; rather, it calls for generic
studies. However, there is a slight emphasis on salt because it is
expectéd that the first repository will be in salt; therefore,
salt answers will be needed earlier. | ‘

" Q. Is the emphasis on reprocessed waste or spent fuel?

A. Both types of studies are under way at present.

Societal Acceptance Issues

Q. How do you assess societal issues impacting the waste isolation
© program?
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A variety of techniques are used. In FY 1977, for example, the
following studies are under way (or have been completed):

Establishment of a library nf nontechnical issucs that have
been raised concerning waste management.

Study of socioeconomic issues.
Projection of population impact.

Study of state laws as they affect property rights (since OWI
“will have to acquire property for a waste repository).

Analysis of federal and state agency responsibilities for
policies relating to waste management; how these decisions are
made, both on paper and in real life.

. * Developmenl of impact management guidelines (since the siting
of a waste repository will have local impacts).

Study of peoples' perceptions of and attitudes toward waste
management and waste management safety.

Case studies of attempts at waste repository siting and the
siting of related facilities.
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AN OVERVIEW OF TASK 4 NUCLIDE TRANSPORT DATA
R. J. Serne
Battelle, Pacific Northwest Laboratories

-ABSTRACT
A multi-year pkbgram plan is presented to collect the necessary
data on nuclide sorption-desorption interactions with geologic media.

Detailed activities which need to be performed in each of the six
subtasks are described.

The genéra] areas in which each subcontractor performed work in FY
77 were presented-in the overview. Detailed technical discussions of -
each subcontractor's work will be presented. in ensuing presentations..

INTRODUCTION

One of the most likely final storage plans for high level wastes is
solidification and containerization followed by disposal in geologic
media. The radiation and toxicity of high level wastes necessitate
isolation for nearly a million years before radioactive decay will
reduce the waste to safe levels. Meeting the extremely long isolation
requirement will be dependent on geologic stability, failure rate of the
container, weathering rate of the solid waste, hydrologic properties,
radionuclide-geologic media interactions, and site engineering. The
overall objective of the WISAP program is to develop and implement
methods to use the above information for a comprehensive evaluation of
the long-term safety of waste disposal. -

Specific activities of Task 4 are: (1) evaluation of sorption-
desorption measurement methods and development of standardized measurement
procedures, (2) the laboratory measurement of the sorption-desorption
behavior of significant 1ong-]ived'radidnuc1ides using a wide range of
geologic media and groundwaters, (3) statistical analysis and synthesis
of these data to provide information on which variables correlate best
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with the observed sorption-desorption and to allow empirical interpolations
to be performed between environments studied, (4) performance of validation
studies to assess the degree to which these short-term laboratory studies
predict long-term in situ behavior, (5) deve]obment of a more fundamental
understanding of sorption-desokption processes to permit prediction of
nuclides' fate at a specific site from data available on other similar
sites or from commonly measured parameters, and (6) formal information
dissemination and coordination with other governmental and scientific
organizations working in thé area of nuclear waste disposal. ‘

In FY 79 the'Office of Waste Isolation will have to demonstrate a
workable safety assessment model for final storage af high-level waste
in deep geoluyicv environments. In order to obtain data to meet this
FY 79 time constraint and the needs of assessment modelers, the initial
thrust of the program will be empirical, éxperimental, and engineering
oriented to collect the necessary data. As time progresses, more attention
will be given to theoretical, phenomenological, and mechanistic studies
in order to generate a more comprehensive understanding of nuclide
transport processes and general predictive tools.

The following is our cbncépt'of Task 4'inc1uding brief descriptions
of its interaction with other tdéks. This program plan should be viewed
as a guide for the preparation of specific technfcal proposals (including
time and cost estimates oriented toward meeting the task goals), Proposals
which address aspects of nuc]ide'migration not described in this plan
will be reviewed and may be accepted, provided.convincing technical
argument is presented. - ‘

SUBTASK 1: EVALUATION OF EXPERIMENTAL SORPTION-DESORPTION METHODOLOGY

There are several unresolved issues in the area of sorption-migration
data collection. Presently investigators from various laboratories
delermine sorptiondes énd/or migration rates for’nuclidésiutilizing
numefoué eXperimenta] desighs. Unfortunately, it appearé that the
resultant data are dependént not only on the type of solution and geological
material utilized, but alse on the experimenfa] methods used. No systematic
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effort has been expended to resolve.the apparent method dependencies, to
assess which method or methods yield the most accurate results, or to
determine what conversions can be made to compare the results of different
methods. Thus, it is imperatﬁvefto study the various experimentd]

methods for determining sorption-migration data and if possible form a
consensus as to which method or methods should be proposed as a.standard
measurement technique.

The various laboratory methodologies will be evaluated using a wide
range of geologic materials and nuclide-spiked groundwaters. Kd values
for each method will be determined and evaluations -performed on precision,
ease of utilization, time and cost expenditures, and limitations. |
Disagreements and range of applicability for observed results will be
investigated through further experimentétion on the independenf'variables
(geologic media, groundwater composition, pH, Eh, etc.).

The effects of variations in solution characteristics such as ph,:

EH, ionic strength, nuclide concentration, and speciation on the observed
Kd will be assessed using a wide range of geologic materials. The

degree of reversibility and sensitivity of different experimental designs
to kinetic and temperature effects will also be investigated. The
additional studies on these independent variables will provide additional
information leading to standard procedure recommendations and will allow
the formulation of more detailed work plans for the necessary mechanistic
and validation studies.

Validation studies utilizing larger column lysimeters or field
experiments may be used to aid in formulation of a standard or preferred
method. If no technique proves to be more successful than others, cross
correlations must be derived so that data generated using different
experimenta} methodologies may be compared.

After the various experimental techniques have been evaluated,
information on sample size requirements, time and cost estimates, and
types of supplemental data required to accurately assess the transport
of nuclides will be better identified. This information, which is
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partially missing at present, will be of great value to program managers
and specific site coordinators. The information will be used to estimate
allocations and to create sampling directives which are necessary to
successfully obtain the critical data to assess nuclide movement within
the proposed time schedule. Coordination with site managers performing
geologic work is desirable so that sample gathering can occur at the

same time as site exploration rather than necessitating separate field
collection studies. }

Specific details of programs which will be initiated to perform
Subtask 1 will depend somewhat on contracter proposal responses. An
outline of areas which have been delineated to data follows. Contractors
who performed work on the subtasks in FY 77 and detailed work packages
are designated in the fo]]bwing oulline:
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Evaluate Various Experimental Configurations
Ease of Utilization
Time and Cost Estimates
Limitations

Effects of independent Variables
So]utibn ’ ‘
Media
Reversibility
Kinetics
Temperature
Methodology Evaluation on "Controlled"

Samples
Synthesis

Praliminary Standard Method

Sample and Data Requirements

Input-Output to Other Studies

InZeraction subtasks 2, 3, 4, 5
. Program Redirection

Standard. Sorption-Desorption Test

Documentaticon

Sorpticn-Desorption Document

FY 77

FY 78

FY 79

FY 80

FY 81

e
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FIGURE 1. Subtask 1 - Evaluation of Experimental Sorption-Desorption Methodology



Figure 1 contains a time schedule and shows the interactions of
Subtask 1 with other aspects of the PNL and OWI program. The subtask
will be performed in FY 77 - FY 79 at which time (August, 1979) a critical
assessment and synthesis of the derived knowledge would be used to
redirect or culminate Subtask 1. If Subtask 1 remains viable, yearly
assessments will be performed. The final product of this task will be
recommendations on a uniform or standard procedure for determination of
geochemical data necessary for the overall safety assessment.

A. Compare reliability, time and costs, and applicability of the
following experimental designs for predicting migration of nuclides:

1. Batch K, feasurements (ORNL, PNL, LLL, ANL, RHO)
Flow-through small column Kjs (ANL, ORNL)
Thin-layer K;s (ORNL)

S W N

Diffusion cell measurements
a. Liquid-solid
b. Solid-solid

5. High-pressure intact-core K 's (ANL, LLL)
6. Axial filtration (ORNL)
7. Preloaded column (ORNL)

8. Larger scale columns or lysimeters

Batch Kd, axial filtration, thin-layer Kd, and flow-through small
column de are most commonly performed on unconsolidated media. The use
of crushed materials eases difficulties which arise when trying to force
water through intact cores and allows Kd determinations to be performed
with less expenditure of time and money. It is hoped that Kd‘determinations
on crushed materials can be related to in situ values in competent rock
by normalization of results on a surface area basis. Some of the observed
values on the crushed materials will be further investigated through
studies on intact materials using methods 2, 5, and 8. Method 4--
diffusion cells--represents a special hydrologic case where advection is
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not present or minimal, i.e., the hydrologic regime is stagnant. When
geologic materials with very Tow permeabilities are studied by flow-

through Kq techniques (methods 2, 3, 5, 7, and 8), long completion times

may be required. High pressure fluid flow through intact cores will be
evaluated for practicality and accuracy of predicting nuclide migration.

The comparison of de from intact cores versus crushed materials, calculated
on an equivalent surface area .basis, will be very important in assessing
whether rapid and inexpensive laboratory techniques are acceptable to
.predict the aspects of geologic-water interactions needed for Tong-term
safety assessment.‘ | 4 |

B. Investigate the effects of independent variables on above experimental
designs for: ' '
1. Solution composition (PNL, ORNL, ANL, RHO) pH, Eh, salt con-
centrations ionic strength, complexants, nuclide concentration,
nuclide speciation | ' ’ ‘

2. Geologic material (PNL, ORNL, ANL, LLL, RHO) salts, argillaceous,
crystalline

3. Unsaturated-saturated flow (ORNL)
4, femperatUre

C. Reversibility (ANL, PNL, RHO, ORNL)

1. Sorption (Load)
2. Desorption (Leach)

D. Scaling (ANL, ORNL, PNL, RHO)
1. Time ’
Kinetic data
Time to reach equilibrium
Residence time/flow rates

2. Size
Amount of geologic material
Mass, cross-section, length
Surface Area
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E. Methodology evaluation on controlled samples

A few selected rocks or minerals will be obta1ned in large quantity,
then carefully characterized and homogenized. These "standard" samp]es
will be distributed to investigators at each lab. The samples will be
tested with the various Kq methodologies to determine whether the results
of several methods yield similar results. The contacting solution will
also be specified so that variability in results should reflect methodology
rather than geologic material-groundwater system differences.

This activity will also yield information on the time and costs
which must be allocated to measure K4s by the different methods. These
improved time and cost figures will allow more knowledgeable predictions
to be made for the geochemical studies which will be necessary at the
specific sites chosen. for deta{]ed study.

F. Synthesis (PNL)
1. Contractor-consultant workshops
Cross correlation of results to obtain comparability

Preliminary universal sorption-desorption test

Sw N

List of data and sample requirements necessary to evaluate
nuclide geologic interactions-- i.e., what, how, and why to
collect--should be available to geologic site managers so data
and samples can be collected simultaneously

5. Use knowledge for redirection of Task 4 program

6. Coordination with other programs such as:
Near repository (radiation, thevmal backfi1l effects)
Source term (Task 2)
Transport modeling (Task 3)
NRC
EPA
ERDA-Shallow land burial

64



SUBTASK 2: DATA BANK GENERATION

Cur(ently there are many studies involved in computer model formula-
tion in areas such as groundwater movement, geochemical interactions,
terrestrial and aquatic food chains, radiation dose to man, geologic
stability, and disruptive event analysis. Simplistic models already are
funcfionihg which can estimate the fate of nuclides in geologic, aquatic,
or biotic systems given the necessary input data. In the area of nuclide
migration there is a severe gap in our knowledge of quantitative estimates
of the various geologic materials' ability to retard nuclide movement.
These quantitative estimates become input data to all of the numerical
assessment models. Thus, the lack of defensible sorption data for
nuclides in geologic environments is limiting the credibility of the
aforementioned simplistic models. The acquisition of sorption-desorption
data on a wide range of representative geologic material with numerous
groundwater types should proceed posthaste. Once this data bank is
~acquired, safety assessment modelers will have defensible data (from a
geochemical standpoint) to attempt preliminary fate calculations. In
order to obtain data to meet the needs of assessment modelers by FY 79,
the initial thrust of the program will be empirical and engineering
oriented. Since the first two repositories will 1ikely occur in salt
deposits, the migration rates of nuclides in salt solution will be
stressed initially. Site specific data will be generated as samples
become available.

Thesé empirical data will be supplemented by portions of subtasks 1,
3, and 4. If several experimental designs are used and variances in
results occur, the data may be used by the modelers as uncertainty
bounds in sensitivity analysis. The data will also be used to make
preliminary rankings in regard to geochemical acceptability of various
media and to aid in general criteria development for final disposal
sites. Finally, a critical review on the sorption data of the various
geologic materials may shed valuable Tight on the controlling mechanisms
and aid in the formulation of Subtask 5.
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An outline of the suggested work undertaken in Subtask 2 follows,
with contractor-supplied information in FY 77 delineated. A time schedule
showing interaction with other subtasks appears in Figure 2. Table 1
portrays the type of supporting information (characteristics of the
geologic media-groundwater suspension) necessary to establish the data
bank. Without the ancillary information, predictive, extrapolative, and
interpolative activities cannot be performed objectively. In the ideal
case all the parameters listed would be determined, in real instances as
many of the parameters as economically or logistically possible should
be measured. A crude priority ranking (two categories) is furnished as
guidance for the more important characteristics. Conceptually the
generic data bank will contain the information shown in Figure 3.

A. Data Bank Generation (ANL, LBL, PNL)

1. Gather all existing data on sorption-desorption rock-nuclide

interactions that are available in the literature. (A bibliography

on transuranics which is available, BNWL-1983, will be updated
and expanded to include fission and activation products by PNL
on an existing EPA contract to be completed in early FY 78)

2. Quantify sorption-desorption phenomena for various geologic
materials with expected indigeneous groundwaters utilizing
several experimental approaches. Include adequate sample
characterization such that the data bank (Figure 3) needs are
satisfied

3. Obtain site specific data as samples become available

4. Continue site specific sorption=desorption data as sites are
explored throughout OWI program

5. Possibility of large scale, field and/or in situ migration
studies at proposed pilot plant sites
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Obtain Biblicgraphy of Existing Data
(Part on Independent EPA Program)

Generate Data Bank on Generic Rock and
Water Types

Report on K4 Measurements on Generic
Samples

Obtain Site Specific Data Wwhen Samp]es
Become Available

Evaluate Need for Large Scale or
In Situ Studies at Pilot Piants

Perform In-Situ Studies

FIGURE 2.

FY 77 FY 78 FY 79

FY 80

FY 81
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TABLE 1. Supporting Information Necessary to Complete Ky

There are numerous characterizations chat should be performed on
geologic media and their pore waters to allow calculations of migraticn
rates or kda's. !he characterizatioiis can be broken into two broad
categories; physical or hydroiogic and geochemicai. A laundry list of
characterizations and their relative importance follows. The relative
importance is based on tne assumption that insufficient time and funds
will be available to perform the complete characterization. If only
partial geochemical characterization is possible in general corcentrate
on the first seven. For the physical and hydrologic characteristics
items 4, 5 and 6 or 7 are most important.

Important Geochemica' Characterizations

1. Qualitative and quantitative mineralogy including primary and
secondary crystalline materials, 2morphous coatings, etc. determined
primarily by x-ray diffracticon, chemical treatment techniques, and
petrographic examination. Calcium carbcnate content and hydrous
oxide content {amorpnous and crystalline) as well of aluming-
silicate contents are most important. Scanning electron micry-
scepy and microprobes can be used to determine microstructural
mineralogy. These techniques can be very important in assessing
the differences betwoen mineralugy and weathering environments of
cracks and fractures from the bulk rock material.

Cation-exchange capacity

Pore Water pH, Eh .

Pore Water major cation content !Ma, Ca, Mg, K)

Pore Water major anion content (C1. HCO,-Ch4, S04, NO4)

- Pore Water Si0, content -

Organic content of geologic material

N UL B W N

Less Important Geochemical Characterizations

1. Anion exchange capacity

2. Distribution of major cations on exchange sites

3. Pore water organic content especially potential ligands (humic,
fulvic acids)

4. Pore water minor constituents especially natural occurring
isotopes of important waste nuclides {Sr, £s, I, U, Ka) and
chemically similar elements (Ba, Rb, Br)

For geologic environments whick are presently devoid of water a
3aturatad water extract shouid be prepared and the above menticned pare
water analyses performed.

Iimportant Physical or Hydreclogic Cnaracterizations

Hydraulic conductivity

Percentage saturation

Permeability

Water velecities )

Surface area and particle size distribution (unconsclidateo
materials)

Porosity ’

Percentage fractures or fissures (consolidated material)

in situ temperature

PO N —
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Independent Variables

Geolagic taterial Properties Groundwater Properties

Nuclide Properties

Mineralogy Amount pH

Primary Minerals 4 th

Secondary Minerals % Major Cations

CaC03 ¥ Major Anions

Hydrous Dxides ¥ Soluble Organic

Organic Content % Composition
Cation-Exchange-Capacity Saluble SiQp
Anion-Exchange-Capacity - Soluble Minor Species
Surfice Arza Temperature

Hydrclogic Properties

Hycraulic Conductivity

Permeability

Porosity

Water Veiocity

Percentage Saturation

Fissure Surface Area to
Volume Ratio

Tracer Concentra-
tion

Tracer Valence
State Distribu-
tion

Contact Time

Direction (adsorp-
tion or desorp-
tion)

Dependent Variable

Ky Isotopes
Pu

Np

Am

Tc

I

etc.

-~ an oo

FIGURE 3. Parameters Important for a Generic Data Bank

Methodology

(a) Method
Details

(b) Soil to
Solution
Ratio

(c) Misc.



SUBTASK 3: 'SYNTHESIS OF DATA BANK

A quantitative prediction tool which is capable of estimating the
migration rate or Kd of a nuclide for any given geologic material and
water type is the ultimate objective of Task 4. The data generated in
subtasks 1, 2, and supplemented by literature values, will be quite
large. With proper experimental design and media-water characterization,
statistical methods can be used to relate the dependent variable (migration
rate or Kd) to independent variables (rock type, solution type, etc.).
Although the derived relationships do not prove "cause and effect," they
do allow pregiction of trends. Thus, from Kd data on a finite number of
rock, mineral and water types, estimates can be made of de for other
rocks and water environments not directly studied, if certain precautions
are observed. ‘

Through the use of statistical methods, trends and correlations can
be elucidated such that some basic understanding can be extracted from
the multitudinous data points. The use of statistical techniques allows
more information to be extracted from experimental data than can be
obtained from unstructured perusal.

There are at least two statistical approaches which may be optimal
for structuring the experimental data--nonlinear regression and adaptive
learning networks. The strength and weaknesses of these and other
approaches will be assessed in FY 77. Restrictions in experimental
designs forced by statistical approaches will be noted.

The migration rates or Kd values generated in Task 4 must be relayed
to the Task 3 modelers in & tormat understandable and compatible with
their needs. Since the safety assessment model will be in a state of
flux for the first two years of the program, repeated dialogue will be
necessary to prevent misinterpretations or incompatible data requirements.
Interplay with other personnel reponsible for preparing PSAR, SAR and
EIS tasks at each site will be performed to assure technical support and
review in the area of geochemical interactions.
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Evaluate Statistical Approaches to Analysis
of Data

Delineate Requirements for Experimental
Designs Based on Needs of Statistical
Approaches :

Generate Trends in K4 Based on Subtask 1-2
Data o '
Interact with Task 3 Modelers to Assure Data
Compatibility and Understending

Technical Support for PSAR, EIS, etc.
Provisional Geochemical Criteria

Redirection of Subtask 5 and Others

Geochemical Workshop

Report on Which Parameters Correlate Best
with Sorption

FIGURE 4. Subtask 3 - Synthesis of Data Bank

FY 77

FY 78

FY 79

FY 80

FY 81




Other products of this subtask on data synthesis will be: (1) the
formulation of geochemical criteria capable of ranking sites for isolation
~ of nuclear wastes, and (2) delineation of more 1mportant‘variab1es which
should be studied in greater detail in the Subtask 5 mechanism studies.

Presently the geochemical criteria are difficult to fully define,
let alone quantify, thus an iterative process 1s envisioned. A list of
provisional criteria will be prepared as data become available. The
first few formulations will be based on the limited available data. As
better data and a more thorough understanding become available, the
 criteria will be progressively updated. Such an iterative process may
also isolate areas in which additional study is necessary.

A time schedule showing when these work units should be in progress
and interactions with other tasks is found in Figure 4.

In FY 77 Adaptronics, Inc. has investigated the usage of regression
and adaptive learning networks to analyze laboratory generated Ky
values.

SUBTASK 4: VALIDATION STUDIES

The need for empirical data to estimate the long-term fate of
nuclides in geologic environments is urgent. Present data collection
methods rely on laboratory analyses characterized by short times and
small sample sizes. The applicability of scaling these results Lu Lhe
million-year time frame and path lengths of miles has not been conclusively
shown. In many instances the scale up is tacitly assumed to be valid
without forethought. |

A major effort of the validation subtask will be an evaluation of
the scale up from short-term laboratory results. The short-term results
will be extrapolated and compared against known theoretical concepts
such as weathering, ore deposition yeochemistry, mineral stability and
thermodynamic Eh-pH diagrams. The short-term laboratory studies will
also be compared with longer term observations made at existing pertinent
sites such as the Oklo natural reactor, Nevada Test Site, Grants Mineral
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Belt uranium-deposit, and shallow land burial sites. Parts of this
effort are being performed on independent contracts (LASL Natural Reactor
Study) or can be compiled from the litérature-(thermodynamic data,
migration at shallow land burial Sites).

If gaps in the necessary thermodynamic data or additional pertinent
geologic sites are identified which are not externally funded, PNL Waste
Isolation Safety'A$sessment monies will be allocated; Lawrence Livermore
Lab's existing field study at Nevada Test Site will receive supplemental
funds from PNL.

Additional field studies and larger lysimeter, or intact, core _
laboratory studies may be performed in future years if justification
becomes apparent.

An'out]ine.of Subtask 4 and the contractors involved in FY 77 are
presented be]ow. Figure 5 shows the work units, timg schedule, and
interactions with other tasks. '

A. Theoretical studies (PNL, LBL, LASL)

1. Eh-pH
2. Mineral stability
3. MWeathering

B. Pertinent geological sites (LASL, LLL, PNL)

1. Natural reactors, OKLO

2. Uranium deposits

3. Nevada Test Site

4. Shallow land burial sites, Chalk River, U.S. ERDA sites,
| European sites

C. Additional field or lab studies (future years)
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Assimilate Thermodynamic Data

Gather Avaiiable Data on Pertinent Sites

- Coordinate Qther Contracts

Compare with Lab Results Generated in
Subtask 1 : : - :

Conpare with Lab Results Produced in
Subtask 2

PNL Supported NTS Field Study

Eveluate Need for Other Field or Longer
Term Lab Studies

Start Necessary Studies
Supply Input Data for Task 3 Model Test
Cases ' :

Program Redirection

Documentation
Eh-pH and Mineral Stability Diagrams

Repart on Va~idat-on Studies

FIGURE 5.

FY 77

FY 78 -

FY 79

- FY. 80

FY 81
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SUBTASK 5: .SORPTION-DESORPTION MECHANISM STUDIES

As discussed in Subtask 1, the determination of migration rates of
nuclides by various methods often shows significant variation. In the
future when this experimental design dependency is understood, there
still will not be a general understanding of the mechanisms controlling
the migration rates of nuclides. Subtasks 1, 2, and 3 are empirical and
geologic material and solution specific. Results of this nature do not
rigorously lend themselves to extrapolation to other situations or to an
understanding of controlling mechanisms.

The emphasis of Subtask 5 will be to investigate the basic factors
and their interactions that control the sorption-desorption of actinides,
lTong-lived fission products, and activation products by geologic media.
With knowledge of mechanisms, migratibn rate predictions can be performed
from more theoretjca] and fundamental data (see Table 1) for any proposed
storage environment. The use of theoretical and fundamental data may
cut the costs expended to quantify the migration rates of nuclides at
specific sites. Subtask 5 will have a lesser priority for-the first
three years but increase significantly in importance later in the program.
The proposed outline will be modified with the mass of information
obtained during subtasks 1 through 4 endeavors.

The following outline and Figure 6 describe the current formulation
of Subtask 5. Nominal scouting studies on elucidation of sorption
mechanism predominant for different rock types and the potential importance
of physical sorption of colloids will be performed in FY 77 - FY 79 but
the major thrust will be postponed until FY 80.

In FY 77 ORNL, Sandia, and PNL performed preliminary mechanism
studies on the effects of solution ionic strength on nuclide sorption,
microstructural identification of specific sorption sites, and controlled
ph-Eh sorption experiments on Pu, respectively.

A. Solid matrix effects - The so]id matrix constituents are mainly
negatively charged but under low pH conditions also exhibit varying
degrees of positive charge. The origin, extent, and intensity of
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the charge varies with different minerals. Depending upon the
charge characteristics, the solid matrix will adsorb oppositely
charged ions with varying strengths by an exchange process.
Therefore, the adsorption-desorption isvlherms fur Lhe Tullowing
common constituents will be determined:
1. Standard rock and clay minerals
2. Amorphous oxides (Fe, Mn, Al)
3. Effect of CaC03 which is ubiquitous in sedimentary rocks and
in soils with high pH .
4. Consolidated and unconsolidated rocks and sediments (1imestones,
granites, shales, salt, tuff)

Adsorption-desorption mechanisms - Solid compounds, adsorbed ions,

and pore solution exist in a dynamic equilibrium with each'other.

"Nuclides added to fhe‘pore solution may be adsorbed to varying

degrees by the minerals and may precipitate as discrete solid

phases or coprecipite with other solid phases as investigations

with trace metals have shown. Many factors will influence the

above reactions. Following is a 1ist of the factors that would be

investigated in order to evaluate these reactions:

1. pH .

2. Oxidation-reduction potential

3. Nuclide ion valence states and concentrations

4. Concentration of complexing inarganic ligands such as car-
bonates, bicarbonates, phosphates, sulfates, fluorides, and
natural organic ligands such as fulvic and humic acids

5. Concentrations of competing cations such as Ca, Mg, Na, and K

Movement and adsorption.of fine particulate and colloidal species
of actinides - Various actinide elements such as Pu and Am form
colloidal particles to significant extent over a wide pH range.
These colloidal particles, because of their larger size than the
solution species and their change in jonic charge due to change in
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important variables such as pH may show a different movement and
adsorption behavior than the solution species.

The movement of Pu with depth in sediment as fine particulate

1,2,3 However, no

~matter has been either observed or inferred.
conclusive evidence is available whether this is due to the movement
of fine discrete particles of Pu02 or due to association of Pu with
the mobile fine inorganic fraction of sediments. This difference

in form may be important to migration because of the expected
variation in dispersion of the discrete and inorganic associated
particulate Pu. In either case, the downward movement of particu-
late Pu will be different than the soluble species and would mainly
depend upon the physical factors such as porosity, rate and amount

of water movement, and the size of the particulates.

Column studies will be done to elucidate the movement and adsorption
behavior of colloidal and particulate nuclides. Specifically, the
following factors will be investigated:

pH

Ionic strength

Influence‘qf solid matrix

Porosity and pore size distribution
Rate and amount of water movement

S P W N~

The sodium adsorption ratio

Forms of the actinides in the terrestrial environments - The actinide
forms such as soluble, exchangeable, coprecipitated with other
minerals, or discrete solid phases, to a large degree will give
indications regarding the actinide avilability to plants, water
pollution potentials, and the rate and amount of movement through
consolidated and unconsolidated geologic materials. For example,
soluble and exchangeable elements are readily mobile while geologic
matrix-complexed actinides may be relatively tightly bound. From

the knowledge of the discrete phases, their solubility products,

and other solution paraméters, it may also be possible to predict

the amount of the actinide present in solution from theoretical ~—
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thermodynamics.4 Where data does not exist extrapolations using
chemically similar minerals and elements may be used.

In order to determine the forms of the actinides, actual and labora-
tory contaminated sediments will be successively leached with
chemicals which would predominantly remove a selected form of the
actinide. Some of the extractions will be preceded and followed by
the observation of the sediments with a high resolution petro-
graphic microscope, microprobe elemental mapping, and radiography

to determine the actinide solid phases present and attacked by the
chemicals. For the results of these extractions to be meaningful,
it is imperative that a given chemical remove mainly a given form.
Some ot the reagents used to remove water soluble, exchangeable,
organically bound, amorphous iron bound, amorphous silica and
aluminum oxide bohnd trace metals will be studied for their efficiency
and accuracy to determine actinide forms. A few of the reagents
that will be studied are: distilled water, a salt solution such as
N MgC12, H202, sodium hypochlorite, acid ammonium oxalate, sodium
dithionite-citrate-bicarbonate, and KOH. Water leachates, if
sufficiently concentrated in Pu, will be used to determine the
valence state and speciation of Pu. Solvent extraction techniques

2,6 and laser

including procedures described by Bondietti, et al.,
spectroscopy / would be used. The speciation of other nuclides

will be classified as: (1) suspended fine particulates, (2) soluble
cationic forms, (3) soluble anionic forms, and (4) soluble uncharged

forms using filtration and exchange resin techniques.

Rates and amounte of actinide movement - The program outlined in

the first four work units will elucidate the effect of solid matrix,
factors that influence the movement and adsorption of actinides,

the mechanisms of adsorption, the exchange constants, and the
possible solid phases and forms of the actinide present in geolngic
environments. From the results of these studies a geochemical

model will be formulated to predict the behavior of a given actinide

element under any given geologic environment.
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Geologic Matrix

Solution Parameters

Particulates and Colloids

Geochemistry of Sorbed Actinides
Comparison With Subtask 2 Studies

Inpuf to Subtask 4 Criterié Development

Mechanism Models and Task 4 input

FIGURE 6. Subtask 5 - SorptionQDesorption Mechanism Studies
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SUBTASK 6: GEOCHEMICAL INTERACTIONS TECHNICAL MANAGEMENT
AND INTERPLAY WITH OVERALL OWI PROGRAM

As previous1y'mentioned, the overall objective of Task 4 is to prd-
vide geochemical interaction data to aid in the safety assessment of
long term storage of solidified nuclear wastes. The overall assessment
task will necessitate a'broad; truly multidisciplinary, approach. Some
of the major tasks of PNL, as managers of the nuclide migration portion
of the OWI program, will be to: (a) coordinate the numerous subcontracts,
(b) assure that the scope of work does not deviate from OWI needs,
(c) see that the programs produce necessary data in a timé1y fashion,
and (d) assure that the quality of the work is high.

