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ABSTRACT 

A concrete liner emplaced in 1984 in a shaft at the Waste Isolation Pilot Plant has served as a natural laboratory 
for observing interactions among concrete, evaporite rocks, and brine. During a routine inspection of the liner in 
the spring of 1990, discoloration, deposition of secondary salts, wet areas with exposed aggregate grains, softening 
of paste, surficial spalling, and cracking were observed locally on the concrete surface of the liner. Some 
construction joints showed apparent leakage of brine from behind the liner, which was nominally 50 cm thick. 
Seepage brines were nearly saturated relative to CaC12 and contained lesser amounts of MgC12 and KCl, and 
minor NaCL The liner surface was locally altered to a 1-2 cm friable hygroscopic layer containing little cement 
paste; concrete cores (7 or 10 cm diameter) through the liner at depths of 248, 254, 255, and 271 m showed similar 
degrees of alteration at the liner/rock interface. The most profound alteration of concrete was developed in a - 7 
cm zone subparallel to and straddling the construction joint cored at a depth of -254.5 m. This zone was 
extensively microfractured, transected aggregate grains, and contained brucite, gypsum, magnesium 
hydroxychloride hydrate, and locally calcium chloroaluminate instead of the usual phases of hydrated portland 
cement. Several mechanisms of chemical degradation have been proposed, the most likely being attack by 
magnesium ions. 

1 This report has been accepted for publication in the Proceedings of the Materials Research Society. The 
present version differs in format only. 
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INTRODUCTION 

Background 

The Waste Isolation Pilot Plant (WIPP) was 

authorized by Public Law 96-164 "as a defense 

activity of the DOE [Department of Energy] for the 

express purpose of providing a research and 

development facility to demonstrate the safe disposal 

of radioactive wastes from the defense activities and 

programs of the United States." The WIPP facility 

has been excavated at a depth of 660 meters in bedded 

rock salt of the Salado Formation (Ochoan Epoch, 

Permian Period) in the Delaware Basin of 

southeastern New Mexico. 

The waste-handling shaft was designed to function 

throughout the operational period of the WIPP 

(approximately 30 years). The concrete liner of the 

Waste shaft was placed between November, 1983, and 

April, 1984. The liner was constructed from the 

surface downward to a depth of approximately 250 

meters (nominally 50 cm thick). Then a key 

(nominally 1 meter thick) to support the liner was 

constructed upward from a depth of approximately 

275 meters to approximately 250 meters in 2.5 to 3 

meter lifts; more than two weeks elapsed between 

placing the concrete at the bottom of the liner and 

placing the concrete at the top of the key. In addition, 

the concrete at the top of the key was placed 

underneath the previously placed liner. Figure 1 

shows the approximate configuration of the shaft liner 

(not to scale). 

During inspections of the Waste shaft in May, 1990, 

patchy surface layers of deteriorated concrete were 
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observed between approximately 247 and 274 meters 

below the surface. Highly-developed deterioration 

and possible seepage of groundwater were noted at 

joints in the liner key, particularly at what appeared to 

be a joint located 254.5 meters (834 joint; Figure 1) 

below the surface. 

Objectives 

The objectives of this work were to analyze samples of 

apparently deteriorated concrete to determine its 

condition and possible mechanisms of its 

deterioration. This work is part of an ongoing 

program to investigate the long-term behavior of 

cementitious materials in evaporite environments. 

Although previous studies have documented the 

interactions between cementitious concretes and 

solutions of high ionic strengths (such as sea water}, 

concretes are not routinely exposed to environments 

containing groundwater with such high concentra

tions of solutes as in the evaporites of the northern 

Delaware Basin. Consequently, this environment 

provides a unique natural laboratory for investigating 

the behavior of concrete under unusually harsh 

geochemical conditions. 

Materials in the Shaft Liner 

The aggregate was dolomite, required to conform to 

ASTM C 33 and was supplied from local commercial 

quarry operations in the Carlsbad, New Mexico area. 

The cement was required to conform to ASTM C 150 
' 

Type V. This concrete formulation can be described 

generally as a mixture of low-alumina cement, a 

pozzolan (Class C fly ash substituting for 18% 
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Figure 1. Schematic configuration of WIPP waste shaft and concrete liner, showing relative locations of cores in 
this study, designated by depths in feet. Not to scale. 
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cement), and an aggregate, with a low ratio of water 

to cementitious materials. 

Both cementitious and chemical grouts were injected 

into the space behind the liner to control water inflow, 

on two separate occasions. The first grouting was 

done following the completion of the liner and key; 

the second took place two years later, after water 

leakage into the shaft was observed. 