In this era of information explosion it is also impbrtant to provide
time]} and widespread dissemination. As part of PNL's management objectives,
formal interaction with other OWI work units, other ERDA divisions such
as DBER and DPR, and other organizations will be stressed. This will
aid in keeping the national and OWI needs in perspective and will poin}
out areas of potential conflict and duplication. ‘

Well publicized yearly technical workshops and peer review groups,
covering geologic media-waéte interactions and nuclide migration, will
be initiated in FY 78. Output from these meetings and PNL-managed
studies will be documented in open literature articles and yearly technical
progress reports authored by each subcontractor.

Yearly summary reports of the technical work performed in Task 5
will be published by PNL. At the completion of each work unit a technical
report will be published by the appropriate contractor. PNL will provide
guidelines so that report formats from all contractors are similar.

The work units outlined below will be a continuaﬁ effort over the
length of the OWI program as shown in Figure 7.
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Coordination of subcontracts (PNL)

Continual -interaction with other OWI work units (PNL)
Coordination with other organizations (PNL)

Peer review group '

m O O W X

. Information dissemination

Yearly technical workshops (PNL)

Technical progress report (all contractors)
Yearly summary report (PNL)

Figure 8 is a conceptualization of how the six subtasks of Task 4
interrelate.

Figure 9 is a conceptualization of how the nuclide migration work
package fits into the overall Waste Isolation Safety Assessment Program.
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DISCUSSION--R. J. SERNE

Focus of WISAP

Q.

, Have wISAb'S'generic responsibilities been taken away by the new
focus on salt? '

~

No, WISAP will continue to do generic studies. However, the hydro-
thermal programs and some of the other specific programs WFll be

-directed at salt for the time being.

Z Final Report

o

With all of the confractors using different methods and-obtaining
different de, who will write the final report, and what will the
time frame be? Will you subcontract it out to an independent party

to evaluate the date? S ' -

7

The report will be written by the Battelle staff, but there will be

ample opportunity for all contractors to have input. WOrkshops'b

will be a primary means of obﬁaining this input. Battelle will -

synthesize the feedback received from individual contractors at

- each workshop and present it in summarized fokm“at_thé next; it
will then incorporate new material and reactions from that workshop.

The final output is expected to occur near the end of FY 1979;

this should give contracturs enouyh time to do;adequate experiments.

To meet OWI deadlines, however, Battelle will have to make.prelimi-
nary assessments earlier. '

Uege of Term "K,"

Q.

Given all the confusion’ that has resulted from Hoose use of. ‘the
term "Kd," can we agree to restrict the use of the term to its
original meaning, and invent a new term for distribution as a
function of time? '
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People in. nuclear waste management have misused the term "Kd” from
the start, resulting in a certain amount of confusion as to exactly
what is meant whenever the term is used. On the other hand, intro-
duction of a new term at this point could cause even more confusion.
Perhaps this question could be dealt with at more length in the

. Open Floor Discussion at the end of the conference; the group could
then be surveyed for its recommendations.
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This is a progress report based upon only a part of the results
which will be collected for this study. Therefore, the conclusions
drawn from this report or the results discussed herein are tentative
and should not be quoted without the knowledge of the authors.
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ADSORPTION OF Pu(IV) AND Pu(VI) UNDER]CONTROLLED
pH AND Eh BY SOIL MINERALS

Dhanpat Rai, R. J. Serne and D. A. Moore

Battelle-Northwest

INTRODUCTION

Elements such as Pu, Np, and Am may exist in several oxidation states
in soil solutions. The adsorption, complex formation and movement of these
elements in the geologic environment among other factors is dependent on
the oxidation state. There are little data available on the effect of
oxidation state on the adsorption of Pu by suvil minerals under.known- pH
conditions (Prout, 1959; Bondietti and Reynolds, 1976). There are no data
available where Pu adsorption experiments were run under measured or
controlled pH and Eh conditions such that the oxidation state distribution
would not change during the experiment. Stock solutions containing Pu(III),
Pu(IV), and Pu(VI) can be prepared for adsorption studies and with proper
control of pH.and Eh the dilute suspensions may be maintained in a specific
oxidation state. One of the major difficulties with the data available in
the literature is that little effort was made to control the pH and Eh of
the suspensions during the adsorption experiment. Eh can be controlled by
the addition of oxidizing or reducing agents. However, the effect of these
oxidizing or reducing agents on the Pu adsorption by $611 minerals is not
known. Therefore, preliminary experiments on the use of the potentiostat
to control Eh of the suspensions was investigated and found feasible.

Since the potentiostat maintainé Eh by an electron transfer process instead
of adding some buffering chemical, the interference by this method on
adsorption of elements should be minimal. The objective of this study was
to investigate the aderptfon of various oxidation states of Pu by soil
minerals under different pH values and controlled Eh conditions.

]This is not a final report but a progress report based upon only a part

of the results which will be collected for this study. Therefore, the
conclusions drawn fram this report or the results discussed herein are
tentative and should not be quoted without the knowledge of the authors.
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MATERIALS AND METHODS

Various cells that can be used W1th a potentiostat to control the Eh
of the solutions are described by Harrar (1975). A1l of the cells described
by Harrar (1975) are made from glass and are used for coulometric determinations.
For the present study it was necessary to centrifuge the cells and have cells
that would withstand high centrifugal forces (~6000 RPM). Therefore, a cell
made of teflon was designed specially for this study (Figure 1). The cell is
of 1 1/2" inside diameter and is about 3" long with a screw cap that holds a
working electrode, counter'electrode, salt bridge, pH electrode, gas inlet, gas
outlet and solution spiking and sampling port. The working electrode consists
of a 45 mesh bright platinum cylinder of 1 1/4" diameter and 1 1/4" height. The
Counter . electrode was made by folding 52 mesh (2" x 1") platinum gauze length-
wise and soldering it to a platinum wire. The counter electrode is placed in
the center of the working electrode and is isolated from the sample with glass
tubing fitted at the end with a conducting porous (unfired) vycor glass frit.
The glass tube containing the counter electrode was filled with 0.IN KC1 solution.
A saturated calomel electrode is used as a reference electrode. The reference
electrode makes an electrical contact with the solution through a salt-bridge
tube containing 0.1N KC1. The conducting tip of the salt-bridge was positioned
a few mm away from the working electrode. A combination reference/glass
electrode is used to continuously monitor the pH. The solution in the cell is
stirred by a'Tef]on coated Spinfin (5/8" diameter) which sits -in the center of
the cell in a recessed cavity. | |

Since little information is available for the use of potentiostat in

controi]ing the Eh of the soil slurries, a preliminary experiment was conducted
" to determine the feasibility ot use ot the potentiostat in controlling the Eh
of the soil slurries. Kaolinite-water slurries were adjusted to different
potentials with the potentiostat. The potential of the solution at various
distances from the working electrode was determined with an independent
electrode over a several hour time period. These independently determined
potentials were not significantly different from the applied potential which
had been set on the potentiosfat, suggesting Eh control is possible.

~ For the adsorption experiments, one gram of the mineral sample.was added
to the cell containing 30'm1$ of 0.03N'CaC12 solution. - The Eh of this soil
suspension was adjusted to the value where either Pu(IV) or Pu(VI) oxidation.
states are ekpected to be relatively stab]g (Tab]e}]). Prepurified N2 gas was

-
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FIGURE 1. Teflon Cell Used to Control, the Potential of Solutions
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TABLE 1
SELECTED POTENTIALS FOR Pu(IV) AND Pu(VI) ADSORPTION

Selected Potential vs

Oxidation State pH of Solution the Standard Calomel (Volts)

Pu(IV) 4 0.9
7 -0.7
Pu(VI) 4 -
7 -0.9
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passed continuously over the solution surface in order to create an inert atmos-
phere. The sample was pre—équi]ibrated for approximately half an hour at the
applied potential to assure proper Eh. Then a small aliquot (0.02 to 0.05 ml)
of the Pu239
2.137 x 10°
desired value as soon as it was possible after Pu addition with HC1 or NaOH.

stock solution in strong acid containing 3.951 x 106 dpm Pu(IV) or
dpm Pu(VI) was added. The pH of the suspension was adjusted to a

At the end of several time intervals, the suspensions were centrifuged
at ~6000 RPM for approximately 10 minutes. A small aliquot (0.1 m1) of the
supernatant solution was withdrawn for Pu determinations. The centrifuged
solids were resuspended and the equilibration was started again.

In order to determine Pu, the samples were spiked with Pu242, digested

in concentrated HNO,, and evaporated to dryness. The Pu was taken up in
H2304 titrated with NH

of Pu242, Pu239

4OH and electroplated at pH 1.8 to 2.0. The concentrations

238

, and Pu were determined with alpha energy analyzers.

RESULTS AND DISCUSSION

The results obtained so far on adsorption of Pu(IV) and Pu(VI) are
presented in Figures 1 through 3. These figures, in general, indicate that
the major amount of adsorption or change in solution concentration occurs
in the first 15 minutes. 'Pu(IV) concentrations in solutions at any given
pH are much lower than the Pu(VI) concentrations (Figures 2 and 3). _
Plutonium concentrations in solution in contact with montmorillonite at pH
4.0 were much Tower than the blanks or the solutions in contact with
kaolinite (Figure 2). At pH 7, the Pu(VI) concentrations in contact with
kaolinite were much lower than the blanks (Figure 3).

‘From the foregoing, it appears that the oxidation statc; pll, and

" surtace area and/or cation exchangc capacity has a significant influence on
the adsorption of plutonium. In general the Pu(VI) adsorbs less than the
Pu(IV). An increase in pH increases the percentage adsorption. An increase
in surface area and/or éation exchange capacity appears to increase the
adsorption. '

Figures 2 and 3 indicate that the concentration of plutonium, in
solutions without clays, decreases in blank solutions also. This decrease
in concentration may be due to precipitation and/or adsorption by the cell
wall and electrodes. In order to avoid possibie precipitation the solution
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concentrations in future experiments will be selected such that the

plutonium concentration in the equilibrium solutions. does not exceed that
which can be maintained by Pu(OH)4 and/or Pu0,. The results reported by

Rai and Serne (1977) would help in selecting these concentrations. In order
to check whether a certain amount of plutonium is electroplated or adsorbed

by the electrodes, the concentration of Pu in solutions with and without the
potentiostatic Eh control were determined (Figure 4). The concentration of Pu
in solutions with and without the electrodes did not differ significantly.
Therefore, it can be stated thatAthe electrodes used to control the solution
potentials would have negligible effect on the change in Pu concentration in
solution over pH and Eh ranges studied in this experiment.

FUTURE PLANS

Future plans include the study of adsorption of Pu(III); Pu(IV), and
Pu(VI) by several minerals for a specific time beriod under differing total
concentrations of Pu. These data will be collected for pH 4 and 7. This
study would help rate the minerals according to their relative importance in
adsorption of Pu under a given pH, oxidation state, and differing total Pu
concentrations. '
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DISCUSSION--DHANPAT RAI

Changes in Puz‘;9 Concentration Over Time

at pH 4.0 (Figure 2)

Q.
A.

What was your initial Pu concentration?

About 10—6 M.

What is the solution in contact with besides clay?

It's in contact with é]] the electrndes iﬁ the cell, as well as the
salt bridye (see Figure 1).

What 1¢ the yas that is passed through the solution and how pure is
it?

- Nitrogen, and it's about 99.99% pufe.

How is the solid phase separated from the liquid phase?

The whole cell is centrifuged at 6,000-7,000 rpm; after the solids
have settled, a sample of the supernatant is taken.

How did you determine that Pu(VI) would be siable at that particu-
lar ER?

MNrst, because of the way in which the solution was prepared, we
were reasonably sure that the amount of Pu in a given valence state
was 99% or better. Then, hased on Lhe work of Dr. Cohen, we assumed
that, if we could create the highest oxidizing condition possible
without introducing free oxygen ions, Pu(VI) added to the system
would remain stable.

Why did the concentration of the Pu(VI) blank drop after about
80 hrs? ‘

I'm not sure; it could be an artifact or it could be an actual
drop. If the drop is real, it could mean that the oxidation state
is not being maintained. '
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Isn't it an artifact of plotting Pu concentration as a logarithmic
function of time?

That could also be true.

Is the drop in Pu concentration due to precipitation?

We haven't had time to check this out thoroughly, but we assume
that at least part of it is going into the cell walls.

What criteria were used to determine that 10'6 M is too great to be
considered a trace concentration?

We Tooked at reports, which indicate that 70% of the Pu disappears
from the solution. This makes us think that some mechanism other
than adsorption is going on--perhaps precipitation. We p1an to
look at much lower concentrations, however; this should help us
determine what in fact is happening.

Can you be sure that bacteriological growth is not affecting the
results?

Yes; the minerals we used were pure minerals, from which the organic
matter had been removed. Therefore, there should be very little
biological activity occurring.

Do you use sterile water?

We use repurified distilled water, but it's not sterile.

Was the montmorillonite definitively characterized as a single
mineralogical phase?

Yes, it was.
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A.

Did you subject the solution to any pretreatment or preloading?

Yes--with Ca.

What is the total surface area of the minerals?

About 30 m2 for kaolinite, and 800 m2 for montmorillonite.

What method did you use to determine surface area?

The ethylene glycol method; most soil scientists use this method,
and we feel that it gives a fairly reliable measurement.

'How does that relate to the BET methud?

BET gives external surface area only; glyeol yives you the total

‘arca-=internal plus external.

How many replications does each point represent?
Right now, 6n1y one; but we have samples of the solution in storage,

and we plan to analyze these again later.

‘After the experiment was complete and you had measured the amount
of Pu(VI) in the supernatant, did you then determine its oxidation
state?

Not yet, but -we're planning to do that.
Do you have any data on Pu(VI) concentrations in the presence of
montmorillonite?

We're in the prucess of abtaining it.

Changes in Pu Concentration Over Time

at pH 7.0 (Figure 3)

Q.

A.

Why does shifting the pH to 7.0 cause the Pu(VI) concentration in
the presence of kaolinite to change so dramatically?

I'm not sure; it's probably a precipitation phenomenon.
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Did you -try the experiment with both Pu(IV) and Pu(VI) in the
starting solution? '

No, these are separate experiments.

Have you done experiments where’bothﬁoxidation states are present
~initially?

No, I haven't.

Are Pu(IV) and Pu(VI) the oxidation states that could be expected
to be present in natural groundwater systems?

Pu(Iv) is; Pu(VI), however, is not very stable.

What about Pu(III)?

In a system 1ike this, where there is no reducing condition in the
soil system, Pu(III) would oxidize to Pu(IV).
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This is a progress report based upon only a part of the results which
will be collected for this study. Therefore, the conclusions drawn.
from this report and the results discussed herein are tentative and
should not be quoted without the Knowledge of the authors.

"IDENTIFICATION OF PLUTONIUM COMPOUNDS
AND THEIR SOLUBILITY IN SOILS"

by

Dhanpat Rai

R. J. Serne and D. A. Moore

Battelle Pacific Northwest Laboratories
Battelle Boulevard
Richland, Washington 99352

September 1977

106




IDENTIFICATION OF PLUTONIUM COMPOUNDS AND THEIR
SOLUBILITY IN SOILS'

Dhanpat Rai,.R. J. Serne and D. A. Moore
Battelle-Northwest

INTRODUCTION

The solid compounds of Pu that may be present in soils would have a
specific solubility at equilibrium in a given weathering environment and
could control the final concentration of Pu in the soil solution. The
final concentration would, in turn, largely control the distribution of
‘Pu in the environment. Therefore, the knowledge of Pu compounds present
in the soil and their solubility is necessary in order to predict the
behavior or fate of Pu in the soil.

The reliable data on solubility of Pu02, Pu(OH)4, and PuOZ(OH)Z,
the compounds most Tikely to form in soils, at environmental pH and Eh
values are lacking (Rai and Serne, 1977). An extensive review (Ames,
Rai, and Serne, 1976) on actinides indicated that numerous workers have
studied the Pu concentrations and distribution with depth in soils.
However, with the exception of Price and Ames (1975) none have made any
attempt to identify the solid phases of Pu present in soils. Price and
Ames (1975) isolated plutonium particles from the contaminated soils and
analyzed them with electron microprobe and X-ray diffraction. They were
able to identify a large portion of the material as PuO2 but were not
able to identify the nature of the compounds associated with soil sili-
cates. Price and Ames (1975) results are consistent with the theoretical
calculations of Rai and Serne (1977) who predicted that the PuO2 would
be the most stable mineral at equilibrium in the pH and Eh ranges found

in terrestrial environments.

It is clear from the above discussion that information regarding
the solubility of various Pu compuunds and the nature of the solid
compounds that may be present in the soils is needed. The objectives of
this study were to:

]This is a progress reporl based upon only a part of the results which
will be collected for this study. Therefore, the conclusions drawn
from this report or the results discussed herein are tentative and
should not be quuted without the knowledge of the authors.
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determine Pu concentrations in equilibrium with PuOZ(OH)Z, Pu(OH)4,
and Pu0, at environmental pH and Eh conditions;

identify Pu compounds in soils; and

provide guidelines for the trace Pu concentrations needed for
adsorption experiments to assure that Pu precipitation would be
negligible or absent.
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METHODS AND MATERIALS

Three pure compounds used in this study were PuOé, Pu(OH)4; and
Pu02(0H)2. PuO2 was obtained from Oak Ridge National Laboratory.
Pu(OH)4 and Pu02(0H)2 were prepared by neutralizing ~8M HNO3 solutions
containing Pu(IV) and Pu(VI) with NaOH (Cleveland, 1970). The precipi-
tates were washed free of Na with distilled water.

In order to determine the solubility of various plutonium com-
pounds, approximately 8 mg of each solid compound was transferred to a
different polycarbonate centrifuge tube. Twenty mls of 0.003N CaC]2
solution was added to each of these tubes and the pH values were ad-
justed to 4.0, 5.5, 7.0, and 8.5 using NaOH or HC1 as needed. The whole
experiment was duplicated. The suspensions were aged. At various time
intervals (7 days, 21 days, 90 days, ...) the suspensions were centri-
fuged at 6,000 RPM for approximately 40 minutes and a small aliquot (0.1
ml1) of the supernate was withdrawn for Pu analysis. The pH of the
suspensions was periodically readjusted (approximately every fifth day).
The pH 4.0, 5.5, and 7.0 suspensions needed little adjustment after the
second or third adjustment, whereas pH 8.5 suspensions tended to decrease
to approximately 8. This experiment has been going on for a little over
-100 days. No pH adjustment was made after 21 days of aging.

In order to determine the nature of the plutonium compounds present
in the contaminated soils, three contaminated soils from Hanford waste
disposal cribs (Z9-4-5A; 79-4-11A; ZTZ-]D) were used. The soils were
washed»once with distilled water to remove soluble salts and then equili-
brated with 0.003N Ca solution in duplicate. Equilibrations were carried
out with soil only, soil plus 5 my Pqu, and soi]'plus 3 mg Pu(OH)4.
Samples of Z9-4-11A were also adjusted to various pH levels as discussed
under dissolution studies. At various time intervals (7 days, 21
days, 90 days, ...) the suspensions were centrifuged at 6,000 RPM for
approximately 40 minutes and a small aliquot (0.1 ml) of the supernate
was withdrawn for Pu analysis.

The aliquots of supernate containing Pu were spiked with Pu242,.

digested in concentrated HN03, and evaporated to dryness. The Pu was

taken up in H,S0,, titrated with NH,OH and electroplated at pH 1.8 to
274 4

242 Pu239 238

alpha energy analyzers. The above method is most useful when a very small

2.0. The concentrations of Pu , and Pu were determined with
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amount of various radioisotopes is present in a large volume of solution.
Most of the samples used for this study confained 1) only Pu, 2) relatively
high concentratﬁons of Pu in the solutions, and 3) solutions with Tow

jonic Strength (un0.0045). Therefore, an aliquot of the solution was

dried on a stainless steel plate and directly counted for gross alpha

which was used to calculate the concentration of Pu in the solution.

The results presented in'Figures 1 and 2 were obtained by using an electro-
p]atiﬁg method. The other results were obtained by the gross alpha method.
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- RESULTS AND DISCUSSIONS

PURITY OF THE COMPOUNDS USED FOR THIS STUDY

Pure PuO2 crystalline microspheres enriched (>99.1 percent) with

239 were obtained. from Oak Ridge National Labqrétofy. In order to

Pu
further check the purity of the PuO2 and predissolution properties,
powder X-ray diffraction patterns were obtained. The d spacings ob-
tained for this sample are reported in Table 1 along with the d spacings
reported in ASTM for Pu02. Almost perfect match of the sample d spacing
with the values reported in ASTM (1966) indicates that the PuO2 sample

used for this study .is indeed crystalline.

Pu(OH)4 used in this study was very pure since the Pu solutions
used to precipitate Pu(OH), were free of radionuclides other than Pu and
the solutions contained 99 percent of Pu(IV). As expected, the X-ray
diffraction pattern of Pu(OH)4 samples indicated it to be an amorphous
compound. The purity of Pqu(OH)2 was ascertained by analyzing Pu(VI)
solutions (used for precipitation) for radionuclides other than Pu. The
Pu(VI) solutions contained only Pu thus indicating that Pu02(0H)2 used
for this study was also pure.

DISSOLUTION OF PLUTONIUM COMPOUNDS

The concentrations of Pu in so]ution»in contact with PuO2 and
Pu(OH)4 were first determined after 21 days. The results on PuO2
(Figure 1) indicated a wide variation (as high as 30 fold in some cases)
in Pu concentration of duplicate aliquots withdrawn from a sample, and '
that the variation was greatest in high pH samples. The results on
Pu(UH)4 dissolution showed similar large variations (Figure 2). It
was hypothesized that this large variation may be due to 1) the presence
of plutonium particles in solution which do not flocculate on centri-
fuging at 6,000 RPM for 40 minutes and/or 2) the Pu analyses (electro-
plating and then alpha energy) method. Viewing showed that the PuO2
microspheres had broken down into small particles. A large number of
Pu02'and Pu(OH)4 samples had a film of Pu particles on the solution
surface even after centrifuging at 6,000 RPM for 40 minutes. In order
to make sure whether the Pu particles were causing the.scatter
in results, the centrifuged samples were filtered through 0.lum and
0.015um fi]ters. Elimination of scatter in filtered samples would

11



TABLE 1
X-RAY POWDER DATA FOR Pu02 SAMPLE

Pu0, Data [rom

- PuQy Sample ASTM File

hk1 d(A°) d(A°)
110 ' 3.118 3.08
200 2.696 2.67
220 1.909 1.894
317 1.627 1.617
222 . 1.559 - 1.548
331 1.239 1.234
420 : 1.208 1.203
422 1.103 1.100
511, 333 - 1.04 1.037
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indicate the presence‘of Pu particles that do not flocculate on centri-
fugation. The results on fi]feréd and unfiltered solutions in contact
with PuO2 a'nd‘Pu(OH)4 for 90 days are presented in Tables 2 and 3. Low
standard deviation in most cases indicates that reproducible results can

be obtained by gross alpha counting instead of electroplating and then
analyzing for radioisotopes. The samples filtered through 0.1 and 0.015um
do not differ significantly from each other, indicating the concentration '
of Pu particles >0.015um and <0.Tum was small in these solutions. The Pu
concentration in fi]teked solutions decreased wiih the increase in pH.

The Pu concentrations in unfiltered Tow pH samples were generally closer

to the filtered solutions; however, Pu concentrations in unfiltered
relatively high pH solutions differed significantly from the fi]teréd
solutions suggesting colloidal Pu problems are more prevalent in basic solutions.

Scanning electron micrographs, electron microprobe, and X-ray
diffraction patterns of the Pu retained on 0.lum filters used for Pu0,-
18 and Pu02—20 samples were performed. The electron probe analyses of
particles on Pu02—]8 filter indicated that these were definitely Pu
partic]es and that they were similar in morphology to the untreated Pu02
particles. However, these particles were so fine in size that X-ray
diffraction patterns could not be obtained. The particles on a 0.lum
filter of a Pu02-20 sample were similar to the Pu02-18 sample; however,
it was possible to obtain an X-ray diffraction pattern on these particles.
X-ray diffraction patterns of Pu02-20 indicated it to be a crystalline
Pu02. The foregoing discussion indicates that 1) the PuO2 microspheres
broke down in size due to contact with solution; 2) the scatter in Pu
concentration with change in pH in unfiltered solutions is largely due
to the PuO2 crystalline particles in the case of PuU2 samples; 3) the
solutions do not contain significant amounts of colloidal or polymeric
particles <0.lum and >0.015um; and 4) the concentration-of Pu in filtered
solutions can be used to represent the solubility of the compounds.

At the end of the 90 days of equilibration, two samples of PuO2 and
two of Pu(OH)4 were analyzed for morphology and crystallinity of the
particles. The results showed that the PuO2 samples were crystalline
and Pu(OH)4 samples were amorphous, as was the case at the beginning of
the experiment. Pu concentrations in 0.lum filtered solutions in con-
tact with PuO2 and Pu(OH)4 (Tables 2 and 3) for 90 days are plotted
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TABLE 2. Concentration of Pu in 0.003N CaCl, Solution in Contact
with Crystalline Pu0, Particles of Pu239 for Approximately
‘90 Days

239

Concentration** of Pu in log,, (moles/1)

Sample No.* _pH_ Unfiltered Filtered 0.lum Filtered 0.015um

Pu0,-13 3.80 -6.14:0.02  -6.17+0.01 -6.120.01
Pu0,-14 3.80 -6.09+0.04  -6.08:0.01 . -6.05:0.01
Pu0,-15 4.3 -6.42:0.01 -6.60+0.0]1 ~6.57+0.00
Pu0,~16 4.3  -6.43:0.02  -6.43:0.00 -6.44:0.00
Pu0,-18 5.40 -5.69:0.14  -7.28:0.00 ~7.290.00
Pu0,-17 5.45 -6.15:0,06  -7.46:0.03 ~7.47:0.06
Pu0,-19 7.30  -6.33:0.13  -8.70:0.07 -8.;5:6.33
Pu0,-20 7.30 -5.62:0.18  -8.71:0.06 -8.78:0.03

- A
A11 the samples contained approximately 8 mg PuO2 and 20 mls
of 0.003N CaC]2 solution.

** '
A1l the samples were centrifuged at 6,000 RPM for approximately
40 minutes. '
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TABLE 3. Concentration of Pu in 0.003N CaCl Solut18n in Contact
' with Amorphous Pu(OH)4 Prec1p1tate of Pu for Approximately

90 Days : _ '
“Concentration** of Pu239<in log]0 (mo]es/])

Sample No.* pH Unfiltered Filtered 0.lum Filtered 0.015um

Pu(OH),-21  3.95  -4.40%0.02 ~4.44+0,02 -4.46+0.03
PQ(OH)4-22 4.00 -4.54:0.03  -4.54+0.01 -4.52:0.02
Pu(OH),-5  4.00  -3.90:0.01 -4.31:0.01 ND
Pu(OH),-6  4.00 -3.93:0.01 ~4.2210.02 ND
Pu(OH),-24  5.00 -5.26:0.02 . =-5.250.00 -5.25:0.0]1
Pu(OH) ,-23 5.05 -5.43:0.02  -5.44:0.00 -5.47:0.04
Pu(OH),-8  5.25 -4.99:0.03  -5.17:0.01 ND
Pu(OH),-7  5.30 -5.19:0.15  -5.31:0.01 "ND
Pu(OH),-26  6.60 -6.51:0.06  -6.77:0.01 ~6.79:0.02
Pu(0H),-25  6.70  -6.56+0.03 ~6.83:0.00 -6.98+0.00
Pu(0H),-10  6.80 -5.18:0.03  -6.63:0.00 ND
Pu(OH),-9  6.83 -5.71:0.13  -6.73:0.01 ND
Pu(OH),-27  7.50 -7.43:0.06  -7.54:0.00 -7.58:0.01
Pu(OH),-28 7.70  -7.19:0.06  -7.77:0.04 -7.7920.01
Pu(OH),-12  7.85  -5.21:0.02 -7.11:0.01 TN

Samp]es Pu(OH),~-5 through Pu(OH) -]2 were started first in one
batch and the &est of the samp]eé in another batch after approxi--
mately one week. A1l the samples contained approximately 8°'mg
Pu OH)4 and 20 mls of 0.003N CaC] solution.

A]] the samples were centrifuged at 6,000 RPM for approx1mate]y
40 minutes. ND in the last column means not determined. The
concentrations were determined by gross alpha activity.
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against pH (Figure 3). As expected (Rai and Serne, 1977), Pu(OH)4
maintains a higher Pu concentration in solution at environmental values
of pH than Pu02, The solubility of both PuO2 and Pu(OII)4 decreases with
the increase in pH. High linedr correlations (r2>0.97) between the Pu
concentration in solution and the pH indicate that pH would be a very
important factor in controlling Pu cdncentrations in soils in equilibrium
with the Pu compounds. Pu concentration in equilibrium with PuO2 and
Pu(OH)4 decreases 537 and 708 percent respectively with an increase of
one pH unit. The kinetics of Pu(OH)4 precipitation is extremely rapid.
Time and/or conditions required for PuO2 precipitation or conversion of
Pu(OH)4 to Pu, under environmental pH conditions is not knuwn. Pu(OH)4
camples used in this study have been aging for 100 days but there has been
no detectable change in Pu(OH)4 crystallinity thus far, It appears from
~the above discussion that’Pu(DH)4 may initially dictate the upper limit
for the amount of plutonium that can be present in solution in a given
pH. The total concentration of plutonium present in solution in contact
with PuO2 and Pu(OH)4 in the absence of strong compléexing ligands may be
obtained from Figure 3. It is also evident that for the determination

of meaningful equilibrium distribution coefficients (Kd), in an oxidizing
environment the Pu concentrations must be below the Pu(OH)4 solubility
line but preferably below the PuO2 s0lubility line (Figure 3).

IDENTIFICATION OF PLUTONIUM COMPOUNDS \
IN CONTAMINATED SOILS

If solid Pu compounds are present in sediments, they could govern
the concentration of plutonium in solution and the further movement and
dissemination into the environment. Thus, it is important to find out
the nature of the sulid compounds that may be present in sediments. If
no solid compounds are present, ion exchange or adsorption reactions
would govern the concentration of plutonium in solutions.

Large quantities of Pu solid compounds would not be expected to be
present in sediments. Therefore, it would be difficult to physically
isolate, for identification, the trace amounts of solids that may be
présent in sediments. It was decided to compare the p]utdnium concen-
trations in soil solutions with the experimental solubility of the solid f
compounds as a means of identification of plutonium solid compounds
’ present in sediments. |
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The soil solution data are plotted in Figure 4 where experimental ‘
solubility lines for PuO2 and Pu(OH)4 for a 90 day equilibration period
are traced for reference. The soil results reported in Figure 4 are
also for a 90 day equilibration period. It can be seen that the soil
solution points for'soils Z9-4-11A and £Y-4-5A fall on the Pu02,solubi]ity
1ine; however, the solution points for soil Z12-1D fall considerably
below the PuO2 solubility line. When PuO2 was added to these soils the
solution concentration for Z9-4-11A and 79-4-5A did not change. The
solution concentration of Z12-1D soil increased considerably and ap-
proached that of the PuO2 solubility line. Thus, soils Z9-4-11A and Z9-
4-5A appear to contain PuO2 since the soil solution point§ fall close to
the PuO2 solubility line and the 5011 solution concentration did not
change with the addition of PuO2 Solution concentrations of soil Z12-
1D indicate that this soil does not contain PuO The Py concentration

in all the s0il solutions studied were much 1owet Lthan the Pu(OH)4
~ solubility line, indicating that the soils do not contain'Pu(OH)4. The
addition of Pu(OH)4 to soil Z12-1D increased the Pu concentration in the
soil solution to that of the Pu(OH)4 solubility line. The results
presented in this section also help demonstrate the ability of solid
compounds to -control the solution concentrations. If leaching occurs
from Z9-4-11A and 79-4-5A soils and the leachate percolates into the
soils containing no Pu02, the concentration of Pu in solution would be
lower than the PuO2 solubility 1ine and would be governed by adsorp-
tion reactions. On the other hand, Pu concentrations in solutions
percolating through PuO2 contaminated sediments would be expected to be
similar to the concentrations obtained from PuO so]ub111ty line (Figure
3). Such an event might occur in the 1mmed1ate v1c1n1ty of stored
wastes. '

Two of the soils studied (Z9-4-11A and Z9-4-5A) in this report had

received a complex waste with significant amounts of organic 1igands

with strong potential for forming soluble Pu complexes. However, the
observed Pu concentrations are not significantly different than the
concentrations present in a dilute PuO2 suspension devoid of organic
ligands. It is possible that the organic ligands originally disposed.
into these soils have degraded over the period when the wastes were fifst
disposed (approximately 20 years). This hypothesis is supported by
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the results of Cleveland (1977)2 who found no evidence of organics in
Rocky Flats soil that had been contaminated by lathe cooling oil. It is 1
also possible that the wash given to the soils used in this study removed

a large portion of these organic wastes.

2hr. 3. M. Cleveland, Chief, Transuranium Research Project, USGS,

Denver, Colorado. Personal communication, September 1977._:
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FUTURE_PLANS

_ The experiments outlined in this report will be continued until an
equilibrium is established. At the end of the equilibrium period the
solutions will be analyzed for Pu(IV), Pu(VI), Pu polymer, Eh, pH, and
jonic strength. The crystallinity of the solid compounds of Pu used for
dissolution will also be determined. Soils Z9-4-5A and Z9-4-11A will be
adjusted to different pH values in order to find out whether the Pu concen-
trations follow the PuO2 solubility line, which would be expected if
these samples are in equilibrium with Pu02; Using an alpha track,
scanning electron microscope, and X-ray diffraction, the kind of Pu
compounds present in these soils will also be determined to confirm the

_presence or absence of the PuO2 mineral in these soils as predicted from
solubility experiments.

These studies would help to determine precipitation-dissolution
behavior of Pu in natural environments, probable Pu solid forms present
in geochemical systems, total concentrations of Pu that can be expected
at equilibrium when Pu solids are present, and the nature of the concen-
tration of Pu which should be used in sorption experiments in order to
minimize the precipitation effects.
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DISCUSSION--DHANPAT RAI

Changes in Pu Concentration with Changes

in pH (Fiqure 3)

Q.
A.

How was the pH adjusted?

With hydrochloric acid or sodium hydroxide. Very little is needed
since the water is distilled.

Would you comment on the slopes- of the Tines?

Yes; there is about a five to sevenfold decrease for each pH unit
increase, ‘ ‘

Can the solubility products themselves be used to determine the
solubilities of Pu in equilibrium with hydroxides?

Yes and no. If you b]ot the solubility only of the Pu(IV) present
in the solution, you will see this fourfold decrease for each unit
of pH increase. However, you would not in fact obtain this result.
Because of the other oxidation state present in the system, you
would be measuring total solubility, rather than just that of
Pu(Iv).
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BATCH Kd EXPERIMENT WITH COMMON MINERALS AND REPRESENTATIVE GROUNDWATERS1
R. J. Serne, D. Rai, J. F. Relyea, and M. J. Masun
Batte]]e Pacific Northwest Laboratory

INTRODUCTION

'Many studies are in progress at various institutions that involve computer
modeling to investigate groundwater movement, geochemical interactions,
terrestrial and aquatic food chains, radiation dose to man, geologic stability and
disruptive event analysis. Simplistic models reported in 1iterature(]’2’3’4)
can be used to estimate the fate of nuclides in yeulogie, ayuatic, or biotic
systems, provided the necessary input data is available. 1In the area of nuclide
migration there is a gap in our knowledge of quantative estimates of
the ability of various geologic materials to retard nuclide movement. Thus,
the lack of adequate sorption data for nuclides in geologic environments limits
the utilization of the aforementioned simplistic models. The acquisition of
sorption-desorption data on a wide range of representative geologic material
with numerous groundwater types should proceed post-haste. This study was
designed to be generic in nature by covering a wide range of geologic materials

and possible groundwaters,

As the first two repositories will Tikely occur in salt dcposits Lhe
migration rates of nuclides in salt brine were included initially. Site
specific data will be generated as samples become available.

Once this data bank is acquired, safety assessment modelers will have
defensible data (from a geochemical standpoint) to allempt preliminary fate
calculations. In order to obtain data to meet the needs of assessment modelers
by FY 79, the initial thrust of the program will be empirical and utilize
crushed rock materials in batch tests.

]This is not a final report but a progress report based upon only a part
of the results which will be collected for this study. Therefore, the
conclusions drawn from this report or the results discussed herein are
tentative and should not be quoted without the knowledge of the authors.
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METHODS AND MATERIALS

Geologic Materials

Minerals and rock samples were obtained from Wards Natural Science
Establishment, Inc., Rochester, New York 14603. The bulk samples were split
into halves. One half was crushed and ground to <100 um size with standard
jaw crushers and ball mills. The other half is in storage for future
experiments.

Subsamples of the crushed minerals were treated with pH 5 sodium acetate
buffer to remove calcium carbonate and with hydrogen peroxide at 80°C to
remove organic matter. Portions of each mineral were treated separately with
IN sodium chloride and 1N calcium chloride and washed with distilled water to
obtain sodium and calcium saturated minerals.

For initial generic experiments twelve common primary and secondary
minerals were chosen. Table 1 lists the minerals which constitute the
building blocks of most alumino-silicate rock materials.

The treated minerals were further characterized to determine mineral purity
(x-ray diffraction), surface area (ethylene g]yco])5 and cation-exchange-
capacity (855r tracer method)6.

So]utidns

Four synthetic solutions (Table 2) representing simplified groundwaters
were used for preliminary batch sorption-desorption tests. The solutions
represent a salt brine, a calcium dominated groundwater, a diluted brine or
sodium dominated groundwater, and-a bicarbonate-carbonate dominated ground-
water. These solutions were traced with the nuclides Sr, Tc, I, Cs, U, Np,
Pu, Am and Cm. The form of the nuclides in the stock solutions added to the
2. 1c07, 17, ¢s*, v0,*2, Npo,*, Putt, Am*3,

synthetic groundwaters were Sr+ s NpO2 , Pu

+3 4> 2

and Cm

Counting Information

The tracers Sr, Cs and Tc were mixed together and counted on a high
efficiency-high resolution Ge(Li) detector. The I and Am were mixed and counted
on a high resolution intrinsic Ge detector. Np and Pu were not mixed with
other isotopes and were counted on intrinsic Ge and Ge(Li) detectors, respectively.
U and Cm will be mixed together and counted by Ge(Li) gamma spectroscopy or
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TABLE 1
MINERALS USED FOR SORPTION EXPERIMENTS

I1lite
Kaolinite
Montmorillonite
Vermiculite
Quartz
Albite

* Anorthite
Microcline
Biotite
Hornblende
Enstatite
Augite

TABLE 2
COMPOSITION OF SYNTHETIC SOLUTIONS

Salt Brine 5130 meq/1 NaCl pH 7
Calcium Groundwater 30 meq/1 CaC12 pH 7

Sodium Groundwater or Dilute Brine 30 meq/1 NaCl pH 7
Bicarbonate meinated Groundwater 30 meq/1 NaHCO3 Natural pH

alpha.spectroscopy. In order to efficiently analyze U by gamma spectroscopy,
uranium concentration in the ppm range is needed. This concentration is
probably unrealistically high compared tu expetted high level glass leachate.
Counting details are shown in Table 3. )

Batch Kd Experimental Design

For the sodium dominated groundwaters, minerals with sudium saturated
exchange $ites were used. Conversely the calcium groundwater was contacted
with minerals whose exchange sites were calcium saturated.

One-half gram samples of the crushed and treated minerals were placed in
50 ml polycarbonate centrifuge tubes. The minerals were rinsed three times
with the synthetic groundwater solutions without tracers. The suspensions
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TABLE 3

k : COUNTING INFORMATION

Isotope -Energy Level . Counting- Equipment
8  sliMevy - Ge(Li)
e .204 Mev y | Ge(Li)
]29I .040 Mev X;ray Intrinsic Ge
137¢5 .662 Mev vy Ge(Li)
\ 235, 185 Mev y " Ge(Li)
4.40 Mev o Silicon Surface Barrierl
,233U 4.82 Mev o Silicon Surface Barrier
237\p .0294 Mev X-ray Intrinsic Ge
237p, .097 and .101 Mev y  Ge(Li)
24 oy .0596. Mev y Intrinsic Ge
243cm .0996 and .104 Mev y  Ge(Li)

were shaken on a linear oscillating shaker at a moderate speed overnight for
each wash. The wash steps were performed to allow the systems to approach
equilibrium. The suspensions were centrifuged at 7000 RPM for 20 minutes and
the first two washes were discarded. After the third wash the supernate was
analyzed for major cations, anions, and pH. The quantity of residual solution
not removed by centrifugation after the third wash was also determined. This
residual solution was used as an input for the Kd calculations.

A final aliquot (15 mls) of solution with nuclides present was contacted
with the minerals. At the end of approximately 3, 10 and 20 days the
suspensions were centrifuged and ten ml of the solution phase was removed.
The solutions were analyzed for pH, Eh, and nuclide activity. The Kd's for
each nuclide were determined by the loss in solution activity.

Container sorption was monitored for each solution and nuclide by
contacting centrifuge tubes without minerals present in the same fashion. All
experiments were run in triplicates.
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The Kd is calculated using the following equation: J
<r ’ AB]ank B AEff]uenﬁ) (?ota] Volume So]ut10ﬁ>

Kd = AFff]uent Wt of Mineral
where
r = ratio of tracer solution volume to total volume (tracer + excess)
AB]ank = activity of nuclide in blank systems (containers only)
AEff]uent = activity of nuclide in centrifuged solutions

Total Volume

(m1)

tracer solution (15 ml) + excess cold solution left after
removal of third wash

Wt of Mineral = 0.5g used in this experiment

Desorption experiments are planned after the third Kd determination. The
tracer solution will be removed after centrifugation and cold solution of the
same recipe introduced to the system. Two cold washes will be used to -
determine the amount of nuclide which can be removed from the minerals to allow
estimates of desorption and reversibility.

Results and Discussion

The cation-exchange-capacity and surface area measurements are shown in
Table 4. ;

The x-ray diffraction patterns for standard minerals (montmorillonite,
nontronite, vermiculite, kaolinite, illite, and biotile) were obtained after
various treatmenls (Mg-54% RH, Mg-ethylene glycol, K-105 C° dry air, K-105 C°

54% RH, K-550 C° dry air) in order to find out the purity of these minerals.

The tracings of these patterns are provided in the enclosed figures (Figures 1-3).
A1l lhese samples were pretreated to remove CaC05. The resulls show that
montmorillonite, nontronite, vermiculite, and biotite do not have significant
amount of crystalline impurities. Kaolinite samples have a minor amount of

mica. The illite sample is poorly crysta111zed and has a poorly crystallized

10- I4A broad peak which collapses to 1OA and has a minor amount of kaolinite.

In general the cation-exchange capacity data and surface area results
correlate. A high C.E.C. usually reflects a high surface area. The secondary
clays montmorillonite, vermiculite and illite show the highest exchange
capacity. Quartz and common feldspars such as albite and anorthite have the
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TABLE 4
' CHARACTERIZATION OF MINERAL SAMPLES

Cation-Exchange Capacity Surface Area

‘meq/100g ~ m2/g
Ilite - 13.8 + .8 165.4+3.3
Kaolinite 5.0 .9 30.7+0.5
- Montmorillionite 87.4 2.7 722.2+6.9
Vermiculite 77.0 +4.8 3]2.5¢7.8
Quartz 0.15+0.07 ‘ 2.8+0.2
Albite 1.5 +0.3 8.4+3.7
. Anorthite ‘ 1.8 0.4 9.2+1.3
Microcline 1.2 102 ©5.111.0
Biotite ‘ 15.3 1.1 68.8+0.8
Hornblende 2.9 20.5 4.3:0.8
Enstatite 1.9 #0.3 15.7+1.0
Augite 4.5 0.6 7.1£0.4

+ - one standard deviation of triplicate analyses.

lowest exchange capacities. The dependence of Kd for the nuclides studied on
cation exchange capacity and surface area will be addressed after statistical
studies are performed by Adaptronics, Inc.

Tahles 5 to 16 report thc average Kd values for T¢, Sr, Cs and Np at three
equilibration times for part of the minerals (Table 1) and solutions (Table 2).
Most negative Kd values represent cases in which the average activity
in blank tubes is less than the activity in the mineral suspension
effluents. Negative Kd values occur only in systems where mineral
sorption is extremely low which allow the Kd calculation counting statistics
or a slight difference in container adsorption between blanks and
mineral systems to hecome very important. Therefore, for nuclide fate
calculations, most negative Kd values are not significantly different
from zero. In the case of the TcOi anion adsorption by the secondary
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TABLE 5

BATCH Kdy. RESULTS (AVERAGE OF -3 RESULTS)

I
Equilibration Time - 3 Days

Mineral NaCl Brine Ca G.W. Na G.W. HCOz G.W.
I1Tite - 0.3x0.7 0.0+£0.5 - -0.3%0.7 -1.1%0.1
Kaolinite -0.5£0.2 -0.1+0.2 -0.2+0.7 0.2+0.4
Montmorillonite 0.480.5  -0.5:0.1 -0.7¢0.3  -1.8:0.9
Vermiculite 0.0+0.2 -0.5+0.1 -0.8+0.4 -0.6+0.0
Quartz 0.4+0.6 0.410.9 0.610.4 -0.5+0.4
Albite ‘ 1.410.3 1.6+0.3 0.4+0.4 0.1+1.3
Anorthite 1.8%0.1 0.4+0.3 0.9+2.3 .—0.710.5

: Microc]ine‘ 2.3£0.3 -0.5+0.5 0.920.7 -0.5+0.6
TABLE 6-
BATCH KdSr RESULTS (AVERAGE OF 3lRESULTS)

Equilibration Time - 3 Davs

Mineral NaCl Brine Ca G.W. Na G.W. HCO3 G.W.
I1lite 2.7:0.8 7.8+0.3 99 + 0.6 544+ 44
Kaolinite 0.3+0.5 3.6x3.0 78.4+ 1.6 172+ 8
Montmorillionite 2.7+1.0 28.7+1.8 1,500 +310 ﬁ,8001200
Vermiculite 2.1£1.2 28.7+1.8 990 +120 1,500+200
Quartz 1.6+£0.5 0.7+1.1 9.4+ 0.5 546+ 19
Albite 6.0:0.3 . 4.6:0.4 142 + 7 518+ 37
Anorthite 6.7+0.8 4.2+0.8 81.6x 5.2 349+ 20
Microcline 4.1+0.2 3.4+0.2 227 + 5 - 571+ 94
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9¢1

BATCH Kd

Cs

TABLE 7

Equilibration Time - 3 Days

Na G.W.

RESULTS (AVERAGE OF 3 RESULTS)

Minzral NaCl Brine Cl1 G.W. HCO3 G.W.
I[1lite 544 36 ‘ 1.4x104t0.3X]04 5,800 3,4C0 5,700+ 570
Kaolinite 4.7+ 0.5 5,000 +1,100 477 + 24 577« 19
Montmorillonite . 34 =2 276 + 4 1,100 +- 63 1,300+ 200
Vermiculite 80 2 276 * 4 5,800 + 709 3,600+1,800
Quartz 1.4+ 0.8 52.5% ' 13.4 48.4+ 3.5 40+ 4
Albite 15.5+ 0.5 1,120 = 200 550 + 31 521+ 58
Anorthite 16.8+ 0.9 688 * 49 437 + 34 521+ 58
Microcline 5.4+ 1.1 333 + 47 “ 419 + 143 472+ 73



 TABLE 8

BATCH Kd, RESULTS (AVERAGE OF 3 RESULTS)

Np
Equilibration Time - 3 Days

Mineral . NaCl Brine Ca G.W. - Na G.W.

HCO3 G.W.
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W
Ilite 4 9.8+ 3.0  15.5%5.0 12.8+0.6  145. +2
Kaolinite - © 3.5% 2.4 0.5:1.2. 1.9¢5.7 116 8
Montmorillonite 163 -+ 4 16.5+3.5 60.03.3 6.00.3
Vermiculite 34.5¢12.6  17.6%3.1 41.2+1.0 11.8:0.3
Quartz . -0.5¢ 0.2 0.9+0.9 3.8+0.8 3.52.0
Albite - 8.8t 2.6.  0.5:0.8 3.3:1.5 3.0£2.0
‘Anorthite 130.319 0.320.1" 7.5:0.8 9.0+3.6
Microcline 10.2+ 1.2 2.3:0.8  16.8+2.3 4.842.1
TABLE 9
BATCH Kdy RESULTS (AVERAGE OF 3 RESULTS)
Equilibration Time - 10 Days

Mineral NaCl Brine Ca G.W. Na G.W. HCO3 G.W.
Ilite | 0.7+0.3 0.7+0.2 4.1:1.00  -0.6:1.1
| Kaolinite -0.4+1.2 -0.320.9 0.0+1.0 0.1:0.4
Montmori]]on{te: -0.3:0.3 0.3#0.1 -0.7+0.5 -1.9+0.2
Vermiculite -0.6%0.4 o.3¢o.9 . -0.7+0.4 -0.740.8
Quartz 0.3:0.8 1.3:0.3 0.3+0.3 -0.610.6
Albite ' 6.2+1.0 2.1£0.1 0.540.7 -0.1+0.8
Anorthite ' 0.9:0.3 1.120.6 0.6:0.3 -0.6+0.7
Microcline 5.6+0.3 0.2+0.8 2.4+2.1 -0.2+0.4



TABLE 10

BATCH Kd.. RESULTS (AVERAGE OF 3 RESULTS)

Sr
Equilibration Time - 10 Days

Minerdl NaCl Brine Ca G.W. Na G.W. HCO, G.W.
Mlite 1.440.3 6.6:0.7 = 63.7¢ 6.0 487+ 35
Kaolinite 0.6£1.0 0.720.3 79.9¢ 7.7 205: 20
Montmorillonite = 0.9:0.3  28.2#2.0 1,155 = 82  1,237:146
Vermiculite 1.7£1.3 25.7+2.2 988 178 1,190+242
Quartz 1.0641.5  1.0:0.7 10 + 1.5 507 6
Albite 4.440.7 4.6£0.9 128 + 7 486 52
Anorthite 3.110.0 3.6:0. 1 63.2¢ 4.2 422+ 23
Microcline 3.5:0.3 3.2:0.5 194 +12 501+ 37

TABLE 11
BATCH Kd,, RESULTS (AVERAGE OF 3 RESULTS)

Equilibration Time - 10 Days

Mineral _NaCl Brine ~ Ca G.W. Na G.W. __HCO, G.W.
[ilite 502 +30 >53,000 >43,000 4,190 +2,350
Kaolinite 4.8+ 1.3 2,486 + 524 750 + 94 745 + 101
Montmoriilonite 31.6x 2.3 341 = 145 1,223: + 23 1,036 + 122
Vermiculite 80.6+ 4.8 100,000 .+40.,000 7,175 658 4,590 +2,723
Quartz 0.9+ 1.6 41,7+« 13.6 56.8+ 5.7 \39.11 3.
Albite 16.91 1.0 -8bl = 76 397 = 24 377 + 30
Anorthite 14.5+ 1.6 - 612 £ 1.54 4,500 = 85 422 + 55
Microcline 6.8+ 0.7 223 x 65 276 +190 . 445 =+ 46
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~ TABLE 12
BATCH Kd,, RESULTS (AVERAGE’OF’3 RESULTS)

N

Mineral NaC]pBrine Ca G.W. Na G.H.  HCO3 G.M.
i]]i;e‘ 18.3: 0.6 12.545.5  15.3:0.9 235 +5
Kaolinite 582 2.5:2.3 O 3.4x44 130 48
Montmorillonite 112 #11 21.4:2  60.122.2 11.722.
Vermiculite 61.6:10.9  28.2:4.2  44.0:2.9 17.341.
Quartz 17527 3.0:0.3  7.8%2.6 - 10.9+1.
Albite 23.1% 3.4 4.242.0 8.1+1.1 8.6:1.0
Anorthite 138 +6 3.921.2  13.0#1.5 16.0£3.6
Microcline 22 4  7.755.0  33.6:0.9  10.4:2

TABLE 13
BATCH Kd RESULTS (AVERAGE OF 3 RESULTS)
. Equilibration Time - 29 Days

Mineral Nat] Brine Ca G.W. Na G.W. HCOé G.W.
Iite 4.7:0.5 ~ 0.5:0.5  10.3:1.1 -0.9:0.4
Kaolinite 0.4+1.0 3.0¢5.3  -0.4¢0.6 - -0.2¢0.9
Montmorillonite 0.2+0.5 -0.620.1 -0.6+0.4 -1.50.3
Vermiculite 0.6£0.7 -0.8+0.3 0.4£1.0 0.0+0.2
Quartz ©1.6£0.9 0.7£1.0 1.451.5  -0.410.3
Albite | 18.0+3.3 2.8+1.3 0.7:0.5  -0.4:0.7
Anorthite  4.4:1.0 0.540.7 1.841.0 0.0£0.1
Microcline 15.5:4.0 0.1%0.4 5.8+1.2 0.610.1
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TABLE 14
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BATCH Kd, . RESULTS (AVERAGE OF 3 RESULTS)
Equilibration Time - 29 Days
Mineral NaCl Briné Ca G.W. Na G.W. ~ HCO, G.W.

Iite 1.240.5 6.2+1.5 36.5¢ 1.0 298+ 84

Kaolinite 0.2+1.0 0.60.2 77.1+ 2.6 284107

Montmorillonite  1.4+0.6 27.7:0.6 1074 92 1353+330

Vermiculite 1.941.1 23.8:1.0 760 18 1041+103

Quartz 1.1:0.4 -0.1+1.1 8.8+ 1.6 348+ 70

Albite 5.2:1,0 4.1:0.4 105 2 545+ 48

Anorthite 5.0+1.3 3.0£0.3 51.3¢ 3.5 459+ 58

Microcline 4.1+1.1 3.610.9 159 +7  461s 26

TABLE 15
BATCH Kd.. RESULTS (AVERAGE OF 3 RESULTS)
Equilibration Time - 29 Days
~Mineral NaCl Brine Ca G.W. Na G.W. HC05 G.W.

Ilite 560 +35  4.4x107:6.9x10% 12,950 6,190  5.5x10%+8.2x10"
Kaolinite 7.3+ 0.8 4.6x10%6.7x10% 009 + 215 863 + 37
Montmorillonite 33.2+ 1.6 218 = 1.6 1,020 + 8l 1,560 +370
Vermiculite 93.3+ 8.6 >g.2+ 10% 5.9x10% 7.1x10*  2.0x10%:1.5x10
Quartz. 2.2¢ 0.8 33.7+ 14 575+ 7.7 37.3: 5.0
Albite 20.4+ 2.2 821 1123 519+ 11 528 + 10
Anorthite 22.4+ 1.2 774 =+ 48 440 + 35 608 + 36
Microcline 7.5:1.8 222 76 391 + 18 343+ 2]



BATCH

Kd

TABLE 16
RESULTS "(AVERAGE OF 3 RESULTS)
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Np
Equilibration Time - 19 Days
Mineral NaCl Brine Ca G.W. Na G.W. ~ HCOZ G.W.
Itite 42.0+ 3.9 13.6£5.7  26.8+ 1.0 295 +25
Kaolinite 4.2+ 1.8 0.5+1.9 3.6x 2.0 122 +19
Montmorillonite 80.4+ 7.0 17.7+2.3 45,91_4.9 9.1 1.3
Vermiculite 61.4+13.9 27.7+0.6 33.2% 6.3 16.9+ 4.3
Quartz =0.1+ 0.7 3.6x2.3 4.1+ 1.0 6.6+ 4.3
Albite 39.1+ 3.8 . 7.0+£2.5 9.8+ 2.1 7.8t 2.5
Anorthite 142 218 6.4+2.4 13.4+ 2.4 15.7+ 4.5
© Microcline 42.6+18.9 10.1£2.5 68.3+51.0 8.0+ 1.6
TABLE 17
FINAL pH VALUES ’
NaCl -
Mineral Brine Ca G.W. Na G.W. HCO3 G.W.
ITlite 6.5 7.0 5.7 8.8
Kaolinite 6.4 6.1 6.6 9.3
Montmorillonite 8.1 7.8 8.6 9.2
Vermiculite 8.2 7.9 8.3 9.3
Quartz 6.5 7.0 7.0 9.4
Albite 7.2 7.7 8.0° 9.4
Anorthite, 8.0 7.7 8.4 9.3
Microcline 6.9 7.6 7;8 9.3



TABLE 18
FINAL Ch VALUES

7 ~ NaCl -

Mineral - "Brine Ca G.W. Na G.W. HCO3 G.W.
IT1149te ‘ -205/250*  280/315 310/275 320/260
Kaolinite 2b5/240 285/315 . 300/275 315/260

Montmorillonite 210/250 285/320 290/280 310/255

- Vermiculite 205/250  © 28b/310 +300/280 320/280
Quartz 210/250 285/310 300/280 320/255
A]bite - 210/245 285/320 300/275 315/255
Anorthite ' 210/240 285/320 295/275 310/255
Microcline .210/245 285/320 295/275 310/250

*First value measured at 20 days in Tc-Sr-Ca tagged systems,
second value obtained at 19 days in the Np tagged systems.
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minerals illite, montmor111on1te and vermiculite, some Kd values are .
significantly less than zero due to anion exclusion from inner surfaces
Tab]es 17 and 18 d1sp1ay the final pH and Eh values respectively.

Final ana]yses of trends and a d1scuss1on of the geochem1ca1 mean1ng of

such trends will be deferred until statistical studies performed by Adaptronics,
Inc. are comp]ete
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FUTURE PLANS:

The preliminary results reported herein appear to be yielding useful
information. Thereforc the resl of the permutations of the experimental
design (12 minerals x 4 grbundwaters x 9 nuclides x 3 equilibration times)
of the Kd experiment will be completed after the statistical evaluation is
completed. Desorption experiments with the resulting contaminated minerals
will be performed.

Future experiments will incorporate natural rock materials which have
been characterized for surface area, cation-exchange capacity, semi-quantitative
mineralogy and other chemical and physical properties.

To further develop the generic data bank, other synthetic groundwaters,
nuclides, and a few more minerais may be studied.
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"t DISCUSSION--J. F. RELYEA

Selectinn of Minerals

Q.

Many of the mineralé you list (see Table 1) don't seem to be
relevant to those that would actually be found in a burial site,
while some that would be likely to be found--e.g., a zeolite--have
not been included. What basis did you use for your selection?

The Tist is generic in nature; we want to get as many minerals as
we can. Many of the primary minerals listed are fcldspars and are
Tikely to be found in granite or basalt, while the secondary
minerals are Tikely to be found in shales. Later, we'll add

calcites and other minerals. However, since the experimental

design restricts us to working with 12 minerals at a time, we've
picked these 12 to start with.

Actually, the current emphasis on basalt, granite, and salt may be
the wrong approach. If there is a breach of confinement, the total
pathway to man will go through a large spectrum of minerals, of
which those that are actually in the repository may be a trivial
part. '

(No answer given)

Characterization of Minerals

Q.

Was any attempt made to characterize the primary minerals chemically,
for example, was a quantitative chemical analysis dune so that a
detailed structural formula could be developed?

Cation exchange capacity and surface area measurements were done
for all minerals. X-ray diffraction patterns were run and the
amount of purily determined tor most of them. However, we haven't
done a quantitative chemical analysis yet.

Couldn't that be a problem? For example, most of those minerals
that you are now using decompose to form complex arrays; these

146



could have enormous effect on the properties you're measuring.

~ This is why it's not sufficient to characterize a mineral as

“pyroxene"; that term includes a whole family of mineral species.
Furthermore, minerals 1ike enstatite react with water, weathering
immediately and produce a complex surface material that is not very
representative of an enstatite. Thus, you may end up with a common
reaction product that is independent of the original material you
started with. For example, whether you start with enstatite or
olivine, you may end up with the same hydrated silicon layer which
will do the actual reacting.

This is part of the program--to compare methods. The only way to
do a .batch Ky is with ground material. These results will be
compared with those from some of the high-pressure, flow-through
intact cores. If there is extensive weathering caused by crushing
and adding solution, it should show up when Kq's are compared with
those of other Tlabs.

Since your particles vary greatly-in size, shouldn't you define Ky
in terms of surface area?

That will also go into Adaptronics analysis. We have measured the

surface area of the minerals; we've also done CEC and X-ray diffraction

analysis. A1l of these data have gone into the analysis. The Kd's
have been reported on both a weight and surface area basis.

Isn't it possible that the purity of the minerals isn't really very
important? For example, if 20 different minerals are found to have
the same sorption rate, then the purity of each one would not be so
important. On the other hand, if one or two minerals are found to

- have sorption rates that are very different from the others, then

purity would be important.

We- consider what we're doing to-be one step better than identifying
a sample as "basalt," for example. What we're doing is distinguish-
ing between types of basalt. The next step would be to characterize
the actual lattice of minerals, but that would take forever.
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Many of the primary minerals dissolve incongruently in a water
solution. Thus, the solid phase could be contaminated with a

minute amount of a different solid phasc, and the system will be
changing during the experiment. Couldn't these factors be important
in interpreting your results?

Yes, we'll have to make some sort of characterization of the final
material when we're through with the experiment.

Equilibrium .pH Values (Table 17)

Q.
A.

How large are your particles?

Less than 100u; some are probably less than 2u--for example the
kaolinite.

Isn't it difficult to centrifuge down the montmorillonite in the
NaHC03'so1ution?

There is an excess of solution. We centrifuge the mixture at about

7,000 rpm for 20-30 minutes. We find that most of the minerals

will flocculate at 30 meq/1; montmorillonite, however, tends to
stay fairly fluffy. With respect to Kd‘s, we find that most of the
NaHCO4 Kd's are high. We don't know whether that's due to pre-
cipitation of the radionuclides or some other factor.

In your pH values for quartz, I understand the 7.0 for CaC]2 and
NaCl, and the 9.4 for NaHCO5, but why should it be 6.5 for NaCl
brine? Is it possible that your electrode is sodium-sensitive, and
i3 not really responding to the H ion? If this is so, then some of
your pH measurements taken in brine concentrations may be con-
siderably off.

We adjusted the pH of the brine befare we started so that it read
7.0 (¥0.1); then we measured the pH with the same electrode as the
experiment progressed. At that low a concentration of the H ion in
the brine, however, we are not sure whether the pH has as much
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effect as the ionic strength of the brinéf‘ So, you're right--we
may not be getting an accurate reading of the pH of the brine.

- Batch K4 Results (Tables 5-16)

- Q.

What do the two sets of numbers mean? For example the Kq's, for
kaolinite, in NaCl brine, you have 4.7+0.5.

The first number is the mean Kd; the second represents one standard
deviation.
In what chemical form was the Tc?

I believe it was pertechnitate anion--Tc04.

Did you preload the minerals with solution?

Yes; we contacted the minerals first with three cold washes of the
same solution, and then with the spiked solution. For each cold
wash, the minerals were'contacted with the solution overnight, and
it was then centrifuged off. |

Was the equilibration time experimentally determined?

No; that's just how long we measured the reaction.

Then shouldn't you call it reaction time instead of equilibration
time?

A1l right.

Did you take a series of measurements during that reaction time?

Yes, we took one measurement at 3 days, another at 10 days, and the
last one at either 19 days, 29 days, or 35 days. However, we don't
expect to find much difference between measurements taken at 19 or
29 days.
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Are these measurements blank-corrected?

Yes; we ran a blank with them. We used the blank to determine how
much was added to Llhe sample tube.

What kind of results would you get if you calculated the Kd just
using the blank adsorption, knowing your initial solution?

There was no blank adsorption to speak of on the Np, Tc, and Sr,
‘because the K4's were so low. Most of the concentrations for Tc
10y or 101 ™. We
started running into problems, however, with Cs when it hit an

were 10 M; for Np they were from 2 to 5 x 10~

il1ite=-type clay, because it was almost Lolally absorbed.

For Cs, why is the stamdard deviation so Iargé for vermiculite in
NaCl and NaHCO3? -

There was a very wide scatter of data points, so that one standard
deviation of the scatter was larger than the mean.

What's the explanation for high figures for Cs in illite?

The Kd's are just extremely high, and there's not much left in
solution. We used 4,000 counts/min-as the influent in all the
experiments; this was enough for everything except Cs in illite-
type clays. The difference between having one or two counts left
in solution rcpresents one order of wagnitude; yet, in some cases,
we had statistically negative results, with more being adsorbed
than was left in solution. Some of the Kq's were approaching
infinity.

Did you téke groundwater and then add the 30 meq to it?

No, we used distilled water--a synthetic. Our concept is to begin
with crude basic building blocks, and then move to actual rock
materials and actual groundwaters.
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1. INTRODUCTION, SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
1.1 INTRODUCTION

This report presents the results of the development and compari-

son of empirical modeis describing the transport of radio-

nuclides in several geological environments. Battelle Pacific North-
west Laboratories (PNL) is concerned with the problem of isolating
high level nuclear waste in a geological medium most likely to
prevent contamination in the event of the failure of the storage
containers.A A study is being conducted to evaluate the ability

of several geological media to absorb the radionuclides and

retard their travel into the water and food cycle of animals

and human beings.

Experiments have been performed to provide a data base for the

purpose of modeling the distribution’coefficient, K of several

radionuclides. This data base was employed to syntgesize a

model using the nonlinear Adaptive Learning Network (ALN) techniques
and to synthesize a model using linear regression techniques, The
two models have been subjected to statistical analysis to evaluate
their success in modeling Kd' |

1.2 SUMMARY

kxperiments utilizing different approaches will be performed by
PNL to obtain the Kd for various geological materials and sqlu—
tions. Four radionuclides were studied, each in media comprised
of combinations of cight minerals and four sululious as shown 1n
Table 1.1. The Kd was measured three times at intervals of
several days. Each nuclide-mineral-solution experiment was
repeated three times. The experimental data base was then

transmitted to Adaptronics.

’
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TABLE 1.1

RADIONUCLIDES, MINERALS, AND SOLUTIONS
‘USED IN K EXPERIMENTS

d
‘ Sorption
Radionuclide Coefficient Time Measurement Taken
Technetium Kd(Tc) -3, 10,‘and'29—day intervals
Strontium Kd(Sr) 3, 10, and 29-day intervals
Cesium . Kd(Cs) 3, 10, and 29-day intervals
Neptunium Kd(Np) 3, 10, and 19-day intervals

Mineral (Soils)

Primary . . Secondary
Quartzite Illite
! Albite Kaolinite
Anorthite Montmorillonite
Microcline Vermiculite
Solutions (Groundwaters) Concentration Level
Salt Brine 5130 meq/% NaCl
Calcium Dominated R 30 meq/ % CaC12
Dilute Brine ' 30 meq/4% NaCl
Bicarbonate Dominated 30 meq/z NaHCO3
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Two approaches -- time dependent and time independent --
were adopted. The results were compared to evaluate‘the'influénce
of time. The data base used for the time-dependent analysis was
comprised of 288 observations, which were the 96 observations
taken at three time intervals and catenated; "The time independent
data base was comprised of 96 observations of 32 different ekperi—
ments, where those independent variables changing with time wefe'
averaged (pH and Eh) and the dependent variable to bhe modeled, de

was taken to be the K., at the final time period.

d

A subsct of each data hase was thcen selecled as the design set and

used to synthesize the ALN aﬂd linear‘models. A second subset

was used to evaluate the performance of the models. Performance

criteria used to evaluate and compare the models included the

average absolute error and the correlation coefficient between

~the true K, and that estimated by the models, ﬁd'

The analyses performed on each data base included:
® Univariate statistical analysis

Model synthesis

Modol perforinance tests

Comparison of the modcls

Sensitivity analysis

e 6 o S ¢

Multlvariate statistical analysis
1.3 CONCLUSIONS

The rczults of the statistical analyses warrant the conclusion

that it is feasible to model Kd empirically as a function of geologic
media and groundwater characteristics. The parameters measured to
describc the geologic media were shown to be significant in the modeling
process, and the ability to establish their interactions'has_been
demonstrated., It has also been shown that the perturbations'in these.

interactions resulting in changes in K

d can be used to estab- -J

lish quantitative relationships.
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The performance evaluation of the ALN models was superior to

that of the regression‘models in all of the models of both data
bases. The overall'impr0vement of the ALN models over the regres-
sion was 22 percent. For the individual models, the range of ’
improvement of average absolute error was from 7 to 46 percent;
for the correlation coefficient, it ranged from 5 to 56 percent.
Table 1.2 presents the performance improvement of ALN techniques

over regression techniques for each model.

On an absolute basis, the ALN predicted K
of the true K :

base.

q vas within 90 percent

d for all four nuclides for the time-dependent data

The success of the ALN models over the regression models
indicates that nonlinear media-solution interactions exist.

These interactions may be different for different radionuclides.
1.4 RECOMMENDATIONS

The ALN modeling techniques were demonstrated to be superior to
regression techniques, and it is recommended that all future
work be concentrated on developing ALN models of the radio-

nuclide sorption coefficients.

Thought should be given to the composition of the data base for
future modeling efforts. There is an indication that some of

the minerals may be redundant, especially in a given solution,

‘



TABLE 1.2

AMOUNTS ALN MODELS IMPROVE OVER REGRESSION MODELS

Radionuclides
Te Sr Cs Np
Average Average . Average Average ‘
Absolute | Correlation| Absolute Correlation{ Absolute |[Correlation | Absolute | Correlation
Time Error Coefficient Error Coefficient Error Coefficient Error Coefficient
Independent 46% 26% 17% 6% 13% 15% 39% 56%
Dependent 13% 5% 25% 6% 7% 23% 21% 39%
G‘ Overall Average Absolute Error Improvement: . 22.6%
[e)]
Overall Correlation Coefficient Improvement : 22.0%



For example, the independent variables of .three primary

minerals (albite, anorthite, microcline) in the calcium dominated
solution appear to have similar effects. Also, in the bicar-
bonate solution, all the primary minerals as well as'kabiimite’

. tended to cluster together. Cation exchange capacity and

surface area are the only mineral descriptors in the current

data base; perhaps more could be included. Other parameters
might also be included such as temperature and pressure. Once
the experimental parameters have been established, all of the
laboratories conducting experiments of a similar natufe should

be provided with the parameter list and asked to prepare a

daﬁa base from their experiments using this format. These

data could become part of the data base to be used by Adaptronics

for further modeling and analyses.
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2. ‘RADIONUCLIDE K

DATA BASE
2.1 INTRODUCTION

A data base was required to synthésize the"empirical models of Kd‘

The results of a series of experiménts to measure the‘Kd of

several nuClides in various geological media was provided by PNL.
2.2 CHARACTERISTICS OF THE DATA BASE

Each of the eight miﬂerals chosen fdr‘experiﬁentation was
combined with each ol four 'solutions to produce 32 geological-
media in which to test four nuclidés (Tablé 1.1). The Kdﬁs of
the nuclides were measured after three days, again after 10 days
had elapsed, and. finally Np wds measured at 19 days while the
rest were measured for the last time at 29 days. This produced
three sets of data for each of the 32 experiments. In addition,
each experiment was triplicated, so there were 96 experiments

measured at three different times.

The three sets of 96 experiments were catenated. to form a

. time~dependent data base of 288 observationé. A timé—indepen-
dent data base of 96 observations was also created for a similar
analysis by averaging those variables that changed with time --
PH and Eh -- and selecting the final K,'s for modeling.

Each data base was subjected to a complete analysis.
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R

Each experiment or Qbsérvation measured a Kd as the dependent

variable and the following as independent variables:

Cation Exchange Capacity (CEC)

Surface Area (SA) !
Sodium content (Na) '

Calcium content (Ca)

Chloride content (C1)

Carbonate content (HCOg)
~Time (for the time—dependent data base) (t)_
pH '

Eh

© 00 3 O U W N

A more detailed description of the data base may be found in

Appendix A.
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3. CONSTRUCTION OF Kgq MODELS
VIA ADAPTIVE LEARNTNG TRCHNIQURS

3.1 ADAPTIVE LEARNING NETWORK (ALN) MODEL

In principle, models that predict K.,'s can be derived either

d
analytically or empirically.

An analytical model is one obtained by ”reasoﬁing from first prin—
ciples." That is, the investigator attempts'to interrelate all
pertinent physical laws thought .-to influence Kd' The problem
with the analytical approach to modeling is that many physical
processes are so very complex as to defy reasoning from first
principles. Constructing a mathematical model necessarily re-
'quirés a number of approximations about the relationship of one
variable to another. 1If the guesses are wrong, the model proves
to bé inaccurate. Furthermore, the model may become quite
cumbersome due to a large number of coupled equations,‘and thus
the computer processing time increases to unacceptable amounts.

Empirical predictive methods involve finding a predictive
equation that best fits the observed experimental data. But,
with conventional empirical modeling methods, one still has to
know which interrelationships are important in order to write
the general terms of the equation. And the resultant mndels,
like analytical ones, are inflexible. If unanticipated changes

occur in the process, the models become obsolete.

A different approach introduced by Adaptronics incorporates
"self-learning'" principles. To construct a self-learning model,
the analyst first decides what variables may be important, but
it is not necessary to consider the effects of the variables
upon one another. What is needed instead is a collection of
data that is reasonably representative of the variety of

situations that can occur in the system being modeled.
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The next step is to construct a mathematical network, known as
an Adaptive Learning Network (ALN), which is a nonlinear hyper—'
surface linking inputs to output. A generalized equation is o
constructed to link an output value to each possible pair of
input variables. Special purpose computer programs are used

to find the coefficients.(the weights assigned to the Variables)
for each equation that makes it best fit the data. Those
equations and variables that consistently produce the smallest
prediction errors are determined. Additional equations are
then constructed that examine interactions among four, eight,

or more variables instead of only two. These additional equa-
tions result in added layers in the network and afe retained

if they can improve the prediction accuracy.

A model in the form of a network that has had its coefficients
determined and has been reduced to the essential variables is
called 'adaptively trained.'" The synthesis of this model has
proceeded directly from examination of an experimental data base
without human intervention; hence the term ''self-learning."

To make certain that the model has indeed discovered for itself
the pertinent physical laws, additional experimental data not
used in the training, or synthesis, phase are introduced to

test the abilify of the model to generalize on its prior ex-

perience in dealing with new situations.
3.2 JFORM OF ALN MODELS

The/methodology associated with ALN synthesis is described more
fully in References 1 through 6 by Barron and Mucciardi. In summary,
two-input one-output "elements'" are used to construct an adaptive
learning netwofk. The output of each element, y, is a quadratic

functibn of its two inputs Xy and xj:

' 2 2
= + + + .
y w_+ w1xi v wzxj + WSXixj w4xi w5xJ
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All combinations of inputs are considered two-at-a-time as above.
For giveﬁ identities of X; and xj, an optimization algorithm ig
used to find the coefficients, w, that yield the smallest error
in fitting y to the values of x, aud xj'in'a "fitting" Subset
of the data. Those combinations of variables yielding a low-~
error rate (on an independent ''selection'" subset of the data)
are then retained and the rest discarded. Thus, the candidate
input 1list is pruned to the most 1nformat1ve subset This
produces the first layer in the ALN, ‘ B

The outputs of Layer 1 become 1nputs to Layer 2, and the proéess'
is now repeated. ' S1n09 each 1npnt to Layer’ 2 is a function of
two x's, we are now considering functions of functlons thus
the complexity of the model increases, but more slowly than 1ts
functional power. Only those combinations from Layer 1 are
retained that produce the greatest improvement in accuraéy.

Now the outputs from Layef 2 become inpufs to Layer 3, and so on.

The training procedure is terminated when it is established that
the addition of further layers would producé an‘“overfitting”
condition; that is, the model would become so adept at fitting
the data used to train it that it would be unable to generalize
to data not previously seen. Special algorithms are used to

detect and avoid this condition.

An ALN model thereby assumes the form of a multinomial -- a
polynomial in many variables -- of the (automatically) sélected
inputs. The extent and type ofnonlinearities in model struc-
ture can be discovered and implemented during model synthesis.
Thus, the ALN methodology is a poWérful tool for use in data
modellng instances where 11tt1e or no knowledge exists regard—
~ing the functional relatlonshlp of dePndPnt to 1ndependent

variables.
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4. STATISTICAL INVESTIGATION OF THE
MECHANICS CONTROLLING RADIONUCLIDE SORPTION

4.1 UNIVARIATE STATISTICAL ANALYSIS

After preparation of the two data bases, time independent and
time dependent, the covariance and correlation matrices were
computed. The covariance matrix is needed only to compute the
correlation matrix and will not be discussed further. The
correlation matrices for the two data bases are shown in Figures
. 4.1 and 4.2. Each matrix shows the correlation of four separate
dependent variables, the sorption coefficients Kd(Tc), Kd(Sr),
Kd(Cs), and Kd(Np), with the eight independent variables CEC,
surface area (SA), sodium content, calcium content, chloride
content, bicarbonate content, pH, Eh, and, in.the time-dependent

déta base, time.

A study of the matrices reveals a high correlation between the
CEC and the surface area. This is not very surprising, as a

- greater surface area would imply a greater cation exchange
capacity. Another. not unexpected result is a strong correlation

between bicarbonate and pH.

The perfect correlation of sodium and chloride is an artifact.
" The possible amounts of sodium (Na)'and-chloride (Cl) that can
occur in any solution are O, 30, and 5,130 meq/%. The amount's

(in_meq) of Na and Cl in the four solutioné are as follows:

Solution Sodium : ‘ Chloride
Strong brine 5130 ' 5130
Calcium , . 0 . 0
Weak brine 30 30

~ HCO 30 0

3
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$91

CEC
SA
Na
Ca
Cl
HCO3

pH
pH
Eh
Eh

CEC
SA
Na
Ca
Cl
HCO~

Eh
Eh

Kd(Tc) Kd(Sr) .Kd(Cs) Kd(Np) CEC
-.26 .50 .14 .14 1.00
-.24. .48 .07 .19 .93

.33 ~.34 -.15 .17 .00
-.08 ~.34 .25 -.26 .00
.33 - ~.35 -.15 .17 .00
-.27 .56 -.09 .20 .00
.29 ~-.06 - .05 .07 .00
-.31 .99 -.12 .26
.28 .23
-.27 -.12 .03 -.08
-.18 -.02

FIGURE 4.1:

Kd(Tc) Kd(Sr) Kd(Cs) Kd(Nﬁ) CEC-

CORRELATION MATRIX - TIME DEPENDENT

-.30
-.28

.44
-.17
© .44
-.31
-.40

.16

.49
.47
-.35
-.34
-.35
.60
.64

- ~.51

.27
.10
~.17
.22
~.17

~-.08 .

-.09

.18

FIGURE 4.2:

.04
.08
.14
.26

.14

.23
.26

.32

1.00
.93
.00
.00
.00
.00
.27
.24

-.26

-.05

SA

1.00
.00
.00
.00
.00
.00
.21
.20

-.08

-.03

SA

1.00
.00
.00
.00
.00

.21

- =-.25

-.07

= e

I =1 -

Na

.00
.34
.00
.33
.00
.27
.41
.07
.20

Na

.00
.34
.00
.33
.28
.43
.22
.54

Ca

.00
.33
.33
.00

.34

.23
.17
.28

Ca

.00
.33

.35
.25
.5¢
.75

Cl

.00

.00
.28
.41
.07
.20

DATA

Cl

.00
.34
.29
.44
.21
.53

HCO cH

.00 1.00

.78 .07 1.00

77 - .09

BASE

HCO3 pH

.80 1.00
.82

CORRELATION MATRIX - TIME INDEPENDENT DATA BASE '

1.

pH

00
.18

phH |

.00

.40



Note that Na and Cl both have the same values for two of the 3
solutions; i.e., 5,130, 5,130, and 30, 30. The other two
solutions also have the same values but in reverse order; i.e.,
0, 30 and 30, 0. These sets of values for Na and Cl are
repeated throughout the data base. Therefore, the data set of
Na is statistically equivalent to the data set of Cl indicating

perfect correlation.

There is some correlation indicatéd between two of the dependent

variables and the independent variables, notably:

Dependent Variable ‘ Independent Variable
K4(Te) - Na, Cl
Kd(Sr) ~CEC, SA, HCOB, pH

At this point, the hypothesis was made that, when the ALN
algorithms designed fhe models for dependent variables Kd(Tc) and
Kd(Sr), the correlated indepeﬁdent variables would be selected

as inputs. Since Na and Cl were themselves highly correlated, .as
well as CEC.and SA, and also HCO3
be selected. This hypothesis was proven to be correct; as the
Kd(Tc) models selected Cl as one of itsiinputs and the Kd(Sr)
models selected CEC and pH.

and pH, only one ofAeach could

The correiation between the independent variables and'time‘(in
the time-dependent data base) wés particularly noted, and when
very little correlation was seen (oqu Kd(Tc) showed a slight
correlation to time), it was conjectured that the time-dependent -
data base (three times as large as the time—indépendent data

base) would not produce significantly better modeling results.
4.2 MODEL- SYNTHESIS

Two empirical models were synthesized for each dependent variable
from each data base using only the design subsets: (1) linear

regression and (2) nonlinear ALN.
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The linear regress1on model was synthesized us1ng the stepw1se
linear regression program from the Biomedical Computer Program

package available publicly. The model may beé represented by

where Xi is the list of n independent variables. Both the Ai's

and the Xi's appear in a linear form in the above equation.

The ALN model is synthesized using the AtN procedure discussed
in Section 3. The independent variables and the coefficients

are nonlinear

Kd = f(W,X7)
where X is the subset of the independent variables selected éé

model inputs.

The eight linear models énd the eight ALN models are shown in
Figures 4.3 through 4.10, along with the performance of the
design_sets. The criteria uséd to judge performance are the
averagé absolute error and the correlation coefficient of

the model outputs compared to the desired outputs. In both sets
of models, the Kd's for Sr, Cs, and Np had ranges of values pf
several orders of magnitude, so a '"'modified" log function of the
Kd's was modeled instead of the actual Kd'sf The modified log
function was an approximation to a natural logarithm to allow

for negative and small values of y:

1. + 1n y, if y > 1.
f(y) = Y, if -1 <y < 1.
1. - 1n|y|, if y <-1.

This approximation of a log function is linear between y = * 1.
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ALN Model

Cl
Eh-

1 1
Ca - |
2 10 p—» K,(Tc
A ol
CEC |
3
SA
]
, NETWORK WEIGATING SOEFFICIENTS
— FLEM A0 o . Wyl W2 ... W3 .. Y W5
1 _=.10022E403 __~+11306E+03___ .13341E+01__ ~.63508E+0Q W 10527E+03___=.20199E+01.
: 2 «26604F+01 =416975E+01 =.17292E+01¢ +10333E+0 +45255E¢00 =.45653E¢00
3 = 3BOWIED2__ =.15866E¢02 = ,7700LE+02___ =.10309E+0% __ .36896E+03  .B2574E+D3
4 - -,58590F4+00 =.21697E+00 .80190E+00  .25064E+00 «91930E~-01 ~ ~-.10774E¢00
5 =.30710E+00._._._ +72819E-01_ __ .56675E+00__ _.36210E+400 . .43103F=02__ =.11284E¢00.___
6 «17951E+01  ~.14650E+01  -.21123E+01 «10469E+01 «42711E+00 «11924E+00
T  =,11631E+00 4305356400 .15151E¢00____.13486E+00
8 «52504F+00 «31049€E=-01 «10324E-01 " «13473E+00
9 A455688FEe00 o 944A1GE$DD _=.53526F#00 . 45208FE=01
10  -.57590€-01 «164673E401  ~.76912E-01 ° .53012E+00
Linear Model !
Kd(Tc) = 2.051 - .802(CEC) - .311(SA) - .860(Ca) + 1.209(C1l)
- .608(HC03) —'1.257(pH) - .B69(Eh).
| PERFORMANCE
Average . AR
Absolute- Correlation
Error Coefficient
ALN 1.338 .961
Regression 2.442 2079,
FIGURE 4.3: TECHNETIUM MODELS - TIME INDEPENDENT
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ALN Model

Na
Eh

CEC
Na.

SA e
6 8 k

Ca. ] |

pH. —y 4 ‘ Ca

—%>1n(Kd(Sr))

NETWORK WEIGHTIN3 COEFFICIENTS

e e ELEM o WO Hi e W2 e W3 WG WS —_
e X eI37H3E+02 . o10142E+03 .. -.12418E+01 __=.56326E-01__ _=.89940E+02 =a52219E+00..
2 o 1344 1F+03 «17995E+00 «15007E¢03 ~.40058E+00 «L7L34E+0D -« 13194E+03
3 »13633E+03 o79942E+00_ ___ .15007E+03 __=.40087E+400.__ =.11685E400 ____~.13194E+03_ —
4 «25413E+01 ~e21142E+D] «19706E+01 .  .25510E+400 . 17517E+01 «28034E+400
5 ~e21535€E401___ 10418E+01 _  .8394LOE+00. ... .62350E~-01 __ =-,63142E-01 _ -.68433E=01__
6 °  <4583LE+0D «50593E+00  .5277BE-01 ~.45525E+00 . <24698E+0D « 268 32E+00
7 -+ 22158E400_____.10650€E+¢04 ___ .10811E+00 _ _ .48075E-01 —
8 ~s54B831LE+00 «12363E+01 -+31624LE+ 00D «2123E+00
9

+10653E+00 «63805E+00 - ,28587E+00 - «»83800E-02

Linear Model
ln(Kd(Sr)) = 4,236 f .489(CEC) + .067(SA) - 1.383(Ca)
‘ -1.387(C1) + 5396(HCOB) + 1.077(pH) + .599(Eh)

PERFORMANCE
Average |
Absolutle Correlation
‘ Error : Coefficient
ALN 59.716 .951
Regression 72.814 | = .922
FIGURE 4.4: STRONTIUM MODELS - TIME INDEPENDENT J
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ALN MODEL

CEC 1
Na

Na

9 ———>1n(Kd(CS)

Cl
CEC
3
SA
NETWORK WFIGHTING COEFFICIFNTS .
ELEM R Wi I A —— ). T H4 L, L —,

— A «70693E+01 .  __.80253E+00___=-. 16789E+01___ PRSI - - S

2 «7NR71F 01  ~,17597E+01 - +26633%E+00

3 « 7TNEY3IF40L L 205LAF+LY  -,13531Fe0 ..

L -.15014F+01 «13261E+00- «1I497E+00 «12532€E4+00
- 5 . aB83568F+01 __~=,36122F+00_ __~-,1139LE+01 ___ +18416E+00.___ . . —— —

6 «145885¢01 «19417F+01 «+7382E4+01 «331637E~04 -.594BYE-01 “o44715E+01

7 fH3TLITE401 . 293814Fx00 «53936E4+01__ -411579E400___ .10047E=02  =.39383E+01

8 «16651F+00 «59167E+01 =.49060E+01 =-.70291E+N0 «31953€-01 «66627E+00

9 «62N02F+C1 «366L9E+01 «2L175E+02

=+66600E400 -.16596F+00 =, 17127E+02

Linear Model

1n(Kd(Cs))

s

7.003 + 3.555(CEC) - 2.666(SA) - 3.842(Na)
- 4.401(pH) - 3.973(Eh)

PERFORMANCE
Average
Absolute Correlation
Error Coefficient
ALN , 6,124.1 , .6G8
Regression’ 6,338.0 .610

FIGURE 4.5: CESIUM MODELS - TIME INDEPENDENT
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ALN MODEL

C1

pH

CEC
2
Eh

> 1n(K (Np))

: . NETWORK WETIGHTING COEFFICIENTS -
_ELEM o HD . ..'Hi — W2 ... K3 N4 . W5,

= BASULE402. . _=l.1084BE+D3 __ =.12519E400 __ .33531E+00 «ILBLIELN2 - 13480E¢01_
2 ° «529R9E+D1 . «16656E+01 -22252€400 -+72217E-01 -+11839E+01 -+36964E+00
3 =,19597EA02 L 343IL19E+01 L 7N493E4DL _ _=.75688E40D .H39R7F=N9 =.42900F+00
4 ~e13975F~01 «10218E+01 «L2280FE+00 -«13801E+00
. .5 -2 1152LE40L. .. L12823IF+N1 - =.24910c404 . .59710F 40N

Linear Model

1n(K (Np)) = 3.664 _ .399(CEC).+ .502(SA) + .878(Na) - .426(Ca)
0 .802(HCO,) + 1.761(pH) + .640(Eh)

PERFORMANC E
" Average
Absolute Correlation
Error : Coefficient
ALN 17.497 .802
" Regression 27.336 .259

FIGURE 4.6: NEPTUNIUM MODELS - TIME INDEPENDENT
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ALN Model

1

CEC

‘-—>Kd(Tc)

ELEM

AD_ W1

NETWORK WEIG4TIN3 SOEFFICIENTS
< " W3 Wi

W5

_—1__;....3 51746402 .4D729E¢02 __ .10 ZSZE.LDJ.‘—.]_M]_ﬁEf 00 -

W2

=.34377F+02

=.78537E=01

2 «35514F+02 ~+25372€+00 «40723E+02 -.44393E+00 ~«41365E+00 - 34377E+02 .

3 22339356400 - ~-,31254F+00 =-,10197F+01 =.R9232F400 -~ 1LET2F+0Y 13262F+01

4 «13013€+01 «11506E+0¢ -«.31750E+00 ~e41403E+00 ~+«85399€-01 " -,35835€+00
e 5 =,25031FE#00___ _.4%1594FE+00___ ,52312FEe00 _ .51092E¢00 - 4B781F~01 "  -,12247F¢00

6 «25121E+00 «78882E+00 «27023E+400 - +14650E+401 ~,93750E-01 . =-.14755E+01

7 223764E-02 «95572E+00 -.32962F+00 -.41394F+0Q ) '

8 «13610E+00 «14367E+01 +«36611E+00 «47557E+00 ’

9 2 1304 5E-09 «13013€+00 132251F+0Q +58077€E~01

Linear Model
Kd(Tc)'= .897 - .516(CEC) - .217(SA) - .199(Ca) + .666(C1l)

v’

- .5OO(HCOC) + .085(t) - .411(pH) - .934(Eh)

PERFORMANCE
Average
Absolute Correlation
. Error . Coefficient
AIN . 1.262 ,683
Regression 1.514 .548
-FIGURE 4.7: TECHNETIUM MODELS -~ TIME DEPENDENT
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ALN Model

CEC
1
Na.
CEC
Cl

__;——”"'J__;__~—> 1n(Kd(s;))

NETWORK WEIGHTINS JOEFFICIENTS

ELEN no WL o il W2 e W3 W WS,

3 .13273E403. ._36512E000~...__.1,l9.728E+03 .4083175000____.211.905#00__._12912E$03__.___
2 -«35195E+02 «36512E+08 =+116L3E+D3 -.4B42BE+00 +21190E+00 . .99867E+02
3 - 1497BE40L _ LB7207E400.___ ,11722F+¢01  .B33 6‘0Etﬂﬂ__..3.8.9_ﬂ.?.f_tﬁn___..5.35_65£t_lln_._
4 « 46297E+00 . «93316E+00 «79227E400. =-.10052E¢00

Linear Model ' o .
ln(Kd(Sr))'= 4.341 + .601(CEC) - .044(SA) - 1.403(Ca) - 1.790(Cl)

+ .2B4(HCO,) - .235(t) + .432(pR) - .121(Eh)
PERFORMANCE
AverageA
Absolute Correlation
Error Coefficient
ALN 59.72 . | . ..960
Regression 83.47 ’ .902 .

FIGURE 4.8: STRONTIUM MODELS.- TIME DEPENDENT
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. ALN Model

c1
1
t
—> 1n(K,(Cs))
d*
CEC - ,
2
SA
L ) NETWORK WZIGHTING COEFFIC;_E_NTS
ELE_H . WO Wi W2 W3 NG W5
T B B EE 07 T IS B i S IBII0EVIT T 32902ES03 TSI ANBLIEY T = T0B24EE IS T T
2 4203695401 _ <15859E¢02 -~ =¢38I09E¢02  =.37529E403  11950£+03 «23273E403
3 -e565295£401 o« T0S22E+0C +38560E¢012 e 34347E~GY . )

S a7954E-02  =.87093c-02" "

Linear Model

In(K4(Cs)) = 6.872 + 1.749(CEC) - .860(SA) - 1.703(Na) .
o+ .630(HCO;) + .318(t) - .901(pH) + .128(Eh)

PERFORMANCE
Average
Absolute Correlation
Error Coefficient
ALN 5,882.2 .457
Regression . 6,378.9 ,439

FIGURE 4.9 CESIUM MODELS -

TIME DEPENDENT
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ATN MODET.

Na
pPH
C1 ‘
pH
, In(K,(N
— ( d( ..
CEC
SA
CEC
HCO
3
"NETHOK WFIGHTING COEFFICIENTS
e _ELEM Mo B & SR , - . <. NS . L. SO N5
1 «38399E 402  L404LASE+02  .71035E+400__ L42180E+00  -~.34561F+72__ -,34836E+00
2 <1426 0F 402 «13025F+02 .10383E+01 404BOE+00 =~o10E31E+02 =-.1664BE+00
3 =.91518E+01 JU27TUESDL  =.38150F402  -.42881F+03 <14 E56E+3 + 263095403
4 .B1250F+01  .18212E+01 LL1750E401  -.L2172E¢00 ~.11615E+¢01 -,33750E+04
5  =,1B920E+01 _  <1B861F+01 _ =.37261E+00__ =.4247BE+00___ .59864E-01 W34TT2E400, _
T8 = 14LB4E +D1 «12168E+01  <-.B37756-01 =-,.33336E+00 «10205E+00 .28529E+00
7 ~e227A3IF401__ +15688E+01 -.42620E+N1_ __ ,104L05E+404
8 .11995EF+00 .97500E+00  -.31177E+400  .16558E+00
9 -.u8766F+00 -72936E+N0 478706400 ~,17829E-01

Lineaxr Model _
In(K (Np)) = 3.468 + .376(SA) - .402(Ca) + .343(Cl) - .629(HCO5)
' ' + .219(t) + 1.111(pH) + .121(Eh)

PERTFTORMAN C E
Average
Absolute Correlation
Error Coefficient
ALN - 18.377 .739
Regression 23.818 .344

»
FIGURE 4.10: NEPTUNIUM MODELS - TIME DEPENDENT
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The inspection of the correlation matrix had implied that Na or
Cl might be selected by the ALN model for technetium and, in
both the time—debendent and time-independent models, Cl was
selected. Similarly, the strontium models used CEC-and.pH, as
predicted.

4.3 MODEL SYNTHESIS EVALUATION

The true test of a model is its performance on data that were
not used in its design. The independent evaluation subset was

therefore used to evaluate and compare the two empirical models.
The performance criteria were again the average absolute error
and the correlation coefficient. The comparison of the eight
linear models with the eight ALN models is found in Table 4.1.
In all cases, the ALN model did a significantly better job of
modeling the sorption coefficients. The interactions between
the K.

d
to be nonlinear in nature.

's and the independeht variables are therefore demonstrated"

The outputs of the ALN and regression models (estimated ﬁd7s)
for each nuclide along with the desired or true outputs (Kd's)
are shown in Tables B.1 through B.4 of Appendix B. Only the
tables for the models synthesized from the time-independent data

base are included.

4.4 SENSITIVITY ANALYSIS

Empirical models often can give researchers insight into physical
relationships that might previously have been either unknown or

vnly suspected. The design of the AIN model itself is oftén
revealing, as it is observed which independent variables are
selected, which ones are crdss—coupled, how often each.one appears,
and so on. Another means of using the model for gaining informa-
tion is to study the reaction of the independent variable to pertur-
bations of each independent variable that is an input to the model.
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TABLE 4.1 _
DPERFORMANCE OF TWO MODELING TECHNIQUES ON DATA NOT USED IN MODEL SYNTHESIS

9LT

I Tc 1 Sr Cs Np
(0-22)1/ (0-1,680) (1.3-140,000) (0-7,324)
Average : Average Averag= Average
Absolute Correlaticn Absalute | Correlation Absolut= Correlation Absolute Correlation
Error Coz=fficient Errcr Coefficient Error - Coefficient Error Coefficient
Time
Independent
© ALN 1.3 .88 75.4 .91 5,481 - .67 15.4 ) . .87
Reg. 2.4 .62 91.0 .85 6,330 .52 25.4 .31
Time - V
Dependent
AIN 1.3 .65 5%.4 .96 4,151 © .41 18.4 .74
Reg. 1.5 .60 7S.4 .90 4,452 .18 . 23.3 .35

1/ Numbers in parenthesés denote the range of Vaiues of Kd for the particular nuclide.
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A sensitivity analysis determines the ehanges in the sofﬁtion
coefficient due to unit changes in each independent variable

in turn. The results of the analysis can be used to defermine
both the ‘absolute influence and the reldtiVe importence offeach
of the independent variables on Kd' ’They can also be-used;to
eliminate those variables which have very little influence on
the model.

For a linear model, the sensitivities, AKd/AXi’ are the
coefficients themselves. A For the ALN model it was necessary.

to compute the derivatives numerically. This:was done in_ the
following way. For each observation in the data base, 'a unit
change was made in each input variablé, and the partial derivative
of the model to that variable was determined by observing the
change in Kd. The entire data base was used to determine the

overall, average sensitivity of Kd to. each input.

Table 4.2 showe, in tabular fprm, the percentage of the influenee
each variable has in each Kd model. The fime—dependeht and time-
independent models showed very little sensitivity to time with

the exception of the time-dependent ALN model for technetidm.

The conclusiqn may be made either that time is not a very impertant
variable or that perhdps its influence is felt indirectly via
another variable which, while considered to be an independent

quantity, may be itself dependent on time.

In general, each model is uniquely sensitive to its selected
parameters, but in most cases of both the linear and nonlinear

models the pH is found to be very influential. Examination
of the parameters selected as model inputs reinforces this con-

clusion, because pH is selected by all but one of the models.
Cation exchange capacity is another parametef that has a strong

influence on most of the models.
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TABLE 4.2
SENSITIVITY OF Kg TO PARAMETERS

FOUND SIGNIFICANT BY TWO MODELING TECHNIQUES
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4.5 MULTIVARIATE ANALYSIS AND PROFILES OF CLUSTER STRUCTURE

Prior to the modeling process, the independent variables on1§

in each data base were subjected to a clustering algorithm’

to confirm that the design subset and the evaluation subset

of the data were equally representative of the process. Since

one set of the triplicated experiments was held out as independent
data for evaluation, it was gratifying to see that almost every
observation of the evaluation set fell in the same multi- ‘
dimensional cluster as that of the other two observations Qf

the same experiment.

The most interesting use of the clustering algorithm was to
cluster only the independent variables selected by an ALN model.
(In the cases where the ALN chose two highly correlated vari-
ables, such as cation exchange capacity and surface area, only
one was retained for clustering.) The average Kd's of all the
observations falling in each major cluster was generally unique;
i.e., one major cluster gave a mean Kd of a low value while
another gave a high value. The clusters tended to group the
observations with comparable values of Kd'
Examination of the major clusters with respect to the independent
variables indicated that the most significant parameter defining
the clusters was the pH. The oﬂly exception was the time-
dependent model for Cesium. The Kd's for Cesium were the most
difficult to model, and it is believed that additional experi-
mental parameters are necessary for this model. Three of the
models -- time-dependent Kd(Np), time-independent Kd(Tc), and
Kd(Sr) -- showed a tendency to separate the clusters with Ca
content as well as pH. To a lesser degree, theée Eh helped Lu
discriminate clusters in all the time-independent models except

Cesium.
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In general, the results of the multivariate analysis supported

conclusions arrived at by model synthesis analysis and sensi-

tivity studies. More conclusive results should be obtained

when additional parameters and observations are added to the

data base.
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DISCUSSION--A. N. MUCCIARDI

Basic Modular Elements of Learning Network (Sectionl3.2)

Why did you select that function?

First, for computational efficiency; it is the smallest thing one
can do and still develop a network. Second, biologically, it seems
to be the smallest elemental building block. Finally, the function
we're building up involves putting together small pieces of this
overall multivariate function, and it turns out that the amount of
data needed for these small pieces is reduced by keeping the
number of inputs down. Nevertheless, using more inputs or a
different kind of function produces more or less the same mathe-
matical results. The'output is a function of the input, and the
results will have the same mathematical properties although they
may look different.

Evolution of Adaptive Network (Section 3.2)

. 'Q‘

How is the error determined--do you use an f test or residuals, or
something else?

You could use any method you choose--you could have a minimum
squared error, a correlation between the two, or a weighted penalty
type of test; you could bias the results in the direction of the
observations in which you have more confidence; you could choose to .
be more accurate on certain types of minerals than others, etc.

What do you mean by "true value"?

Experimentally measured value.

If your function y is known to be logarithmic in the x value, then
how does the power series expansion work?
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A.

Any function can be represented by power series expans1on The

~ fact that it is a 1ogar1thm1c funct1on JUSt means that a few more

layers are needed.

Detection of Overfit (Section 3.2)

To what eXtent'can you make those two subsets 1ndependent7

We perform a clustering analysis on the data. This may break it up
into many modes, but then we will randomly select from each one

- In this way, we know that, however scattered the data may be, the
- model will be designed and tested on a subset of the data that
- covers the whole. range.

Sens1v1ty of K4 to Parameters

Accord1ng,to Two Modeling Techniques (Table 444)

Q.
A.

Is the’ sign of these figures an artifact of the calculation?..

No. dYdX, if it's negative, wou]d mean that as X 1ncreases, Y
decreases ' -

what do the blank squares mean?

. .They mean that that var1ab1e was not picked up by this model.

Does regression ana1ysis pick up the same variables as the ALN
method?

Not necessarily. With Np and Na, for example, regression analysis
showed the reaction to be very strong, and ALN did not, while for
Sr and Na the reverse was the case. So the two analytical methods

show very different pictures. But when you look at how well the
~ two models perform--which one provides more meaningful data for a

particular variable--you see that the ALN method considerably
outperforms the other.
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Accuracy of Model

Q. Is there a way to determine the amount of experimental error of the
model, so that you can come up with an estimated uncertainty in
your coefficients?

A. Yes, there are a number of ways. First, you could repeat the
experiment three times, as Battelle did. When John Relyea did
this, he got quite a spread in the average Kq--particularly for
Cs--where the difference was six orders of magnitude. Thus, with
this method, enough replicates are incorporated so that statistical
error is built into the model. Second, if you have a strong feeling
that certain data are much more precise than others, you can build
this bias into the model, forcing it to be more accurate for some
minerals than for others. Thus, either implicitly or explicitly,
you can influence the amount of experimental error. You can also
measure the amount of error by testing the model on new data.

Q. How can you tell if you're missing an important parameter?

A. There are a couple of ways. As a baseline, you can do a type of
coin-flipping experiment. You calculate the percentage of error
that you would have if you simply predicted the average K4 of a
nuclide. Then, if your experimental results cannot beat that error
margin, you know something important is missing.

A more effective way, however, is based on the fact that, if there

is a functional relationship between a dependent variable and a
combination of independent variables, the data will show a trend.

If you find that, in clustering the x data, the associated y's are

all over the map, then you know that you've measured something
irrelevant, and that something is missing. When the models converge,
on the other hand, you know you've found all the important parameters.
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-Have you tried the model with data from other sources? With conditions

that are theoretically similar?

We'll be doing that this coming year. This was just a start to see
if there was any value in going further.

" Cross-Checking Capability

Q.

Is cross-checking capability built into the method? With different
laboratories using different methods and obtaining different results,

* there needs to be a way to determine whether a particular result is
an artifact of the method or of the laboratory.

Once we begin to analyze data from different laboratories, we will
have a number of'obtions available. We can, for example, remodel
to fit the conditions of a particular experiment or site; or we can
attempt to design one model that will incorporate all factors. We
can also cluster the data to see if one particular group or one

~ particular condition always produces results that are different

from the others. We have many different ways of checking and

.cross-checking the data.

Comparison with Other Methods

Q.

In view.of the large discrepancy between the results of regression
analyses and your model, what criteria do you have to show that
yours is superior?

The u]timate'super{or mode] comes from physics-—that/of'true relation-

ships. What we're trying to do here is to close the loop with

~ experimental mathematics. Instead of saying that there's a bewilder-

ing variety of interactions that must be taken into account, we're
saying that maybe there are only a few key ones, and we are develop-
ing models based on those. '
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In other words, this is the simplest first level?

Yes. The model should be viewed in two ways. First, it is an
engineering solution to a problem, providing a meaningful answer
right away. Second, if it is correct, it will feed information
back to theorists, to help them develop even better models in the
future.

How does your treatment compare with standard factor analysis?

Factor analysis won't provide a model. It can be useful as a data
reduction technique--a preprocessing step--indicating the degree of
correlation among individual parameters; it can provide an idea of
the number of true variables. Cluster analysis would be a more
relevant technique for actually developing a model, however.

Uniqueness of Solution

Q.

How sure are you: (1) that there is a unique solution in existence
for these data, and (2) that this is that solution?

We're fairly sure that it is not a unique solution. With these
types of problems, just as we have to replace "correlations" with
"functional relationships," we have to replace "unique" with "good."
This is basically an engineering solution. If we perturbed the
data, some things would change. However, the overall surface
doesn't change much, and the primary findings--such as that pH is a
dominant variable in predjcting the K4NP--don't change much, either.

Characterization of Minerals

Q.

What hbothers me is that eight minerals were taken to be equally
reactive, ‘as though they all had the same cation sites, surface
characteristics, etc.

The minerals were implicitly encoded via variables such as the
cation exchange capacity and surface area. These variables changed
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as the minerals changed. Thus, if one finds that, in a particular
case, cation exchange capacify is very influential in controlling
Kq> and that small perturbations in this capacity result in a much
larger perturbation in K4 than anything else does, that means that
that particular mineral is very strong.

But you've only used extensive variables. You need intensive.vari-
ables, such as energy potential, too.

We agree that we need more detailed characterization; that our
characterization has been too implicit and needs to be made more
explicit. This is particularly true in the case of Cs. Our
recommendation for the next time is that as much characterization

. as possible be used; if a factor is measurable, it should be .

‘in¢1uded.

Chemical Analysis

Is any effort being made to understand these effects on a chemical

We ourse]?es are not in a position to do more than raise questions.
However, as we feed our data back to people such as yourselves, you
can then tell us whether or not it is meaningful, analyze it in
chemical terms, etc. These data were obtained only recently so
there has not yet been time to solicit this feedback, but that is
an important bart of the program.

How many data points do you have?

Q.
basis?
A.
Time Dependency
N
A.

There are 96 nine-dimensional points--96 experiments for each
jsotope. It should also be noted that the data were recorded three
times--once at 3 days, once at 10, and once at either 19 or 29,
depending on the isotope. Now, we found that, of the nine inputs,
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Six did not change with time, and three did. -These three were
time, pll, and Eh. Tou oblain the time-independent solution, which
is what we've shown you here, we took the final value of Kd (at
the 19th or 29th day), and averaged the three values of pH and Eh.
However, we've also created models for time-dependent variables.
These models involved three times as much data--3 x 96--for the
three variables that changed over time, and show changes in K4 as
a function of time, pH, and Eh.

Other Dependencies

Q. VYou've treated all of the variables as being independent from one
~anulher, but aren't there in fact other interdependencies?

A. The interdependencies enter the picture in that certain variables
were paired together--for example, on Figure 4.3, C1 and Eh were
paired, Ca and pH were paired, etc. Thus, even though the variables
were treated as independent, these kinds of interdependencies were
elicited after the fact.

Q. If you wrote out the model that you developed for Figure 4.3,
wouldn't you have 67 unknowns?

A.  No, Lhal's whal 1s nice about the network approach: it keeps the
arithmetic linear. That is, the number of parameters only grows
linearly as a function of layer. In this case, for example, you
have 1U x b or 60 parameters. If you wrote it out as a fourth-
order equation in three variables, you might end up with 90-100
individual coefficients on each of the terms. With this kind of
structure, however, not only are the inputs--the x's--not linearly .
independent, but the coefficients are not Tinearly independent,
either. Thus, coefficients in one block are multiplied by those in
another, and so on. Thus, within that family of polynomials
represented by this order of function, you can realize a smaller
subset--yet one that is still almost infinitely rich.
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INTRODUCTION

This report summarizes the progress and results obtained during
fiscal year 1977 for LBL Contract No. 45901AK, "Theoretical and Experi-
~ mental Evaluation of Waste Transport in Selected Rocks." This project
is part of the Waste Isolation Safety Assessment Program (WISAP), which
is managed for the DOE Office of Waste Isolation by Battelle Pacific
Northwest Laboratories. In particular, this project supports task 4
of WISAP, the collection and generation of transport data. Within
task 4 are subtasks, which address the problem of understanding the
mechanisms of radionuclide transport and the impact of such mechanisms
on radionuclide distribution coetfficienes. The goal of thls project ls
to establish a basis on which radionuclide distribution coefficients can
be reliably predicted for geological environments of the type anticipated
for terminal radioactive waste storage facilities.

It is well known that the distribution coefficient (Kd), defined
thus:

K. = mole of radionuclide sorbed/q
d ~ moles of radionuclide in solution/ml

is a semiempirical parameter, subject to variation as a result of the
chemical and physical conditions under which it is measured. These
conditions vary greatly, depending on whether the environment is adjacent
to a terminal storage facility or is similar to the environment normally
encountered in a laboratory experiment. Laboratory measurements of Kg
vary significantly from experiment to experiment. Therefore, the
applicability of currently available measurements to the prediction of
radionuclide behavior in rocks is éuestionable. Table 1-1 gives a
tentative list of factors that might influehce a typical Kd determination
and the errors that might result from omitting these factors when
extrapolating data from laboratory to subsurface conditions expected in a
host rock adjacent to a terminal storage repository. It is obviously
important to identify the critical factors influencing the magnitude of
empirical distribution coefficients for given radionuclides, énd.to
establish the variation in those factors under differing host rock

conditions.
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TABLE 1-1.

Factors influencing Ky for a given radionuclide, based on a comparison

between conditions in a typical soil column adsorption study and conditions expected
in a terminal storage rep051tory.

Parameters

Principal effect

Soil column test

Subsurface terminal
storage facility

-Potential effect

on Kd'

1.

Solution .chemistry

a. Major components

b. Minor components

c. pH

Radionuclide
concentration and
speciation

Flow rate

Permeability

Duration

Surface area

Path length

Temperature

Ionic strength
Activity coefficients
Complexing

Complexing

' Complexing

Chemical potential

Chemical potential

Supersaturation
Polymerization
Metastable equi-
librium

Metastable equi-
librium

Transport Mechanisms
Changes in apparent.
surface area contacted

Flow rate
{see aboveé)

Radionuclide decay

Daughter formation
Front reinforcement

Adsorption

Dispersion

Complexing
Solubility
Adsorption

Very variable.
Composition deter-
mined by condition
the test is designed
to simulate.

Same as above.

2-11, depending on
the nature of the
test

Variable, usually
oxidizing, and
dependent upon pH.

107¢ to 107° mole/kg.

As ionic, polymeric,
and particulate forms.

-3

~10 to 107! cm/sec

-2

10 to 10 Darcys

~10° sec

Up to 105 cmz/g;
Dispersed clays,

humus, fine partic-
ulates, loess, etc.
10 em

25°c

Determined by host
rock chemistry and by
other factors includ-
ing the leaching
chemistry of the
waste product.

Same as above.

5 - 8. Buffering of

‘heterogenous and

homogeneous equilibria
keep the pH range
within narrow limits.

Variable, over a
narrower range,
usually reducing.

Uncertain, but probably

very low, depending on
leaching characteris-’
tics of waste product
form(glass)POSSLbly
107° to 10- mole/kg.
Principally as ionic
species.

1072 to 1077 cm/sec

-3

1072 to 107% parcys

Up to 10'3 sec

~10% em?/qg

Fractures, microfractures,

intergranular pores

2X107 cm

10 to 100°C

.

Unpredictéﬁle -
probably 107
to 10+3

Same as above.

1075 to 10*3

Up to 10lo or
even more

Difficult to
estimate, but could
be very large for
amphoteric species
near the isoelectric
point ~10°%).

Sufficient flow
rates could lead
to different rate
controlling trans-
port mechanisms
{e.g. ionic or molec-
ular diffusion)

also lead to
different thermo-
dynamic controls
{0 to 10°%)

Same as, above.

None considered
at this time.

~10°

No anticipated
effect on Ky.

Up to 108
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The radionuclides chosen for this study include thorium, uranium,
plutonium, neptunium, americium, curium, iodine, and technetium. During
fiscal year 1977, emphasis has been placed on the actinides plutonidm,. B
.neptunium, americium, and curium. The host rock types being considered
include acid igneous rocks (granite, rhyolite), basic igneous rocks 4
(gabbro, dolerite ahd basalt), sedimentary rocks (argillites, sandstone,
and limestone), and metamorphic rocks (if deemed appropriate). Although
' the study is generic and does not pertain to a specific site, greater
emphasis is being placed on rocks from the Nevada Test.Site and the
Hanford‘Reservation near. Richland, Washington.

The projact‘includes both theoretical and experimental investigations
organized into several interrelated subtasks, as illustrated in Fig. 1-1. h
These subtasks all support'an attempt to define the environmental con-

ditions expected in the water-saturated host rocks of a terminal storage

77, v 7,

Eh - pH 2/

diagrams .
LSRG 77 I < 7 | (Exoer | *

Tabulation of the xpernmenjna program

Stho thermedynamic 99 ___ | Gritical &| :jc;ge;er:r:griz (‘:)rru‘talzzls
/data_ of radionuclides evaluation Aﬁ and comploxes of
UL | radionuciides

Review of 7

i

literature on 77 /A
actinide nrIlY,

(distribution coefficients)

Experimental

Preliminar si A
Rock phys|ca| /// model of Y design : Deflmtngn
properties ) | radionuclide = Experimental | of Klds'm
.............. , - program geologic
/////////////////// tranapait Detaiied environments
modei
Transport mechanisms .
of radionuclides // . \
-~ in water saturated / Y | Incorporation Definition of
rocks 7| of radionuclide environmental
chemistry in conditions
222 4
/ Mass transfer of —p-| Mass transfer

(4
” actinides in water / : " models -
7 saturated rocks

* . . .
Not included in current project.

XBL782-312

Figure‘l-l. Logic chart for LBL Waste Isolation Safety Assessment
Program-5: Theoretical and Experimental Evaluatlon of
Waste Transport in Selected Rocks. Hatchlng indicates that
task is complete. ' 4 '.J
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'facility and to determine the tfansport mechanisms of radionuclides
in these rocks. This information can then be used to relate the thermo-
dynamic and transport properties of radionuclides to the corresponding
distribution coefficients, which then can be used with confidence in
a computer simulation of radionuclide transport. Without such an effort,
there is a danger that experimentally obtained distribution coefficients
-will be misinﬁerpreted~when calculations are made to determine transport
4through rock to the biosphere.

During fiscal year 1977, the following subtasks were performed.

1. Thermodynamic data were tabulated for those aqueous complexes
and solid phases of plutonium, heptunium, americium, and curium
likely to form in the natural environment.

2. Eh-pH diagrams were computed and drafted for plutonium,
neptunium, americium and curium at 259C and one atmosphere.

3. The literature on distribution coefficients of plutonium,
neptunium, americium, and curium was reviewed. ‘

4, Preiiminary considerations were determined for an experiﬁental
method of measuring radionuclide transport in water-saturated
rocks. .

5. The transport mechanisms of radionuclides in water-saturated
rocks were reviewed.

6. A computer simulation was attempted of mass transfer involving
actinides in water-saturated rocks.

Progress in these tasks is reported in the following sections. Subtasks
1, 2, 3 and 4'are coﬁplete. The‘proéress made in subtask 5 is represented
by an initial theoretical survey to define the conditions needed to
characterize the transport of radionuclides in rocks. This task will be
refined ‘and will continue in fiscal year 1978. Subtask 6 has begun but is

not complete. Progress in this task will be reported more fully in 1978.
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SECTION 2: TABULATION OF THERMODYNAMIC DATA OF AQUEOUS COMPLEXES AND
SOLID PHASES OF PLUTONIUM, NEPTUNIUM, AMERICIUM, AND CURIUM LIKELY
TO FORM IN THE NATURAL ENVIRONMENT i
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INTRODUCTION

In subtask 1 of this study, information from the published 11terature
was gathered on free energies of formation, solubility products, dis-
sociation constants, and related topics as they pertain to plutonium,
neptunium, americium, and curium. The information is summarized in
Tables 2-1 through 2-4, below. No attempt was made to reinterpret
or modify the published information. All sources are referenced and
cross referenced where information has been published in review articles.

The table for each element is divided into two sections:

1. free energy data, including

a. aqueous species, and 440
b. solid species; and

2, reaction constant data.

The second section of each table giyes additional information
identifying the reaction studied, the technique used, the nature of the
'aqueous media, the temperature(s) at which the measurements were made, the
value.ofltne constant, the free energy of the reaction, and the source
reference(s). !

The combilation was made for three reasons.

1. To use "original source" information as the basis for computing
refined free energy or reaction constant data that are internally
consistent with and conform to standard state conditions. The
processed data will be needed for use in computer simulations of
ground water chemistry in the presence of the radionuclides under

 consideration.

2, To identify gaps or uncertainties in our knowledge regarding
phase relations or speciation of the'actinides, so that new
experimental programs might be proposed in order to rectify these
deficiencies.

3. To maintain a library of hard-to-find literature for use by other {
workers in the WISAP program. ,

See References Cited for a complete list of references used in

the tables.
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TABLE 2-1. Thermodynamic data for plutonium.

FREE ENERGY DATA AG;’ 290 (keal mole 1) Reference
. ’
Aqueous Species
pud+ -138.310.8 Fuger and Oetting, 1976 ’
pudt -115.1$%0.8 Fuger and Oetting, 1976
Puo} -203.1%1.8 Puger and Oetting, 1976
Puod* -180.9%1.7 Fuger and Oetting, 1976
Solid Species ‘
Puyy 413.0 pPolzer. 1971
Puo, ~240.4 Polzer, 1971
Pu (OH)4 '~280.2 Polzer, 1971
Pu(OH)4 +340.0 polzer. 1971
‘>
PuO, (OH), ~281.9 Polzer, 1971
REACTION CONSTANT DATA
T AGR o
Species Reaction Method Solution (°K) K (kcal mole ) References
3+ 2+ 4 . 0.069M -8
Pu III Pu”  +H,0 ® PuOH  +H titra. HC104 298 7.5x10 +9.7 Cleveland, 1970;
Kraus and Dam, 1949-
2 a,b,c .
Pu (OH)(8) * Pu(OH) y (aq) _ 2x107%° Cleveland, 1970;
’ Katz and Seaporg, 1957
- 2 a
Pust +c1” * puc1?t ion ex. 1.C M HCL - 14.7 Cleveland, 1970;
ward and welch, 1956
! reduc. 1.0 M HT)L ?29R n.78 +0.15 Degischer and Choppin,
1975; Connick and
McVey, 1953
cal. 0.1 M HC1 3.72 Dégiscner and Choppin,
” . 1975; Martin and
’ white, 1958
spec. {conc. LiCl) 298 3.71x10"° +3.3 Degischer and Choppin,
1975; Shiloh and
Marcus, 1966
3+ 2~ + + '
Pu” +80, @ PusO, cat.ex. [H J=1.0M 301 18.13% -1.73 Cleveland, 1970;
. . 0.44 Nair et al., 1967
kin 298 10.0 est. Degischer and Choppin,
1975; Newton and Baker,
3+ e 2+ :
Pu + 150, \d l’u!lso4 ion an. ~1 =&MJIC'H'I4 am 9,94% =-1.37 Cleveland, 1970;
0.24 Nair, 1968
4+ 3+ 4+
Pu IV Pu +Hzo © PuOH™ +H poten. Ias2M 298 0.0542 +1.73 Cleveland, 1970;
RC10, - LiClO‘ 0.001 Rabideau, 1956;
Perez-Bustamente, 1965
Pu(OH) () * Pu (OH) (aq) 71078 Cleveland, 1970:
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Table 2-1 (continued)

REACTION CONSTANT DATA (continued)

AG
T R -1
Species Reaction Method Solution (°K) X (kxcal mole 7) References "
a4 - 3+ 7(a) .
Pu IV Pu +F = puF spec. M HNO3 298 8.7x10 Cleveland, 1970; Patil
and Ramakrishna, 1976
spec. 1M HNO, 298 5.9x10° -1.1 Degischer and Choppin,
1975; MclLane, 1949
4+ - 3+ :
Pu  +Cl *= PuCl cat. ex. 4M HClO4 293 1.4 #0.2 -0.2 Cleveland, 1970;
Grenthe and Noren, 1960
spec. 2M HC].O4 298 0.38 +0.57 Degischer and Choppin,
1975; Hindman, 1949
reduc. 1M HClOd 298 0.57 +0.33 Degischer and Choépin,
1975; Rabideau and
Cowan, 1955
reduc. ¥ =1.0 298 1.38 -0.19 Degischer and Choppin, "
1975; Rabideau, 1958
reduc. 1M HC1 298 0.8 +0.14 Degischer and Choppin,
1975; Xabanova and
Palei, 1960
4+ - o 2+ o+ . '
Pu +HSO4 = P\.ISO4 +H cat. ex. 0.5M acid 298 9.45 -1.3 Cleveland, 1970; Marov
and Chmutova, 1961
‘o 4+ 2- 2+ 3 L .
Pu 4+ 504 = Puso, reduc. 1.0M HClo‘1 298 4.58x10 -5.0 Degischer and Choppin,
1975; Rabideau, 1955;
Lemons, 1951
Pu4+-+ 2HSO§ = Pu(504)2 + 20" cat.ex. 0.5 acid 298  20.0 -1.8 Cleveland, 1970; Marov
and Chmutova, 1961
put e 3450, = Pu(504)§-+ ' cat.ex. 0.5 acid 298 125 -2.9 _Cleveland, 1970; Marov
and Chmutova, 1961
4+ 2~ 2+ 12
Pu  +HPO, = PuUHPO, solub. 2.0M HNO;3 298 8.3x10 -17.6 Cleveland, 1970;
0.012 - 2.0M Denotkina, et al., 1960
PuHPoi+ + Hpoi’ = Pu(HPO,), solub. H,PO, 298 6.7x10'%" -14.8 Cleveland, 1970;
Denotkina, et al., 1960
Pu(HPO4)2+HPO§- = pu(apo4)§' solub. H,PO, 298 4.8x10° -13.2 Cleveland, 1970;
Denotkina, et al., 1960
- - 4 ~ ' .
Pu(l»u>o4)2 +HPO§ = Pu(l'!1°04)4 solub. H,PO, 298 6.3x10° -13.4 Cleveland, 1970;
3 Denotkina, et al., 1960
Pu (HPO4):_+ HPOi- "Pu(HPO4)g= solub. H,PO, 298 &.3x00° =12.6 Cleveland, 1970,
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Table 2-1 (continued)

REACTION CONSTANT DATA (continued)

T AGR )
Species Reaction Method Solution (°K) K (kcal mole ) . References .
+ -
Pu Vv l”uo2 +Cl e Pu02C1 poten. - - 0.67 - Cleveland, 1970;
Rabideau, 1958
24 + ' -
Pu VI Pu02 +H20 - Pu020H *H+ titra. 0.000186M -~ 4.7%x10°" - Cleveland, 1970;
HNO4 Krevinskaya, et al.,
1960
Pu020H++H20 - - titra. . 0.000186M - 9:1x10'5 - Cleveland, 1970;
Puo_(OH). + H¥ HNO, Krevinskaya, et al.,
2 2 1960 .
PuO, (OH), +H,0 * -- - -~ 21070 - Cleveland, 1970;
PuO_ (OH)  + H* Kraus and Dam, 1949
2 3 a,b.¢c
2 _ .
puo)” + 17 + puo 1" spec. I=1M 206 0.73%.07 +0.19 Cleveland, 1970;
Rabideau, 1956
spec. 2M Hc104 293 0.56 +0.34 Degischer and Choppin,
1975; Rabideau and
Lemons, 1951
2+ : + + . .
Pu02 +HF & Pu02F +H cat. ex. I= 2.0 298 12. ~1.5 Patil and Ramakrishna,
(47)=2.0M 1976
PUO§++HZPOZ = PuOZHZPOZ electroph. 0.206-5.88M 298 8.5x10° -5.36 Cleveland, 1970
, , 3P0,
Pu03+ + 20H + cog' - solub. 0.17 -0.44M 293 2.3x1022 -30.0 Cleveland, 1970;
“ - NH ,CO Gel'man, et al., 1962
Pu0_CO,, (OH) 2 a3 ’
2773 2
Pun i’ + 005 = solub. 0.17 -0.44M 293 4.5x072 -30.4 Cleveland. 1970:
Pu02C03OH- N34C03 Gel'man, et al., 1962
24 2= 3
Pul 4 2007 = solub. 0.17-0.44M 293 6.7x10" -18.5 Cleveland, 1970;
2~ NH4c03 Gel'man, et al., 1962
Pqu(C03)2

8corrected to the standard state, I = O.

198



4

TABLE 2-2.

Thermodynamic data for neptunium.

CUITAT

199

FREE ENERGY DATA Ac‘; Joge (kcal mole }) Reference
[
Aqueous Species ﬂ
Np3+ -123.6%0.8 Fuger and Oetting, 1976
npd*t - 120.2+1.8 Fuger and Oetting, 1976
Npo; -218.7%1.3 Fuger and Oetting, 1976
Npo3* -190.2+1.3 Fuger and Oetting, 1976
Solid Species ¢
Np02 -232.8 Huber and Holley, 1968
REACTION CONSTANT DATA (continued)
. T b6q 1 . .
Species Reaction Method :Solution  (°K) K (kcal mole ) References
© Np III Np“%xnzo = npou?* + H* titra. 0.1 M NaClo, 298 3.7x10 ° +10.1 Mefodeva, etal., 1974
"%.09
3+ - T2+ . -3 N
Np~ +Cl1 = NpCl spec. conc. LiCl 298 3.8x10 +3.3 Burney and Harbour,
1974; Shiloh and
Marcus, 1966
Np~ IV NpéH +H 0= Np0H3+ + H+ - - - 9"10-3 - Burney and Harbour, 1974;
. 2 Mikailov, 1973 :
Np(OH)q(s) = Np(OH)d(aq) - - -- 6x10"°¢ -- Burney and Harbour, 1974;
Moskvin, 1971b
4+ 3+ 4+ . 4’
Np +HF © NpF~ +H ion ex. 4.0M HC104 293 1.6%10 ~5.6 Burney and Harbour, 1974;
. Ahrland and Brandt, 1966
extrac. 1.0M HC1O, 298 4.6x104 -6.4 Choppin and Unrein, 1976
ion ex. 1.0M HClO, 298 3.6x10" -6.2 Degischer and Choppin,
1975; Krylov, et al., 1968a
ion ex. 1M HNO, 293 1.7x10" 5.7 Degischer and Choppin,
1975; Krquv, et al., 1968a
a+ - o 3+ o
Np +Cl NpCl distri. 1.0M HClod 293 0.91 +0.05 Burney and Harbour,
1974; Shilin and
Nazarov, 1965
emf 1.0M HC104 298 0.49 +0.42 Burney and Harbour, 1974;
Stromatt and Peekema, 1958
distri. 2.0M HClo, 293 1.02 -0.12 Burney and Harbour,
1974; sShilin and
Nazarov, 1966 ¢
distri. 4.0M HClO, 298 0.77:0.06 +0.15 Burney and Harbour,1974;
Danesi, et al., 1971
4+ _ 2- 2+ e 2 ' )
Np SO4 @ NpSO4 distri. 2.0M HClO4 298 2.7x10 -3.3 Burney and Harbour, 1974;
Sullivan and Hindman,
ion ex.  4.0M HClo, 293 5.0x10% -3.6 Degischer and Choppin,

1975; Ahrland and Brandt,

1966
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TABLE 2-2 (continued)

REACTION CONSTANT DATA (continued)

© A
) T R -1
Species Reaction Method Solution (°K) K, (kcal mole ) References
+ + '
Np V Np02 + H20 - NpOZOH (ag)+ H poten. HCJ.O4 -— 1.25x10"? - Burney and Harbour, 1974;
Katg and Seaborg, 1957
-10
Npozoﬂ(s)" NpOZOH(aq) poten. HNO3 -- 1.85x10 - Sevostyanova and
Khalturin, 1973
+ - - .
Np02+cl - NpOZC; ion ex. 2.0M MClO4 298 0.51 +0.41 Burney and Harbour, 1974;
' ’ Gainar and Sykes, 1964
+ 2~ - S ) N )
Np02<t\H1:‘04 ‘Np02HP04 ion ex. 0.2M NH4C104 293 7.1><10z -3.8 Degischer and Choppin,
HC1O4 1975; 2vagintsev and
Sudarikov, 1958
[ T : . : . i
Npoz + H2P04 - Np02H2P04 ion ex. 0.ZM NH4,ClO, 293 6.3 =1.1 Deyischer and Choppin,
: HC10,4 . 1975; Zvagintsev and
Sudarikov, 1958
+ -
NpO,, + HCO; * NpO,HCO, ion ex. =0 - 2.710° - Burney and Harbour, 1974;
Moskvin and Mefodeva, 1965
2+ - +
Np VI NpO2 +Cl * NpO,Cl distri. 4.0M HC1l0 298 0.69+ +0.22 Burney and Harbour, 1974;
: 2 = 4 0.05 .
Danesi, et al., 1971
kin. 3.0M l~IC104 273 1.26 ~0.13 Degischer and Choppin,
1975; Cohen, et al., 1955
Np0§++HF & npo FHant extrac. 1.0M HClO, 294 B.6:2.1 -1.3 Burney and Harbour, 1974;
, 2 Ahrland and Brandt, 1968a
ion ex. .1.04M l'lC].o4 298 157%9 -3.0 Degischer and Choppin,
1975; Krylov, et al., 1968b
24 2- . R
Npo2 +so4 - Npozso4 extrac. 1.0 Hclo4 293 79 -2.6 Burney and Harbour, 1975;
. Ahrland and Brandt, 1968b
reduc. 1.0M c1o; 298 13 -1.5 Degischer and Choppin,
1975; Stromatt and
Peekema, 1958
distr. 2.0M N‘aclo4 298 43.7 -2.2 Degischer and Choppin,
1975; Sykes and Taylor, 1962
24 - + -~k ;
Np02 +-H20 NpOZOH +H solub. Nl'14C104 : 293 4.3x10 Moskvin, 1971b
+- + -
Np020H o+ H20 - Npoz(om2 +H solub. NH‘CI.O‘I . 293 3.6x10 s Moskvin, 1971b
NpO, (OH), +H,0 * solub.  NH,CIO, 293 2.0x107% Moskvin, 1971b

1po, (01 ] 4 ut
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TAELE 2~3. Thermodynamic data for mericium‘.‘

. o ' -
FREE ENERGY DATA AGf 298° (xcal mole 1) Reference !
Aqueous Species )
Am3* -143.20.3 Puger and Oetting, 1976 ..
amdt -89.2%2.4 Fuger and Oetting, 1976
+
AmO, -177.1%1.3 Puger and Oetting, 1976
Amo3* -140.4£0.8 Fuger and Oetting, 1976
REACTION CONSTANT DATA
) . T ) -1
- Species Reaction Method Solution (°K) K {kcal mole ) References
Am IIT amot 4+ H,0 « amon?* + u* I=0.1 - 296 1.2x107° +8.0
clo,
Am(OH) (s) * M(OH)B(aq) - - --  3.9x10° - Schulz, 1976; Weaver
and Shoun, 1971
3+ - 2+ .
Am~ +F * AmF solv.ext. I=1.0M 298 3.09x10° -4.76 Schulz, 1976; Choppin
. NaClod . . ‘and Unrein, 1976
3+ - ) o .
At +c1” * amc1?t spec. 13.74 LiCl 298 6.2x107°  +3.0 Schulz, 1976; Marcus
. and Shiloh, 1969
solv.ext. I=1M 303 1.04 -0.024 Schulz, 1976; Khopkar
NaClo4 - NaC: and Narayanankutty, 1971
\ solv.ext. I=1M 303 1.33 -0.17 Schulz, 1976; Khopkar
' NH,C10 -NH4SCN and Narayanankutty, 1971
ion ex. 1=)M 297 0.90 +0.'06 Schulz, 1976; Bansal,
NaClO4- NaCl) et al., 1964
solv.ext. 1M 295 0.90 +0.062 Schulz, 1976; Peppard
HC104- - HC1 et al., 1961
solv.ext. 4M NaClo, 298 1.41 -0.20 . Schulz, 1976; Sekine,
' 1964, Sekine, 1965
ion ex. 0.5M HC].O4 0.58 Schulz, 1976; ward
C ’ and Welch, 1956
ion ex. I=4.0M 293 0.69 +0.21 Schulz, 1976; Grenthe,
l-lClO4 - HC1 1962
3+ 2- + .
Am~ " + 50, © AmSO, ion ex. I=0.5-0.6M 298 72 -2.5 Schulz, 1976; Aziz, et
. al., 1968
< 293~ . o
ion ex. 0.75M N’H4C1 298 60.0 - Schulz, 1976; Lebedev,
et al., 1960
ion ex. 1-1.34=1 299 30.9 -2.0 Schulz, 1976; Bansal,
Naclo4 pH=3 et al,, 1964
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TABLE 2-3 (continued)

RFAMTTAN CNONSTANT DATA (cantinued)

AG
. : T X R -1
Species Reaction Method - -Solution (°K) .K . (kcal mole -) References
3+ 2- + 293~ : : Tt
Am IXI Am +SO‘1 - B.mSO4 ion ex. 1.55 NH4C104 298 57.6 - Schulz, 1976; Lebedev,
" et al., 1960
(continued) B -
solv.ext. 1.0M Naclo4 298 37.2 -2.1 Schulz, 1976; Sekine,
1964; Sekine, 1965
solv.ext. 2.0M NaC104 298 26.9 -1.9 Schulz, 1976; DeCarvalho
and Choppin, 1967
ion ex. 0.5M NaClO4 298 72.5 -2.5 Schulz, 1976;
Aziz et al., 1968
ion ex. 1=1M © 300 16.6 =1.7 Schulz, 1976;
Helo; 1,00, Hair, 1260
- 24 . .
At s H PO, * }\mnzpo“+ ion ex. I=1M 293 30.2 -2.0 Schulz, 1976; Moskvin,
’ ‘ ‘ NH,C1 1969
)
§
' TABLE 2-4. Theimodynamic data for curium.
FREE ENERGY DATA AG‘; J9ge tkeal mole }). Reference
Agqueous Species : .
o3t -142.4 * 1.5 Fuger and Oetting, 1976
'(':m“ ~ -214 Calculated from Nugent et al.,
1971; Myasoedov, et al., 1974
;
REACTION CONSTANT DATA
AG
T R
-1
Species Reaction Method Solution (°K) K (kcal mole ) References
. . <3t 2+ + R -6
CRoLL1 (&) +H20 = CMUHT + H extrac. IwQ.1m 300 1.20410  =8.0 Deslre, et al., 1369
HC1l0, - LiClO
4 4
34 - 2+ 2 . .
Cm™ +F * CmF extrac. 1.0M NaClo, 298 4.10%x10° -3.6 Choppin and Unrein,
: . 1976
3+ - 2+ . .
Cm~ +Cl * OmCl ion ex. 0.5M HCl - 1.51 -- Ward and Welch, 1956
3+ 2- + . : '
Cm +SO4 = CrnSO4 ion ex. 0.15M NH,C1 293- 56 - - Ward and Welch, 1956;
) NH,Cl0, 298 Lebedev, et al., 1960
distri. 2.0M Naclo‘ 298 22 -1.8 DeCarvalho and
Na_ SO Choppin, 1967 ;
274 K)
ion ex. 0.5-0.6M NaClO‘ 298 71.9 -2.5 Aziz, et al., 1968
. : 297- .
distri. 0.5M NaCJ.O4 208 73.3 -2.5 Aziz, et al., 1968
distri. 68 -2.5 Aziz, et al., 1968

0.5M Naclo, 298
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SECTION 3: Eh-pH CALCULATIONS AND ILLUSTRATIONS FOR PLUTONIUM,
NEPTUNIUM, AMERICIUM, AND CURIUM AT 25°C AND ONE ATMOSPHERE
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INTRODUCTION

» Eh-pH diagrams are useful in identifying the stability fields of -
solid phases and aqueous species for a given élement over a range of
oxidation states, pH levels, and other predetermined conditions. The
. purpose of this chapter is to computé simple Eh-pH diagrams of the
actinides plutonium, neptunium, americium, and curium and to predict
their oxidétion states and the stability of their hydroxyl species
under conditions expected in the natural environment. Eh-pH diagrams
A : are based on the assumption that Eh and pH are independent variables.
~ The stability fields and phase or species boundaries delineated on the
diagrams are defined by equations in which the coefficients are deter-
mined by the reaction specified and by the free energies of participating
-~ species. The figures illustrating this chapter are all drawn for 25°C
and one afmosphere, and use free energy data compiled in Section 2
of this report.
The equations used to prepare the Eh-pH diagrams follow the procedure
given in Krauskopf (1967). ‘Firét a chemical equation for a reduction
reaction is written. For example:

+
02

o sgt + 267 =putt 4 20,0 .

Pu

From this reaétion, the number of electrons, hydrogen ions, and water
-~ , molecules which participate in the reaction are noted. Next, the

standard free energy of the reaction, AGE is determined. 1In this

» case:
‘ . o o o
I ) AGR - EAGproducts B AGreactants'
AGY = (-115.1) + 2 (-56.7) ~ (-180.9) - (-0)
B -1
= -47.6 kcal mole
‘ Using the relationship between free energy and standard potential,
o .
= -nF
AGy = -nFE,

the standard potential of the reaction, Eo, is obtained. Here, n is
the number of electrons participating in the reaction and F is Faraday's

constant. In this éxample
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E' - 1.03 vV
o

The standard potentials can be related to oxidation-reduction potentials
and activity of solution species through the Nernst Equation which for .
this reaction is:
4+
2. R
oh =g  2:303RT [pu**]

o nF [PuO%{l [H*] 4

where n = 2 and T = 298K. This equation is used to determine the

boundary between the domains of two species where _[Pu4+] = [Pu0§+].

Hence the equation reduces to:

1
[H+]4

Eh Eo - 0.0295 1log

or

Eh

1.03 - 0.118 pH.
Certain reactions have no pH dependence, such as:

PuO, + e = Puo, . g ' '
so that only the standard potential need be found. Hydrolysis reactions,

which are only pH and not Eh dependent, such as

+ N + +
Pu3 + HZO *'PuOHZ + H

can be located using the hydrolysis constant alone.
Boundaries between agqueous species and solid phases can be determined

in an analogous manner to those between aqueous species. For example, . -

Puo,(s) + 4H' + &7 = et + 260
In this equation, the correlation of the aqueous species is assigned ‘
an arbitrary value, such as 10_6, mole 9,_1. The activity of the pure
solid is unity, by definition, and water is also assumed to have unit

activity. The corresponding equation relating Eh and pH is

Eh = 0.49 - 0.236 pH - 0.059 log [Pu>'] i
-6 -12 -18
where [Pu3+] is arbitrarily set at some activity such as. 10 , 10 , or 10 .
The actual equations used for each of the diagrams are listed F

under the respective headings for the actinides being considered.
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PLUTONIUM

~ The Eh-pH diagram for plutonium given in Figure 3-1 shows the
stability fields of the agueous species Pu3+(IIJ}, pu(od) “¥ (111),
’. -
PUO;(V), Pu0§+(VI), PuO, (OH) " (VI), PuO,(OH),(VI} and the solid

X phase Pqu(IV). Fquations defining species boundaries are derived
. as follows.
5\ Aqueous Species Boundar ies -

+ + - + '
Pu02 + 4H + 2e¢ = Pu3 i 2H20

AGR = =48.6 koal mole )

Acs
3 = —= = 1.05
By = =5 = 1.0
0.059 1 . 3+ +
CEh = 1,05 - 22 169 ——— when [Pu”"] = [puo]]
Eh = 1.05 - 0.118 pH
i - Pu4+: + e— =—-‘Pu3+
-1
AGg = =23.2 kcal mole
E =1.00
o 1
3+ N 2+ +
Pu + H,O ¥~ PuOH + H

—- 2
-1
AGg = 7.6 kcal mole

—Acg -
2.303 — = log K, - -5.6
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puos’ + 4m" + 2¢” =pu’’ + 200
lo! -1
AGR = -47.6 kcal mole
E =1.03
o
4+ 2
Eh = 1.03 - 0.959 log ;—l;—~ when [Pu ] = [PuO f]
‘ 2 : LH+ 4] 2

Eh = 1.03 - 0.118 pH

24+ - +
PuO2 + e PuO2
a) oy v ' =1
AGR = =22.2 kcal mole
E = 0.96
o)
+

PuO, + 3su” + 2" = puor®’ + H,0

AG§ = -41.0 kcal mol_e_l

E = 0.89

o

0.059 1

2 °9 [H+]3

Eh = 0.89 - 0.089 pH

Eh = 0.89 - when I?uOH2+] = [PuOZ]

2’

2+ P S
Puoz + H20 v-PUOZOH + H

Acg = 4.6 kcal mole_1
—AGR

2,303 BT - log KH = -3.4

- +
pyo.out + H' + ¢ <= puol + HO
Puo, 2 T

Acg = 26.8 kcal mole *

E
[o)

-1.16
Eh = -1.16 - 0.059 pH when [?uo;] = [}uo2on+]
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+ N - *
Pu020H .+ 2H20 v'Puqz(OH)3 + 2H

Acg - 21.0 keal mole '

_AGR - .
2?303 RT log KH = -7.70

- : _ N . :
e + PuO,(OH); + 3H = PuO, + 3H0
AGg = 47.8 kcalykmole-l

E
o

- 2.07

Eh = - 2.07 - 0.177 pH

Solid-Aqueous Species Boundaries

PuO,(s) + 4H + e = o> + 28,0

AGE = -11.3 keal
E_ = 0.49
o .

Eh

+0.49 - 0.236 pH - 0.059 log [Pu>*]

6 -12 18

[Pu3+]is set at 107, 10 , and 10
then plotted on the Eh-pH plane.

mol 2-1,'and the equation is

Pqu(s)7+ 3t 4+ e ¥ PuOH2+ + H,0

AGg = =3.7 kecal mole_l

E = 0.16

(o]

Eh 2t

+0.16 - 0.177 pH - 0.059 log (PuOH
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+ -
PuO2 + e Puoz(s)

2
o]

AGR

Puo,O0H* + H' + 27 «Pu0,(s) + HO | i

-64.1 kecal mole ©

]

E =1.39 .
o

Eh = 1.39 - 0.059 pH - 0.059 log [(Puo,0n™)]

p H XBL782-289

Figure 3-1. Eh-pH diagram for plutonium at 25°C and one atmosphere.

216



- + -
PuO, (OH) 3 + 3" + 2e” = PuO,(s) + 3H,0

AG;'=‘—85.1 kcal mole—l

E =1.85 :
(o}

Eh = 1.85 - 0.177 pH - 0.059 log [Puo, (0H)J]

The thermodynamic data for the plutonium Eh-pH diagram were taken

" from Fuger and Oetting, 1976 and Polzer, 1975. The diagram (Figure 3-1)
is very similar to that'produéed by Polzer (1975). Discrepancies are
negligible and are due to small differences in thermodynamic values

used by Polzer for the reaction equations.

NEPTUNIUM

The Eh-pH diagram for neptunium given in Figure 3-2 is plotted to
show the stability fields of the agueous species Np3+(III), Np0H2+(III),
vy, Npog(V), NpO,OH (V) , Np°§+(VI), Npo,OH™ (V1) , NpO,, (OH) 3 (VI) ,
and the solid phase Np02(Iv). Equations defining species boundaries

are derived as follows.

Aqueous Species Boundaries

- +
Np4+' + e éNp3

AG; = -3.4 kcal mole T

E = 0.15
(o]

Npo; + 48" + 2¢7 <np T 4 21,0
AG; = -18.3 kcal mole *

E = 0.40
o

Eh = 0.40 - 0,118 pH when [Np3+] = {?pO;]
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3+ 2+

Np~ + H,0 = NpOHT +

log HH = -7.4

- +
Npo; +ant + o =t

H+

(Mefodeva, et al., 1974)

+ 2H20

Ad; = -14.9 kcal mole_1

E 0.65

o]

Eh

+ - - +
Npog + e *'Np02

0.65 - 0.236 p when [Wp""] = g} |

AG; = -28.5 kcal mole-1

1.23

E
- 0

: +
NpO; + H,0 < NpO,OH + H

log KH = ~-8.9

NpO, OH "'+ 2m

(Sevostyanova and Khalturin, 1973)

o= NpOz(OH); + 20

2
[Npo, (0m) 7 ][HY] -6
Koe1 = [NquOH*] = 3.6 x 10 (from Moskvin, 1971)
[NpOy (o) 3 ][] -10
K32 = “[rpogioRiy] ~ * 20 X 10
NpO- (oH) 3 |[H*]? .
Kyq = [poa (o) 3 ][] 72y 10716
[wpog0Ht] |
[6*] = 2.68 x 1078
pH = 7.6
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Solid Aqueous Species Boundaries

it 4 26,0 = NpO, (s) + au*

Acg = 0.80 kcal mole *

~AG°

2.303 /= = log K, = -0.15  when [Np4+]-:1M

-1
AGg = -4.2 kcal mole

E = 0,18

[}
=3
il

0.18 - 0.059 pH

Npo; + e = Npo,(s)

AG; = -14.10 kcal mole '

Soiubility lines for NpOz(s) - Np020H were drawn considering the

* hydrolysis reaction
+) : +
Npoz(s) + HZO =*Np020H +H +e

which means that the lines must have a slope of -0.059 and consistenéy
requirements that they meet solubility lines for Npo

The standard free energies of formation of Np020H “and Npoz(OH)
have not been calculated. However, their domain boundaries may be deter-
mined from their hydrolysis'conétants and the hydrogen ion dependence
-of their reduction reactions to NpOZ and Np020H For example, the
domain boundary between NpOZOH and NpO+ has a slope of -0.059 and

must intersect with the domaln boundar ies between NpO and Npo2
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+ T+ .
and between Npog and NpOZOH . Similar consideration

of consistency

requirements produced domain boundaries for

NpO,, (OH) ; - NpO,

NpO,, (OH) ; ~ NpO,OH

+ 2+

2 " NpOH

NpO

NpO,OH - npor?*

1.6 - NpOj

Eh (volts)

L] 16°M |
S SR (<" B P .
i TR U
) [T R R N | N RO,
(0] 4 6 8 10 12 14
pH '
XBL 782-290

Figure 3-2.

Fh-pH diagram for neptunium at 259C and one atmosphere.
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AMERICIUM

Very little data is available on aqueous,species'of americium, .

and no information on oxide phases has been found. The Eh-pH diagram

for americium is illustrated in Figure 3-3. Equations used in its

construction are given below.

amot + auT + 27 =

2
SR

E
o

Eh

2

Am02+ + e_ #Amo

amt 4 ZHZO

-1
= -79.5 kcal mole

1.7

2

1.72 - 0.118 pH when [Am3+] = [Amo;]

+
2

AG; = -37.0 kcal mole -

E =1.60
(e}
T T T I T i T T I T T T
Am VI .
|6 various hydroxyl species
L \\ ] A 4
m
a \4\&\ 2 ]
H0 ™~ ' ]
0.8 \\J\\ ﬁ
iy 3¢ T~ 3
Am Am OHZ’ T—
. 0.4 =
» E Am 111 _
7>> Ok\\ hydroxyl species
= | '\\\\Hzo . |
L -04 Hz\\\\\ -
- \\\\ —
8 o=
-0.8+ \j
1.2k .
-1.6F -
1 S| 1 ! 1 | 1 1 | |
o 2 4 6 8 10 12 14

XB8L782.29!
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Figure 3-3.

Eh—pﬂ‘diagram for
americium at 25°C

and one atmosphere.



Data on hydrolysis of americium III i$ only qualitative. From
work done by Korotkin (1975), the first pKH can be expected to fall
between ~1 and -3. Schulz (1976) states that americium(IV) exists

only in a few complexed states.
CURIUM

The Eh-pH diagram for curium is illustrated in Figure 3-4. The
limited data available to construct this diagram are used below to compute

the species boundaries given.

cm’ = Cm3+ +3e
AG; 208 = -142.4 kcal mole T (Fuger and Oetting, 1976)
I . .
E = -2.06
o
T T T T T T T T T T T I
i cm* ]
3.2 i
2.4 ~
IIG - -
P 02 -—
Mo T —— Yt
~ o8 " —~—CmOH*_
w 3 —
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Figure 3-4. Eh-pH diagram for éurium at 25°C and one atmosphere.
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H (Desire, Hussenois and

Cm™ + HZO = CmOH
Guillaument, 1969)
pK, = -5.9 E
H
3+ _, ., 4+
Cm = Cm - (Nugent,. Baybarz and Burnett, 1971)
E = 43.1

OXIDATION STATES OF PLUTONIUM, NEPTUNIUM, AMERICIUM, AND
CURIUM IN THE NATURAL ENVIRONMENT

The oxidation state and pH range of natural groundwaters have
been investigated by Baas Becking, et al. (1960) and are illustrated
in Figure 3-5. Most subsurface groundwaters range in oxidation state
froﬁ -400 to +400 mV and from pH 6 to pH 9. These ranges indicate
that plutonium is most likely to be found in the III and V'states,
neptunium in -the V‘state, and americium and curium in the III state.
However, complexing and the effect of temperature may result in other
oxidation statés becoming significant. In addition, the data used
for calculation of the diagrams have not all been corrected to standard
state conditions. The effects of ionic strength may have altered
some of the species boundaries. The data used in the calculations
are also‘subject to error. Therefore, the Eh-pH diagrams-presented

should be considered provisional,
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DOOOi— . . \

XBL 783-7642

Figure 3-5. Eh pH range found in waters in the natural env1ronment.:
(Source: Bass Becking, et al., 1960, J. of Geology,
v. 68, no. 3, p. 276. Copyright 1960 by'the'Universiéy B
of Chicago.)
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SECTION 4: REVIEW OF THE LITERATURE ON THE DISTRIBUTION COEFFICIENTS
OF PLUTONIUM, NEPTUNIUM, AMERICIUM, AND CURIUM
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INTRODUCTION

-

Sorption is one of the mechanisms governing transport of radionuclides

by water in porous media. Because distribution coefficients, or K_s,

are a meaéure of the soilfs ability to sorb actinides and otheér el:ments,
our knowlege of their values is important in assessing the safety of
high~level radioactive-waste storage facilities in geological'formations.
The distribution coefficient is an experimentally determined quantity,
and therefore varies with the conditions under which it is determined.

There can be as many K. values as there are combinations of parameters

4d
for a given radionuclide such as the kinds of sorbent, the chemical

components in the solution, and the temperature. Therefore, wide

discrepancies exist in the various K, values assigned to different

d
radionuclides.

This study reviews all the available literature containing data
on K_s for use in radionuclide transport models and is confined to

4
four actinides--plutonium, neptunium, americium, and curium. The K

d .
values for these radionuclides are shown in Appendix 4-1, Tables A
and B.
THEORETICAL BASIS FOR K. DETERMINATION .
The equilibrium distribution coefficient of sorption, or K is

’
a measure of the moles of nuclide in the sorbed state per unit zass
of the geologic medium, divided by the moles of nuclide in the dissolved
state per unit volume of groundwater, when the groundwater and the .
geologic medium are in equilibrium with one another (Routson, 1973).

The Kd in ml/g may be defined (Routson, et al., 1975) as:

_ concentration of radionuclide sorbed on the soil (uCi/g)
a - concentration of radionuclide in solution (uci/ml)

or

K, . As/W v : (1)
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where
As = equilibrium concentration or activity sorbed on the solid

phase,

o

W = weight of solid phase in grams,

Al = equilibrium concentration or activity of the solution
phase, and |

V = volume of solution in milliliters. )

The distribution coefficient is an experimentally determined number
and is a practical measure of the relative affinity of ions for the
soil. The variables affecting the exchange of radionuclide on the
soil are numerous and the process is very complex. Because of its
empirical nature, the Kd varies with the conditions under which it
is determined (pH of the groundwater, dissolved salts concentration,
solution temperature, and kinds of sorbent). K, is therefore applicable

|
only to specified conditions.

EXPERIMENTAL METHODS

Radionuclide de can be determined from laboratory tests or field

tests. Generally, laboratory tests for K_s are of two types: equilibrium

d
batch tests and column tests.

Equilibrium Batch Tests

In equilibrium batch tests, a known volume of a real or simulated

waste éolution (that is, a known amount of radiotracer such as 239Pu

or 241Am added to an aqueous solution) is mixed (shaken) with a knéwn
weight of sorbent (sediment or soil) until equilibrium is attained.
The activity of the solution beforé'and after contact is ﬁeasured
by radiometric counting procedure§{ and theAémount of radionuclide
adsorbed is calculated. The Kd iskthen calculated using equation (1).

In a typical batch experiment with simulated waste solution (Prout,
1959), a measured amount of distilled water is poured into a polyethylene
bottle and the solution pH is adjusted by adding a measured amount of.
NaOH or HNO,. Next, radionuclide is transferred into the bottle by

3
pipet and thoroughly mixed with the solution giving the final radionuclide
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concentration required. The exact concentration of the radionuclide
is determined by removing an aliquot of the solution. A weighed amount
of soil is then added to the bottle and the sample shaken on a mechanical
shaker until equilibrium is attained. The sample is then centrifuged :
‘and an aliquot of the supernatant liguid removed to determine the radioactive
constituent concentration. Thg difference in the solution activity
before and after contact with soil:gives the amount of the radionuclide
adsorbed by the soil. - (See Schmalz, 1972, for details on experimental
procedure.) A

By varying the conditions of the test solution, the influence
on K. of geochemical paraméters such as ionic étrength, pH, and com-

d 4
peting ions (such as ca2+ and Na*) present in the system can be obtained.

Column Tests

Column exper iments are laboratory studies designed to simulate
field conditions by packing soil in a glass or metal tube (ion exchange
column). In contrast to batch experiments, column tests are open tests
in which a liquid containing a radionuclide is pumped or percolated
through the column at a flow rate simulating field conditions. The
effluent is collected in quantities related to the volume of the
column and sampled to determine the breékthrough of any given radio-~
nuclide as a function of the throughput volume (Bensen, 1960). The
effluent radionuclide concentration (C) is then'deéermined and com-
pared with the influent radionuclide concentration (Co). The ratio
C:Co is piotted against the effluent column volumes (V) apd an
S-shaped breakthrough curve is obtained. The distribution coefficienth

can be calculated using the following expression (Schmalz, 1972):

K. x W
v =-a . o :
50 2 ‘ ' ‘ (2)
where
' v50 = the volume required to load a column to the 50% point'
or the volume at 50% breakthrough, and
W = weight in grams of the soil in the column.

‘
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The distribution of a radionuclide can also be represented by
an error function plot, that is, by plotting the breakthrough curve
on log probability paper, which usually results in a straight line
(Reisenauer, 1959).

Small columns have also been used to calculate Kd values for
radionuclides (Eliason, 1966, and Glover, et al., 1976). 1In this method
a small volume of sediment is placed in tubes with fritted-disc bottoms
and trace solutions are passed through the sediment until the system
comes to equilibrium. Equilibrium is attained when the solution
activity of the trace iqn equals the influent solution activity. Kd
values are calculated using equation (1).

Column experiments are subject to dispersion and are expectea

to yield K, values representative of field conditions. However, column

experimentg are very time-consuming, particularly in situations where
Kd values are large.

According to Bensen (1960), the results obtained by column
experiments are not directly comparable with those of equilibrium .
exper iments when the column influent is equilibrated with the same
soil. In passage through a soil column, the influent solution carries
away solubilized electrolytes liberated by the soil. 1In the equili-
brium case, the solubilized soil electrolyteé remain in the system to
inhibit the adsorption of the radionﬁclides. Soil column data are more
directly comparable~with those of equilibrium experiments when the
s0il column influent is adjusted to the same composition as that found

in the equilibrium supernatant liquid after equilibration.
Field Tests

Field experiments are the most direct means of obtaining accurate K'-1

data. Some field experiments have been conducted to measure migration

characteristics and breakthrough data of radionuclides, such as 90Sr,
137Cs, 106Ru, 99Tc and others at Hanford (Knoll and Nelson, 1959; Knoll
and Nelson, 1962; Brown, 1966). Field investigations at Test Reactor
Area, Idgho, gave higher values of Kd for 137C$ and 90Sr than predicted

by laboratory techniques (Schmalz, 1972). Field methods may also involve
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injecting radionuclide-tagged water into the groundwater flow system

at the point of interest and then monitoring the movement of the tracer
‘by soil sampling or well or piezometer samplihg (Cherry, 1977). However,
because of the cost and time required to conduct the experiments, this
approach has not been widely used.

A comparison of the experimentally determined de for 137Cs and
90

Sr obtained by different methods indicates a wide variation in their

values (Table 4-1).

LITERATURE REVIEW

Because this study was confined to plutonium, neptunium, americium,
and curium, the literature reviewed includes only publications containing

Kd data on these actinides.

Plutonium

- Some of the first studies on plutonium'distribution coefficient
determination in soils were done by Rhodes (1952, 1957a, and 1957b). In

' laboratory equilibrium studies, soil from the Hanford Project containing

Table 4-1. Comparison of distributién coefficients for

137Cs and sy determined by different methods

(Schmalz, 1972).

" Kg (ml/9)
Determined by ‘ - 137¢g 90g,

Laboratory batch technique , 285 7.2
Sorption equations 360 10.5
Exchange column experiment 1000 10.5
Field data 7

(1968 investigations) 600 -
Field data .

(1970 investigations) . 450-950 40
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92% sand and 2% free CaCO3 was contacted with a neutral oolution cuulaining

approximately 4 x 10—7 M of'plutonium. A so{l-to—solution ratio of 1 g
to 20 ml was used. The adsorption of plutonium was found to be dependeﬁt
on contact time, pH, and the concentrations of nonradioactive salts
(see Fig. 4-1 and Table 4-2).

In the pH range of 2 to 8.5, about 98% to 100% of the plutonium

(K. >1980) was sorbed from the solution; the sorption was lowered between

|
pH 8.5 and 12.5. Rhodes concluded that at pH > 2 plutonium polymers

were formed and plutonium was adsorbed to s0il as positively charged

-1

polymers Pu(0OH) The adsorption decrease in the pH range 8.5 to 12.5

4
n
was believed to be due to change in the charactecristics of the polymer,
which caused the charge to become negative (plutonium speciation). Rhodes
further demonstrated that the high concentrations of inorganic salts

(4 M NaNO, and 2 M di-ammonium phosphate) had no effect on plutonium

3
adsorption on soil (96.5% plutonium sorbed), whereas equal concentrations

of organic salts (4 M ammonium acetate) drastically reduced soil adsorption

100

- -

onium

[

95

90

P.utonium removed (%)

0.01 c/ml of Pu™®

[ I S I
400 2 4 G 8 10 12

. 4 ; L Equilibrium pH

Percentage uptake of added plu

Log time (minutes) XBL 783-402

Figure 4-1. Left: plutonium adsorption by soil as a function of
time of contact (Rhodes, 1952). Right: plutonium
adsorption by soil as a function of pH (Rhodes, 1952, as

cited by Bensen, 1960).
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Table 4.2. Equilibrium distribution coefficient values for 239py

as a function of pH (Rhodes, 13957b).

. Kq Kg

pH (ml/g) pH (ml/q)
0 18 6.5 1314
1.0 28 7.1 1980
2.2 >1980 8.4 >1980
2.7 >1980 9.3 200
3.5 >1980 11.1 178
4.4 >1980 12.0 96
5.3 >1980 13.0 1980
6.0 888  14.0

1980

Reproduced from: Soil Science Society of America Proceedings,
volume 21, page 391, 1975, by permission of the Soil Science

Society of America.

(58.9% plutonium adsorbed). Rhodes attributed the above data on plutonium
adsorption to ion exchange mechanisms. Later, Bensen (1960), reinterpreting
Rhodes' data, concluded that precipitation reactions and not %on exchange
probably control plutonium snrption on soils.

Prout (1958 and 1959) investigated plutonium adsorption by soil
from the Savannah River Plant that contained 20% clay and 80% sand‘with
kaolinite as the dominant clay mineral (Table 4-3). In the equilibrium

experiments, K.s were determined by contacting plutonium-spiked (5}076 M)

solution with 2011 and using a soil-to-solution ratio of 1 g to 10 ml.
Plutonium adsorption was measured as a function of the oxidation state
(valence) of plutonium and the pH of the solution. Prout's study sub-
stantiated Rhodes' results and showed that the sorption phenomenon is
dependent on the plutonium oxidation state and the hydrogen ion activity

(pH) . Pigure 4-2 shows K, values for plutonium as a function of solution

d
pH for various plutonium oxidation states.
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Table 4-3. Exchangé capacity and pH of soils (Prout, 1959).

Exchange capacity

pH meq/100 g soil? meq/100 g clay?
4 0.012 0.06
5 0.108 0.54
6 0.372 1.86
7 0.504 2.52
8 0.600 : 3.00
a 0.744 | 3.2
10 . 1.24 6.18

a30il contained approximately 20% clay and 80% sand.

10,000——————71~

e

Pu(11l)
Pul(lV)

_.
©
=)
=)

100

—_

Flutonium Dist-ribution Coefficient, <4

1 | | ] ] ]
1 3 5 7 9 1" 13

Figure 4-2. Effect of pH and plutonium oxidation state on the adsorption
of plutonium by soil (Prout, 1959). '
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Plutonium adsorption was more thaﬁ 90% complete from solutions
of Pu(III) and Pu(IV) between pH values of 2.5 and 12, and from solutions
of Pu(VI) at pH values greater than 6. Because plutonium ions undergo
extensive hydrolysis in alkaline solutions, strong sorption between
pH values of 2.5 and about 9 was probably due to a combination of cation
exchange and precipitation of hydrolysis products. Above pH 9, formation
of negatively charged plutonium complexes probably results in decreaséd
adsorption. '

Knoll (1965, 1969) and Hajek and Knoll (1966) did sorption studies
‘using column and batch tests on high-salt wastes (5.4 M No;) spiked
with organic contaminants typical of a radionuclide separations plant.
The soil used for the study was selected from the samples obtained
from two wells at the Z-1A tile field site (subsurface storage cribs)
in Richland, Washington. Kd values obtained in batch tests on high-
salt wastes from the reprocessing plant are given in Table 4-4.

As seen from Table 4-4, upon neutralization of the.waste,lplutonium

Kd values increased from 2.4 ml/g to 2.9 ml/g. When organic contaminants

Table 4-4. Adsorptioh of plutonium and americium by soil

(Hajek and Knoll, 1966).

Equilibrium distribution

coefficient (ml/g)

Solution Pu Am
Aqueous acid waste (AAW) untreated 2.4 <1
pH 2 (soil neutralized) 2.7 <1
pH 3 (NaOH neutralized) 2.9 - <1
Alkaline waste from preéipitation .
Supernate--
aqueous a 212
aqueous and organic 1.4 42
Sludge leachate 1540 500

AInitial plutonium concentration and equilibrium concentration were

too low for confident analysis.
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(208 by volume) were added to this nentralized waste, the Kd value
decreased to 1.4. The Kd value for plutonium increased to 1540 ml/g
when water leachates of the sludge, produced on neutralization, were
contacted with soil. In other experiments (Knoll, 1969) tap

water spiked with plutonium was percolated through columns of soil.
Various organic solutions were then percolated through the columns
and the quantity of plutonium leached was measured by sampling the
effluent at intervals. When the plutonium and americium are added
to the organics and then percolated through the snils, the Kd vaiunn
given in Table 4-5 are observed (Ames, et al., 1976). A column bulk
density of 1.5 g/ml is assumed. '

Using the batch method, Tamura (1972) measured Kd values for
plutonium for selected sorbents. 1In his study, 0.1 g of sorbent was
mixed with‘25 ml of water spiked with plutonium ions. The original spike
was of Pu4+ in 1 M HNO3 and the initial solution pH was adjusted to 7.0
using NaOH. For the anion and cation resins, an equivalent amount of
wet resin was used to give 0.1 g of dry weight. The amount of plutonium
added was not specified. The Kd values are given in Table 4-6.

According to Tamura, since plutonium can exist in different oxidation
states and is subject to hydrolysis in the pH range normally encountered
in natural-water systems, its adsorption from a water system is not
by normal ion exchange but more likely by "scavenging" of the hydroxide
or oxide prgcipitates° Table 4-6 shows that with the exception of
anion iesin, hone charceal, and quartz, the amount Of plutonium removed
appears to depend on the pH of the suspension. This suggests that
the higher pH favors formation of hydroxides that are scavenged by the
clays, resulting in greater plutonium adsorption.

Schneider and Platt (1974) estimated distribution coefficients
for movement of selected radionuclides through a typical western desert
soil in contact with typical nonsaline ground water. The typical soil
used was a sand of moderate cation exchange capacity (CEC; about

5 meq/100 g) to sandy loam containing about 1 mg of free Caco per

3

qgram of soil. The soil pH ranged between 7.0 and 8.2. The Kd value
determined for plutonium for the above soil was 2000 ml/g. No details

were given either . about the experiment or about the method used.

236



Table 4-5. Distribution coefficients of americium and plutonium

as a function of organic solution (Ames, et al., 1976).

Kq (ml/qg)
Organics Am Pu
Tributylphosphate (20%): CClg (80%) 1.6 ' 5.4
Dibutylbutylphosphonate (30%): CCl, (70%) 0.6 _ 0
di-(2-ethylhexyl) phosphoric acid in
hydrocarbons 0 0

.Table 4-6. Removal of plutonium from pH 7 water by selected sorbents
(0.1 g sorbent/25 ml; Tamura, 1972).

. Distribution
' Removal ‘coefficient Suspension

Material ' (%) , (ml/qg) . PH
Attapulgite 94.6 4,370 . - 9.60
Montmorillonite 7.6 630 19,20
Alumina (activated) 75.1 755 8.35
Kaolinite . 58.5 352 6.25
Illite | 3400 129 - 5.90
Quartz 0.0 - 6.35
Dowex SOW-XI 4.2 11 ) 1.82
Dowex I-XI . 12.9 37 7.60
Bone charcoal , 99.6 62,000 : 6.65
Coconut charcoal 99.0 25,000 - 6.80

Apatite _ 99.7 83,000 6.70




Duurcma and Ilarsi (1974), usiny a 237Pu tracer 1n valence states
3+, 4+, and 6+, conducted a series of experiments to determine distri-
bution coefficients of plutonium onto marine sediments with oxic and
anoxic sea waters at pH 7.8 to 8.0. Water-column and thin-layer methods
were used to determine the de. All three valence states showed Kd
values of the order of 104 for both oxic and anoxic conditions (Table 4-7).
Exper iments on radionuclide migration through soil and on distribution
coefficient determination were conducted at Savannah River, South Carolina,
with radionuclides containing synthetic, high-salt hasic wastes (E. I.
Du Pont de Nemours and Company, 1975). Batch equilibrium tests were per-
formed with various resins. In one test, 1 g of resin was shaken overnight
with 10 ml of syﬂthetic waste supernate containing 1.75 x 107 ais/min°ml
of 238Pu. Distribution coefficient values for plutonium varied from 1
to 240 on various resins and are given in Table 4-8.
The migration of solvent-complexed plutonium from separations-
process waste through dry and moist soils was determined. Laboratory
column tests with dry soils using short columns (2.6 in.) and long
3 (ml/g) value of 6000 for the

short column and 3000 for the long column. Column tests with moist

columns (5.8 in.) yielded a plutonium K

soils yielded a plutonium K
K

4 value of =0.4 for the solvent phase, and
a > 30 for thc aqueocus phase.

The above test showed that dry (ground-surface) soil effectively
sorbs and immobilizes small volumes of solvent-complexed plutonium,
but moisl (subsurface) so0il allows extensive migration of large valimes
of solvent-complexed plutonium.

Hamstra and Verkerk (1977) reported distribution coefficient
measurements for plutonium and americium using different soil materials
taken from boreholes surrounding salt formations in the northeast
Netherlands. In batch equilibrium studies, they used stock solutions
of the radionuclides in the form of 90% saturated NaCl solutions and
a soil-to-solution ratio of 1 g to 150 ml. Eguilibrium pH of the
solutions was mostly between 7 and 8. The amount of radionuclide

(plutonium or americium) added was not specified. The measured dis-

tribution coefficients for various soil materials and clay samples taken
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Table 4.7. Plutonium-237 sorption by Mediterranean sediment (Duursma and Parsi, 1974).

Oxic conditions Anoxic conditions

pH = 7.8-8.0 pH = 7.8-8.0
Sedimentation Thin Layer Sedimentation Thin Layer
Valence K R K R' Ty/7 K R K R' Ty
111 1.6x104 108  Z.1x104 30% 3 1.9x104 2.5% - - -
v 1.8x104 9% 1.9x104 50% 1 . 1.3x104 8.0% >9.4x10%4 39% 2.4
1.5x104  31% 1 _ (>9.3x103 358 1.33)
VI 1.3x104 118  5.7x104 9% 4 2.2x104  9.0% - - b
= distribution coefficient; R = % reduction in water/day. without sediment;

R'- glasswall adsorption after three weeks; Ty/2 = half uptake t1me to apparent
equilibrium in days.
Apaper filters rather than mllllpore filters used as blanks; paper filters strongly
adsorbed Pu(IV) and reducad sediment uptake, therefore K is probably low.
bPrecipitation of Pu on th2 blank millipore filters with the thin-layer experiments
decreased from 50% for Pu(III) to 12% for Pu(VI) and 3% for Pu(VI).



Table 4-8. Recin-cupcrnate distribution coefficients for plutonium.

(E. I. Du Pont de Nemours and Co., 1975).

Resin Rq (ml/q)
"Duolite" ARC-359 ‘ 240
Linde AW-5002 (Zeolite) 24
"Chelex" 100 7
"Dowex" 50W-X8 ~1

HZO-1 (hvdrated zirconium nxide gel) 100

aproduct of Union Carbide,

at various depths are given in Tables 4-9 and 4-10. Clay samples con-
sisting mainly of illite and kaolinite had plutonium distribution
coefficients of ~104; river sand had a Kd of 200 ml/g.

Fried, et al. (1974, 1976a, 1976b), in their studies on the
migration of actinides in the lithosphere, measured plutonium and
amer icium surface-absorption and migration coefficients on the rock
samples found in the vicinity of disposal sites.

In the experiments on the surface-absorption coefficient of.
plutonium and amerigium on limestones and basalts, disks of the rock

238 7

were immersed in solutions of 4 x 10—5 M Pu(NO3)4 and 10 M Am(NO

Small aliquots (0.05%) were rxemoved at 12-hr intervals, dried, and

3)3-

measured for alpha counts (or gamma counts for americium) until the
attainment of equilibrium. After equilibration the activity in the
solutions was measured again. Initial pH of the solution used was
7.0 and the final pH ranged hetween 7 and 8.

Sorption on the rocks was measured in terms of surface-absorption

coefficient, K, which was defined as:

(activity of actinide/ml of solution)

K =
(activity of actinide/cm2 of rock)

The results of the exper iment showed that on a surface-area basis,

basalts sorbed more plutonium than limestone. The surface-absorption
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Table 4-9. Distribution coefficients for plutonium and americium

for different soil materials (Hamstra .and Verkerk, 1977).

Distribution coefficient (ml/g)

Soil material Pu Am
Clay (mainly illite and kaolinite) 104 5 x 104
Sandstone (certain amount of clay) 1 x 103 1 x 104
Caprock (mainly gypsum, no clay) 5 x 102 3 x 103
River sand (mainly quartz, no clay) 2 x 102 4 x 102

Table 4-10. Distribution coefficients for plutonium and americium

measured for clay samples taken at various depths

(Hamstra and Verkerk, 1977)..

Distribution coefficient (ml/g)

Depth of sample (m) Pu Am
20-302 104 8 x 104
55-60P 5 x 103 6 x 104

100-125P 6 x 103 5 x 104
120-130P 5 x 103 6 x 104
120-160° . 7 x 103 2 x 104
200-225€ 6 x 103 9 x 104
245-275 8 x 103 4 x 104
300-325 9 x 103 4 x 104
328-348 '8 x 103 5 x 104

8guaternary clay {(mainly montmorillonite).

byoung tertiary clay (mixture of illite and kaolinite).

COlder tertiary clay (mixture of illite and kaolinite).
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coefficient (K) for pure solution of Pu(NO3)4 at 4 x 19-5,E was v
0.10 £ 0.02 for limestone and 0.07 + 0.02 for basalts. The effects

} + +
of salt solutions of Na , Ca2 v La3+

, and Zr4+ at various concentrations
on the surface absorption coefficient were also studied (see Figs. 4-3,
4-4, and 4-5). The salts displaced some of the plutqnium from the
rocks and the displacement became easier with increasing salt
concentration and increasing valence. ' '

In determining migration coefficients of plutonium for flow through
porous limestone and basalt, Fried, et al. (1976a) used a high-pressure
chromatographic absorption apparatus (Fig. 4-6). A small amount of
23890(1‘103)4 tracer in ncutral aqueous solution was placesl un the snrface

of the rock disk and was allowed to dry at room temperature. Water

-1 1 1 L 1
.10 pycacl, E

2[je-NaCl )
10 - NQ __:

1

1l llll

Moles per liter of salt

O 0.8 16 24

Kk
XBL 783-40l

Figure 4-3, Surface absorption coefficients of plutonium as a function
of the concentration of other salts (i.e., ZrCly, LaClj,
CaCl,, NaCl) for limestone (Fried, et al., 1976a).
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Figure 4-6. Schematic diagram of the high-pressiure stainless-steel

chromatographic column (Fried, et al., 1976a).

was then forced through the limestone disk in increments by means of
a piston, which exerted pressure on the water isolating it from the
pressurizing gas. The depth of penetration of the plutonium tracer
was measured using an x-ray absorption technique. The results of these
experiments yielded a migration coefficient M of 30 * 10 um/m of water
flow for the limestone and 61 * 8 um/m of water flow for the basalts,
where M= the average distance traveled by the plutonium atoms for every
meter traveled by the water molecules,

Noshkin, et al. (1976) collected seven plutonium-contaminated
soil samples from Eniwetok Atoll and equilibrated them éeparately with

uncontaminated sea water. Water was filtered at intervals through
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an 0.4-um filter and soil and water were énalyzed for plutonium at
equilibrium. The mean Kd value for these samples at equilibrium was
8 x 104 ml/g. Field results from particulates in the groundwater

vs the groundwater itself gave an average K, value of 2.5 x 105 ml/q

(Tabie 4-11). The two laboratory and fielddvalues are quite close.
Bondietti,'et al. (1976) determined plutonium distribution

coefficients for Ca-saturated clays separated from Miami silt loam

soil and for a reference montmor illonite. They used 5 x 10—3 M calcium

solutions [Ca-acetate and Ca(N03)2] at pH 6.5 and determined K, values"

d
for two plutonium valence states. K., values as a function of plutonium

valence states are given by Table 4-?2.

Aécbrding to Bondiétti, et. al. (1976), the high sorption of Pu(VI)
to the soil clay compared withlmontmorillonite indicates that plutonium
reduction by cléy components must have occurred, yielding sorption values
similar to those for Pu(IV). Pu(VI) also appears to adsorb less than
the tetravalent Pu. A | V

Bondietti and Reynolds (1976) in later work studied the sorption
of plutonium when Pu(IV) was added at about 0.6 ppm (Pu mass/clay mass)
to treated clays separated from Miami silt loam soil usihg 238py as
the tracer. A solution of 5 x 10"3 M Ca(NO3)2 at pH 4.0 was used and
kd values were determined as a function of time and treatment of the
clay fraction. The clay fraction was first equilibrated with organic
matter present; then the clay was treated to remove organic matter and -
the resultant material equilibrated again. Next, free iron oxide was
also removed and the clay equilibrated. These procedures were repeated
after equilibrating for 3 weeks, 18 weeks, and 52 weeks. The Kd values
obtained for different treatments and equilibration times are given
in Table 4-13. According to Bondietti and Reynolds (1976), the results
shown in Table 4-13 suggest that sorption studies using Pu(IV) should
bé carefully examined because the soluble species that do not sorb
may be in a different oxidation state than that initially added.

Glover, et al. (1976) using 17 selected soils of wide-ranging
physical and chemical characteristics (Table 4-14), studied their equili-
brium sorption and elution characteristics with plutonium and americium

nitrates as the source of the actinides. Complete chemical and physical
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" Table 4-11. Concentrations of 239,240py; groundwater particulates in May 1974 (Noshkin, et al., 1976).
239,240py (3 f
Depth Particulate , Fraction in
Island Well (m) {(mg/1) (£Ci/1) 2 (£Ci/mqg) 1n Kd(d) particulates® Kg
Janet - XEN2 Surface 10.4 21.0 (9)b
‘ 3.79(14)C 2.38 13.85 0.92 1.04 x 106
XEN4  Surface 2.5 2.9 (30) 1.16 12.08 0.31 1.76 x 103
XEN1  Surface 15.0 47,0 ( 9)b
0.95(13)¢€ 3.20 13,19 0.87 5.35 x 107
7 7.8 6.0 (18)€
0.26(33)b 0.80 13.33 0.82 6.15 x 103
AEN1 ; 7.5 .5 (16) 0.2
10.8 26.3 1.3 (50) 0.05 _
AEN3  Surface 5.1 1.3 (60) 0.25 11.23 0.28 7.54 x 104
? 3.1 0.9 (40) 0.30 12.08 0.35 1.76 x 10°
10 13.8 2.1 (25) 0.15 11.66 0.62 1.16 x 10%
AENS Surface 30.2 1.8 (90) 0.06
7 2.9 0.9 (70) 0.31
AENS  Surface 0.8 2.4 (23) 3.0 13,12 0.29 4,99 x 10~
AEN2 10 12.8 "25.0 (7) 1.95 12.87 0.83 3.88 x 10-
Belle ABMl  Surface 157 206 ( 2) 1.31 9.56 0.69 1.42 x 104
Elmer APAl  Surface 4.4 0.2 (40)b :
: 0.14(53) 0.08
10 19.6 0.4(100)b
0.2 (30)€ 0.03
Mean 1ln Kg = 12.42
Mean Kg = 2.5 x 107

a0.4- and l1-um filters were processed together except where indicated
bl.O—um filter only
€0.4-ym filter only
drhe distridbution coefficient is the dimensionless ratio of the quantity of Pu per gram of suspended
material (dry weight) to that per gram of water:

epraction of 239,240py in total particulates >0.4 m

In K4 = 1In

{fCi/mg particulate) x 108

fCc/1 water

Kg is calculated by the equation:

£ . . .
(30) values in parentheses are 10 counting errors exopressed as percentages of listed values.



Table 4-12, Effect of valence on plutonium distribution coefficient

to Ca-saturated clays, pH 6.52 (Bondietti, et al., 1976).

Initial
actinide % unabsorbed K3
Material Tracer valence to clay (ml/g)
Clay separated from A
‘Miami silt loam soil 237pu Iv 0.40 . 10.4 x 104
238py o 0.25 16.8 x 104
239py vIb 0.62 7.5 x 104
Montmorillonite 239py v 2.0 2.1 x 104
2.5 x 102

239py VI 63.0

apqueous phase 5 mM in Ca2*,

bCca-acetate; remaining studies conducted in Ca(NOj3) ;.

Table 4-13. Sorption of 238py(1V) to treated clays: pH 4.0,

5 x 10~3 M Ca(NO3) (after Bondietti and Reynolds, 1976).

Time and . Percent Bvidence of Polymer @d

treatment sorbed or Pu(vI)?® (ml/g)

3 weeks .
Clay 99,86 - 2.9 x 10°
-0.M.b 50.0 - 4 x 102
~Fe + O.M. 99.8 - 2 x 103
Blank® n L - ' -

18 weeks .
Clay ) 99.8 No. ’ -
-o.M. . 61.5 Yes ~ 3.5 x 102
-Pe + O.M. 99.9 No -
Blank 71.7 . Yes -

52 weeks »
Clay ‘99.9 <208 (VI) 1.9 x 10°
=0.M. 99.8 08 (VI) ' 8.1 x 104
-Fe + O.M. 99.8 <208 (VI) 8.1 x 104
Blank . 78.6 258 (VI) -

i

4By thenoyltrifluoroacetone extraction, PrF3 precipitation (holding
oxidant method) and hexone extraction.: :
bo.M, = organic matter.

ONo clays present.
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Table 4-14. Physical and chemical characteristics of soil (Glover, et al., 1976).

. Soluble Soluble Inorganic  Organic
Soik - CEC salts carbonate carbon matter Sand Silt Clay
Source code (meq/100 gt (mmhos/cm)  (meq/1) (% CaCO3) (%) pH (%) (%) (%) Texture

Colorado A (Rocky Flats) CO-A 20.0 3.6 5.97 0.4 2.4 57 44 20 36 Clay loam,
Colorado B (Sugar Loaf) CO-E 17.5 0.4 10.97 0.3 3.4 5.6 64 14 22 Sandy clay loam
Colorado C (Rocky Flats)  CO-C 29.6 0.4 1.98 24 0.7 7.9 5 31 64 Clay
Idaho A (ERDA) ID-A 15.5 0.5 2.71 17.2 0.8 7.8 16 50 34  Silty clay loam
Idaho B ID-B 13.8 0.8 2.51 7.9 0.2 8.3 44 24 32  Clay loam
Idaho C ID-C 8.2 1.0 2.52 5.2 0.3 8.0 66 41 23 Sandy clav loam
Idaho D ID-D 17.5 1.2 4.90 0.0 0.1 7.5 38 32 30 Clay loam
Washington A (Hanford) WA-A 6.4 0.9 2.60 0.6 0.3 8.0 74 12 14 Sandy lozm
Washington B . WA-B 5.8 0.4 2.30 00 0.1 8.2 74 12 14 Sandy lozm
Tennessee (Oak Ricge) N 20.5 0.4 0.30 0.0 1.0 4.8 32 32 36 Sandy lozm
South Carolina (Bartwell)  SC 2.9 04 0.50 0.2 0.7 5.4 78 2 20  Sandy loamsilty
New York (West Valley) 'NY 16.0 1.2 1.40 . Clay loam
New Mexico (Los Alamos) 'NM 7.0 1.7 2.80 0.0 2.7 5.4 32 32 36 Clay loam
Arkansas A AR-A 34.4 0.5 0.10 0.2 0.7 6.4 48 48 18 Toam
Arkansas B AR-B 3.8 0.4 0.10 0.9 3.2 6.2 10 34 56 Silty clay

0.7 0.6 4.8 82 9 9  TFine sand
Arkansas C ARC 16.2 0.3 0.10 0.6 2.3 2.3 9 54 37 Silty clay loam
Illinois IL 17.4 0.5 0.10 0.7 3.6 3.6 31 53 16 Loam




_analyses of all but four soils were done. Three standard plutonium solu-"
tions containing initial‘plutonium concentrations of 10'8'§, 10_7 M,

and 1078 M (or 9,600 dis/min/10 y1, 103,000 dis/min/10 yl, and o
972,000 dis/min/10 Jl, respectively) were used for sorption measurements.
A soil-to-solution ratio of 1 g to 5 ml was used and 10 ul of the required
concentratlon of the standard plutonium solution were added to this o
mixture. Depending on the experlment from 5 to 48 hours were requlred
for equilibrium sorption. The distribution coefficients for each of

the 17 soils are given in Table 4-15. Tables 4-16' and 4-17 give the

same Kd values obtained by Glover, et al. (1976) along with pH and Eh
data of  the system.

Results shown in Table 4-15 show a wide range of Kd (ml/qg)
values obtained from a low of 35 to a high of 14,000, This indicates

the great sensitivity of K. values to changes in plutonium concentration,

especially at  high levels gf plutonium sorption. ,

In plutonium column elution studies by Glover, et al. (1976) with
three different soils, 24 g of soil were added to a l-cm-internal-
diameter, 4-cm-long glass column. One gram of the same soil was mixed
with 10 yl of 1073 M plutonium nitrate solution and then distributed
evenly on top of the soil in the column. After packing, the column.
was washed with one liter of distilled water and the effluent collected
and analyzed for plutonium. The Kd values for plutonium obtained by tﬂis
elution study are given in Table 4-18.

Regression énalyses are being performed to determine whether or
not relationships exiét between plutonium sorption and soil character-
istics such as cation exchange capacity, part1c1e size and dlstr1but10n,

and sand and clay content.

Neptunium

Very little work has been done on the distribution coefficient
determination of neptunium in sediments and soils. Only two references
indicate Kd value determinations for neptunium. A Kd value of 15 ml/g
for neptunium baetween water and a typical western desert soil has been

estimated by Schneider and Platt (1974). The soil characteristics
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Table 4-15. Mean Kq(y) vAalnes? + statistical crror (ml/g) for

plutonium at equilibrium sorption (Glover, et al., 1976).

Initial Pu concentration (M)

Soil code 10-8 10-7 10-6
co-a 2200 * 460 2700 *170 1200 * 190
CO-B 200 *24 130 *6 40 £ 3
co-¢ 1900 +110 - 1800 * 100 2000 * 3
ID-A 1700 + 70 4300 *160 5000 * 290
ID-B 320 +26 330 12 140 * 11
ID-C 690 110 4100 *150 4000 * 23
ID-D 2100 * 640 1500 * 80 310 * 42
WA-A 100 =7 100 +3 35 £ 1
WA-B 430 +27 600 * 44 680 * 16
™ 2600 * 640 1200 * 100 14000 * 2700
sC 280 *5 870 +52 1000 * 20
NY 810 * 130 1100 * 45 870 * 57
NM 100 *5 200 *8 220 * 12
AR-A 710 * 36 660 * 33 760 * 45
AR-B 80 *3 230 9 260 * 35
AR-C 430 * 23 570 * 44 870 * 30
IL 230 %10 630 * 95 320 * 130

aGlover, et al. (1976),'u§§ a different notation--Kq(y) rather than the
conventional notation Kg--to imply that because of the complex chemistry
of polyvalent radionuclides, the experimentally measured sorption
coefficient may be related to a summation of a number of different

mechanisms rather than any specific sorption mechanism.
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Table 4-16. Sorption of plutonium in soils; distribution coefficients’

for soils in basic solutions‘(Polzer and‘Miner, 1976) .

: .

Initial Pu
Soil conc. (M) Kg (m) (&) pH -Eh (V) Puy,/Puc (2)
WA-A 10-8 \ 100 7.9 0.41 0.4
10”7 98 7.9 0.42 3.2

10-6 35 7.9 0.44 - 40

WA-B 10-8 ‘ 430 . 7.8 0.46 0.0004
10-7 590 7.8 0.46 0.2
10-6 110 7.8 0.41° . 7.9

ID-D 10-8 2100€ 7.8 0.44 0.008
10-7 1500 8.0 0.41 0.4
10-6 310€ 7.9 0.41 5.0

ID-C 10-8 690C 8.4 0.45 0.03
10-7 4100 8.0 0.43 0.06
10-6 4000 - 8.0 0.44 0.3

ID-A 10-8 1700 8.4 0.45 . 0.0005
10~7 4300 8.0 0.44 0.03
10-6 5000 7.8 0.45 0.2

ID-B 10-8 320 8.8 0.44 0.05
10-7 300 8.9 0.41 1.6
10-6 140 8.6 0.40 63

co-C 10-8 1900 8.0 0.49 0.0001
10-7 1800 7.8 - ' -
"10-6 2000€ 8.2 0.44 1.0

ARatio of Pu concentration measured in the water phase at sorption
equilibrium (Pup) to the Pu concentration calculated to be present
if the water were in equilibrium with Pu(OH)4 (Pug). Pug is based
on a solubility product for Pu(OH) of 10’51-9 in basic solutions.
b-erhe standard error of the mean is: b, 8% or less; c, between 11% and
16%; d, between 20% and 25%; and e, 31%.
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Table 4-17. Sorption of plutonium in soils; distribution coefficients

for soils in acid solutions (Polzer and Miner, 1976).

Initial Pu
Soil conc. (M) Kd(m)(b) pH Eh (V) Pum/Puc(a)
sc 10-8 280 5.5 0.48 20
10-7 870 5.2 0.53 14
10-6 1,000 5.2 0.53 100
NM 10-8 100 6.9 0.48 20
10-7 200 6.0 0.47 600
10-6 330 6.2 0.51 1,000
™ 10-8 2,6009 4.9 - -
107 1,200 4.0 - -
10-6 14,0004 5.0 0.53 8.0
AR-B 10-8 | 80 5.6 0.58 1.0
10~7 230 5.3 0.55 9.0
10-6 260C 5.0 0.64 3.
co-a 10-8 2,220% 6.5 0.49 2
10-7 2,700 6.2 - -
10-0 1,200¢ 6.8 0.43 16,000
co-B 10-8 190¢ 5.8 0.53 6
10~7 130 5.8 0.53 60
106 40 5.8 0.53 3,200
AR-C 10=8 430 5.9 0.40 100
10-7 570 5.9 0.42 680
106 870 6.0 0,57 C13
1L 10-8 1 230 5.8 0.61 0.1
10-7 630C 5.4 0.65 0.06
10-6 , 27 5.7 0.64 26
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Table 4-17. Continued.

Initial Pu

Soil conc. (M) \ Kg (m) ) pH Eh (V)  Pum/Puc(a)

AR-A 108 " 710 6.7 0.51 1.6
10-7 660 6.5 0.54 5.8
10-6 760 7.0 0.50 200

NY 10-8 810C 6.0 - -
10-7 1100 6.0 0.54 6.0
10-6 870 6.1 0.49 600

aRatio of Pu concentration measured in the water phase at sorption
equilibrium (Puy) to the Pu concentration calculated to be present if
the water phase were in equilibrium with Pu(OH)4 (Pug). Pu, is based
on a solubility product for Pu(OH)4 of 107552 in acid solutions..
b-erhe standard error of the mean is: b, 8% or iess; c, between 11%.

and. 16%; d, between 20% and 25%; and e, 31%.



Table 4.-18. Distribulion cuoelflicient values for plutonium as a
function of soil as obtained by column elution method

(Glover, et al., 1976).

Soil K4 (m (ml./qg)
ID-B . 144
CO-A 1180
iD-A 5020

are described in the earlier reference to Schneider and Platt in the
section on plutonium, above. Routson, et al. (1975 and 1976), using
. values for neptunium and americium as a

d
. . + . +. . .
function of calcium (Ca2 ) and sodium (Na ) ion concentration for eastern

batch tests, determined K

Washington and South Carolina subsoils. Batch tests were conducted

with a soil-to-solution ratio of 1 g to 25 ml and influent solution

pHs of 2.5 and 3.1. The system was equilibrated for 24 hours. The

Kd va;:es were+found to decrease with increasing solution concentrations
of Ca and Na . Properties of soil samples and the results of adsorption

studies are given in Tables 4~19 and 4-20 respectively.
Amer icium

The distribution coefficients of americium have been measured
by several investigators. Between water and a typical western desert

soil a Kd value of 2000 ml/g for americium has been estimated by Schneider

and Platt (1974). .
In americium adsorption studies, Hajek and Knoll (1966) used acidic
high-salt wastes (5.4 g'NO;) spiked with organics typical of a fuel '

reprocessing plant. K., values obtained in batch tests are given in

qa
Table 4-4. When comparing Kd values for americium with Kd values for
plutonium (Table 4-4), in most cases Ka(Am) < Kd(Pu). The Kd values
for americium as a function of organic solution from a column study

are given in Table 4-5.
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Table 4-19. Soil saﬁple properties (Routson, et al., 1975).

CaCO4 Silt Clay CEC

Soil (mg/9) (%) () (meq/100g) - pH
Washington 0.8 10.1 0.5 4.9 7.0
South Carolina <0.2 3.6 37.2 2.5 .

Table 4~20., Distribution coefficient values for neptunium and
americium as a function of soil and solution Na and Ca

ion concentration (Routson, et al., 1976).

South Carolina . Washington
Solution K3 (Am) K3 (Np) " Kg(Np)
(M) (ml/g) (ml/q9) (ml/g)
Na
3.00 1.0 +0.12 " 0.43 * 0.16 3.19 * 0.22
0.75 2.9 $0.2 0.45 * 0.09 3.28 * 0.33
0.30 6.3 £0.7 0.50 * 0.09 3.28 * 0,13
0.030 130  +2.0 0.57 * 0.03 3.51 * 0.19
0.015 280  *24.0 0.66 * 0.08 3.90 * 0.12
ta ‘
0.20 1.0 *0.04 0.16 * 0.06 0.36 *°0.07
0.10 2.2 0.2 | 0.62 * 0.04
. 0.05 3.6 *0.6 ‘ 0.78 * 0.16
0.02 8.4 =*1.0 . 0.93 £ 0.07
0.002 67  +5.0 0.25 * + 0.04

0.0 2.37

astandard deviation.

8o
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Hamstra and Verkerk (1977) reported distribution coefficient
measurements for Dutch subsoils using 90% saturated NaCl solution at
pH 7 to 8. A soil-to-solution ratio of 1 g to 150 ml was used.  Clay
samples consisting of mainly illite and kaolinite had a Kd of 5 x 104 ml/g;
river sand had a Kd of 400. Clay- and gypsum-bearing sandstones had
intermediate Kd values (Tables 4-9 and 4-10).

Fried, et al. (1974, 1976a and 1976b) determined the sorption of
americium onto a basalt. The value of the surface-absorption coefficient,
K, for 10_’7 M solutions of Am'(N03)3 was 0.041 * 0.02 for basalts (see
the earlier reference to Fried, et al. in the section on plutonium,
above, for the definition of K and other details). The effect of
other ions on the absorption constant was also studied. Addition of
salts to the solution lowered americium adsorption. Higher valence
cations (La3+ and Z£4+) lowered the americium adsorption much more

. + + .
than lower valence cations (Na and Sr2 ). See Figure 4-7.

10

- No® M MR
kst Basait Cores
L[ a8,C
i0”! =
. g z,"
107
L0

YT

vy

10-4

Motarity of Sait

T w

10°%

LA

T

10°8

T I1!J"]

-7 ! H H i - P
'0 0005 10 1520 2530354045 50 55 60
Kk .
Figure 4-7. Surface absorption coefficient of americium as a function
of the concentration of other salts for basalt cores (Fried,

et al., 1976a).
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Routson, et al. (1975, 1976) used batch sorption experiments to
determine Kd values for South Carolina subsoil (sandy clay) a; a funcgion
of calcium and sodium ion concentration. They used a soil-to-solution
ratio of 1gto 2.5 ml at an initial solution pH of 2.5 and 3.1 and
equilibrated the system for 24 hours. The americium Kd values are
given in Table 4-20. For Washington subsoil, americium K, was found

to be greater than 1200 ml/g for all concentrations of caicium.

Glover, et al. (1976) used basically the same procedure for americium
sorption measurements as was used for plutonium experiments (see the .
earlier reference to Glover, et al. in the section on plutonium, above).
Initial americium concentrations were 107 ° M and 1078 M. From 24
to 48 hours were required for equilibrium sorption. The Kd values for
americium are given in Tables 4-21, 4-22, and 4-23. Table 4-21 shows
that K, values for‘americium are very sensitive to.changes in americium

4
concentration, especially at high levels of americium sorption.

Curium

Only one reference in the literature indicated dist;ibution coefficient
values for curium. Schneider and Platt f1974) gave an estimated Kd
value of 600 ml/g for curium between water and typical western desert’
soil. No details were given either about the experiment or about the

method used.
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Table 4-21. mMean distribution coetticient values + statistical error
(ml/g) for americium at equilibrium sorption (Glover,
et al., 1976). .
Initial Am concentration: (M)
Soil code 10-10 10-8

CO-A 2500 + 210 2600 + 110
CO-B 600 + 24 840 + 20
co-C 5200 + 970 8100 + 400
ID-A 5900 + 230 510 + 8
ID-B 300 + 10 610 + 86
ID-C 820 + 43 1300 + 31
ID-D 10000 + 15000 8500 + 660
WA-A 120 + 7 200 + 14
WA-B 230 + 5 430 + 28
TN 2600 + 470 9700 + 1100
sc 82 + 1 190 + 9
NY 920 + 79 2300 + 330
NM 400 + 11 420 + 7
AR-A 2900 + 1800 3300 + 240
AR-D 390 + 20 760 + /2
AR-C 1800 2300 + 50
1L 1600 + 190 1900 + 22
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Table 4-22. Sorption of americium in 'soils; distribution coefficients

for soils in basic solutions (Polzer and Miner, 1976).

Initial. Am
Soil concentration (M) K4 (m) - pH - : -Eh (V)
WA-A 10-92.4 120 8.0 0.43
10-7.4 200 7.8 0.46
WA-B 10-9-4 230 8.0 0.44
10-7.4 430 7.9 0.44
ID-D 10-2.4 10,0000 7.8 0.45
10-7-4 8500 7.9 0.44
ID-C : 10-9.4 820 8.4 0.47
1074 : 1,300 8.2  0.47,
ID-A 10-2.4 6,2004 8.1 . 0.44
10-7.4 514 8.4 0.42
1D-B 10-9.4 300 8.7 0.43
10-7.4 610P 8.5 = 0.42
co-C 10-9-4 5200 8.0 0.42
10-7.4 8100 8.0 0.44

a-drhe standard error of the mean is: a, 10% or less; b, between 12%
and 20%; c, 32%; and 4, 60%.
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rable 4-23. Sorption of americium in soils; distribution coefficients

for soils in acid solutions (Polzer and Miner, 1976).

Initial Am
Soil concentraéion (M) K4 (m) pPH -Eh (V) .
sc 10-2.4 82 6.1 0.54
10-7.4 190 5.9 0.55
NM 10-9.4 400 6.9 0.49
10=7-4 420 7.3 0.48
TN 1079-4 20000 5.2 0,49
10-7.4 9700b 5.1 0.49
AR-B 10-2.4 390 6.6 0.57
10-7.4 760 6.5 0.56
co-A 10-9.4 2500 6.6 0.41
10-7.4 2600 6.4 0.43
co-B 10-9.4 600 6.4 0.52
10-7.4 840 6.4 0.43
AR-C 10-9-4 1800 5.9 0.57
10-7.4 2300 6.0 0.60
IL 10794 1600P 5.9 0.56
10-7.4 1900 5.8 ' 0.56
AR-A 10-9.4 820C 6.6 0.57
10-7.4 3300 6.5 0.56
NY 10-9.4 a20 6.2 0.4%
10-7.4 2300P 6.0 0.50

a'?The standard error of the mean is: a, 10% or less; b, betwcen 12%

and 20%, c, 32%; and 4, 60%.

260



SUMMARY AND RECOMMENDATIONS

Published literature concerning the sorption distribution coefficients
of plutonium, neptunium, americium, and curium on soils and sediments was
reviewed and the K, data for the four radionuclides were compiled in

d
tabular form. Very few studies for K, determination have been conducted

%ngr neptunium and there is only one r:ference in the literature for curium
Kd. The available sorption data show a wide vagiation in radionuclide
Kd values.

The recommendations for future studies are as follows:

1. A detailed investigation should be done of the mechanisms
{such as ion exchange, precipitation or formation of complex
anions), involved in the uptake of the polyvalent radionuclides
(such as plutonium and americium) by soil.

2, In future_édsorption studies, multiple regression analysis
techniques should be employed to determine the combination
of soil properties (such as particle size distribution, soluble
salt, silt, clay, organic carbon, CEC, or pH) that best account
for the retention of radionuclides in soils. '

3. Tests should be done under conditions that are close to those
existing in the field, that is, with dndisturbed samples.
Most tests in the literature for Kd determination have been
conducted either on artificially prepared soil samples or
on field samplee that were highly disturbed (exposed to the
atmosphere and disaggregated).

4. Studies should be done to understand and identify the radio-
nuclides species or element valence states [such as Pu (1V)
or Pu(V[] that are adsorbed in the soil.

5. Studies are needed on the anion species that combine with

polyvalent radionuclides to form complex anions and thus in-

hibit nuclide uptake by soil.
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6. Because the ultimate secondary cofitainer in a repository for
disposal of high-level radioactive waste will be some rock
stratum, sorption data on rocks are required. Experiments

should be conducted to determine the distribution coefficients

on rocks.
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APPENDIX 4-1: SUMMARY TABULATION OF DISTRIBUTION COEFFICIENT

Table A. Review of the literature on radionuclide Kys. Batch

/
Soil-to
I'racer tquilibrium distribution Solution/waste Actinide concentration solution
clement Actinide valence coefficient composition in solution before ratio Shaking time
Ky (mUyg) and pil contacting with soil (g/mQ)
239, not specified From 18 to 2 1980 Solution prepared using 0.01 pCi/mt 1:20 “T'hree hours
(sce Fig. 4-1 and Table 4-2). distilled water;
pH adjusted by adding NaOIl
or HC).
Pu 1, 1V, Vi From 6.0 to 2 10,000 Solution prepared using dis- 0.05 pCifmt 1:10 Twohours
(See Figure 4-2). tilled water; pll adjusted by
. adding NaOH or 1INO3.
239y, and not specified For Pu, from 1.4 to 1540; Synthetic waste prepared Synthetic waste spiked not not
Am for Am, from < 1.0 to 500; by mixing high-salt, acidic with actual chemical specificd specified
(see Table 4-3). aqueous phase processing waste con-
(5.4 M NO3) with organic taining Pu and Am.
compounds.
Pu v From 11 to 8.3 X 104 Solution prepared using dis- Original spike of putt 1:250 not
(sce Table 4-6). tilled watcr: in 1 M IINO3 specified
solution pil adjusted initially
with NaOll to 7.0.
Np, Pu, not specified Kq for Np = 15, K4 for Pu = Pypical nowsaline groundwater not not not
Am, Cm 2000, K4 for Am = 2000, pll=6882. specified specified specified
and K for Cm = 600. (See p. 3.55 of this reference
for groundwater compaosition.)
2”Pu 1L, 1V, VI For oxic conditions: from Sea water, pll = 7.8-8.0 for both Pu added to sea water in not not
L3X 10t to s X w0l oxie and znuxiv vonsdivuns, I, 1Y, and V1 valonge epucified specifierd
For anoxic conditions: from states.
9.3X 103 1094 X 104 (see
Yable 4-7). ‘
238y, nut spegified From 1.0 to 240 Simulated plant waste Supernate contained 1:10 Resin shaken
(sce Table 4-8). supernate (5.75 M Na*, 1.75 %X 107 overnight with
0.5 M Al02.0.75 M O™, dis/(min)(m@)2 38py synthetic
2.2 M NO3, 1.1 M NO3, supernate
0.3 M <:o§', 0.3 M SO3",
and 0.0002 M %)
239'24()}!11 not specified For Pu, from 200 to 10,000; 70% saturated NaCl solution, not 1:150 not
and 2+ am for Am, from 40¢ to 50,000; pli=78. . specified specified
(sec Table 4-9 and 4-10).

EU AN
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DATA FOR PLUTONIUM, NEPTUNIUM, AMERICIUM, AND CURITUM

equilibrium test data for plutonium, neptunium, americium, and curium.

Soil cation

Initial exchange Particle size
soil pi capacity Soil/matcrial type and content and distribution Observations/comments * Reference
(megq/100g)

8.6 5.0 Subsurface soil from Itanford Project. As percent by Kg values in Table +-2 suggest exis- Rhodes 1952,
Unconsolidated, unweathered sediments weight: tence.of a Pu polymer in solution at 1957a,1957b
having silt, <lay. and = 2% free GaCO3. > 2 mmdiam, 6% pll>> 2 with the exception of pH
lay Praciin nmalus ol Lol o AT range A v il oy apparemiyp e
lonite and kaolinite in the ratio of 3:1. 0.2 t0 0.02 mm. polymer formed carrics a positive

19% charge that enables it to be taken up
0.02 to 0.002 mm, rapidly by the sqil.
6%
<0.002 mm, 2%
not Ranged from 0.012 Soil samples from water table at not Adsorption was more than 90% com- Prout, 1958,
specified for soil pIt 4 to Savannah River Plant contained specified plete from solutions of Pu(ll1) and 1959
1.24 for soil pl1 10 20% clay and 80% sand. Domi- Pu(IV) beeween pH 2.5 and 12 and
(see Tuble 4-3). nant clay mineral — kaolinite, from solutions of Pu(VI) at pH > 6.
not not Soil from various depths between not Adsorption from strongly acid or Hajek and
specified specified the surface and groundwater from specified partially neutralized waste was Knolt, 1966
wells at Z-1 A tile field site, Rich- minor.” Adsorption from alkaline
land, Wash., air-dricd and sieved to ’ waste from precipitation was high.
<2 mm diameter. Introduction of a stug of organic
reduced the Ky of both Puand Am.
nat nut Study conducted with different not The amount of radionuclide removed ‘Tamura, 1972
specified specified minerals (sec Table 4-6). specified (adsorbed) from the solution appears
tw depend vn the pil of the suspen
sion; the higher pH favors greater re-
maval hy farmarian of nuclide hydro-
xides which are scavenged by the clays
(see Table 4-d).
7.0 10 8.2 5.0 Typical western desert soil —sand or. | not Schneider and
sandy loam containing = | mgof specified Platt, 1974.
free CaCOj3 per gram of soil. T
not not Study conducted on marine sediments not K values for both oxic and anoxic Duursma and
specified specified from Mediterrancan Sea using sedimen- specified conditions appear simifar for all Parsi, 1974
tation (water column) ang thin laver three valence stares
methods.
not hot Synthetic ion exchange resing not Qut of the five resing tested, sorp 1. 1. DuPont
specified specified (see Table 4-R). apecificd tiuns of P'u was maximum by de Nemaours
. “Duoliid” ARCIIY. & Lo, 1975
not not Various soil materials (clay, sand- not Ry values for caprock and river sand lamstra and
specified specified stone, caprock and coarse river sand) specified were lower than clay containing verkerk, 1977

from boreholes surrounding salt

furnmtives s HE Nodiolamds,

material due to the ahsence of clay
MALerIat in thém.
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Table A. Review of the literature on radionuclide Kdé. Batch 'eciuilibrium test

Tracer
element

Actinide valence

Equilibx;ium distribution
coefficient
K4 (mt/g)

Solution/waste
composition
and pll

Actinide concentration
in solution before
contacting with soil

Soil-to -

solution
ratio
(g/mQ)

Shaking time’

238py, and
2 Am

IV for Pu,
11 for Am

Lquilibrium surface absorption
constant K(cm2/m@):

For 4 X 1075 M solution of
Pu(NO3)4=

0.10 £ 0.02 for limestone,
0.07 £ 0.02 for basalts.

For 107 A solution of
AM(NO3)3=

0.041 £0.02 for basalts.

(Sce Figures 4-3, 44, 4-5 for
the effect on K of other ions.}

“Fracer solutions prepared.using
aliquots of small solutions of
the tracer and evaporating them
to dryness with HINO3. Am and
Pu brought into solution with
distilled water; original solution
pll = 7.0, final pH ranged be-
tween 7 and 8.

Disks of limestone and
basalt immersed in
solutions of

4% 105 M Pu(NO3),
or 107 M Am(NO3)3

not
specified

' Alpha or éammé

counting rate of
aliquots counted
at 12-hr. intervals
until equilibrium.

239-240p,

not specified

Mean Ky for seven samples

=8 x 104

Mean Kg for ficld particulates
in the groundwater = 2.5 X 105
(see Table +-11).

Pu-contaminated soil samples
equilibrated in the laboratory
with uncontaminated sea water.

not
specified

not
specified

not
specified

237,238,239

Pu

vV, vi

For soil clay fraction,

Kg =75 % 10t w0168 X 104
for reference montmorillonite
Kg=25X 108021 X 10%

(see Table 4-12).

Studies conducted in
Ca-acetate and
Ca-nitrate solutions.

not
specified

Varied, not
specified.

not
specified

238,

v

From 3.5 X 102 10 2.9 X 103
(sce Table 4-13).

Study conducted in 5 X 10°3
M Ca(NO3); solution.

238Pu added at about

0.6 ppm (Pu mass/clay
mass).

not
specified

Equilibra(ion time
= 3 weeksto 52
weeks.

Puand Am |

1V for Pu,
11 for Am

For Pu: from 35 to 14,000
(see Tables 4-15, 4-16 and
4-17).

For Am: from 82 to 10,000
(see Tables 4:21, 4-22, and
4-23).

Solutions prepared by dilut-
ing in 0.5 1INOj standard
solutions of plutonium and
americium, respectively.
Solutions were kept acidic to
prevent iydiolysis and poly-
merization of plutonium.

Initial Pu conce