3 



SAMPLING AND ANALYSIS 

Concrete Samples 

In June, 1990, soon after the inspection of the shaft 

liner that revealed surficial deterioration of concrete 
' 

grab-samples of friable surficial material (possibly 

representing topically applied mortar) were collected 

at depths of 248 and 271 meters, together with cores 

11-16 cm long, which did not completely penetrate 

the shaft liner. Because brine was seeping from the 

joint between the key and the bottom of the liner 
' 

resulting in dampening and discoloration, the "cold 

joint" was the suspected pathway for brine movement 

through the liner. A horizontal core, 15 cm long, was 

obtained from the cold joint (254.5 meters depth). 

Finally, cores through the liner concrete were 

obtained above and below the cold joint, at 253 and 

255 meters depth (cores 832 and 836; Figure 1). 

Macroscopic evidence of concrete deterioration 

included discoloration, apparent deposits of secondary 

salts, spalling, cracking, and wet areas showing 

grains of aggregate exposed in relief. Petrographic 

evidence included etching of aggregate grains and 

softening of aggregate and paste due to the formation 

of secondary phases. The thickness of the damaged 

zone varied from about 3 mm (248 m depth) to about 

4.5 cm (271 m depth). Damage was apparent both at 

the concrete/rock interface and at the inner exposed 

end of the full-thickness cores. Except for these 

damaged zones at interfaces and along the cold joint 

at 254.5 m, the concrete appeared intact. The nature 

of the alteration on either side of the cold joint, which 

apparently was a flow-path for brine, was studied in 

more detail. 
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Phase changes accompanying the deterioration were 

determined by X-ray diffraction (XRD), scanning 

electron microscopy (SEM), and energy-dispersive X

ray spectrometry (EDX). Table I gives the secondary 

phases observed in the deteriorated layers and 

secondary deposits. 

Brine Samples 

Two samples of brine were obtained for analysis, one 

from a seep issuing from the cold joint and one from a 

collector ring installed at the bottom of the shaft liner. 

Solute analyses were provided by W. B. Chambers of 

Sandia National Laboratories, as determined by 

inductively-coupled plasma-atomic emission spectro

scopy, ion chromatography, and titrimetry. The sol

ute data, together with those of nearby groundwaters, 

are given in Table II. 



Table I. Crystalline Phases Identified by XRD in Grab Samples 

Field Samplea 

812-145 

812-265 

890-085 

Depth, m 

248 

248 

271 

Phase Composition (determined by XRD) 

gypsum, calcium sulfate hemihydrate, brucite, sylvite, halite, 

Ca3Al206•CaCl2• lOH20 

gypsum, calcium sulfate hemihydrate, brucite, halite 

afield sample identification is derived from the depth, in feet, followed by the azimuth relative to magnetic north. 

Table II. Coml!arison of Solutes in Groundwaters (mg/liter) 

Brine Source Ca M~ K Na Cl ~ 
AEC-8 Bell Canyon Fm. [l] 10000 2500 860 55000 120000 240 

H-1 Rustler/Salado [2] 13000 30000 17000 56000 210000 520 

H-2C Rustler/Salado [2] 9200 25000 9100 66000 200000 1300 

H-3 Rustler/Salado [2] 18000 25000 14000 59000 210000 370 

seep, cold joint (th{s 185000 20600 12300 1370 485000 959 

collector ring work) 192000 20600 15100 4110 426000 411 

6 



RESULTS AND DISCUSSION 

Source of Seepage Brine 

A comparison of the solute data in Table II shows that 

the solutes in the cold-joint seep and collector-ring 

brine samples are not derived directly from local 

groundwaters. Although brines high in Ca and Cl are 

found locally in the Bell Canyon Formation [l], these 

occur at about 1200 meters depth; they are not likely 

candidates for the source of waste-shaft seepage. The 

seepage brines are anomalous in that they are nearly 

saturated solutions of CaCl2, with relatively little 

NaCl. Thus, the seepage brines are not directly 

derived from the contact zone between the Rustler and 

Salado Formations ( ~250 m depth; represented by 

samples from boreholes H-1, H-2C, and H-3 in Table 

II), although this zone is the nearest source of natural 

fluid. The similarities in K/Mg ratios between the 

seepage brines and those from the Rustler/Salado 

contact suggest that the former were derived from the 

latter, with modification due to the leaching of Ca 

from the shaft-liner concrete. Such a mechanism, 

however, requires a large decrease in Na; although 

ionic exchange of Na for Ca is in principle possible, 

we are not presently able to propose a detailed 

description of such a process. 

Nature of Concrete Degradation 

The core through the cold joint at 254.5 m exhibited 

the most readily observable deterioration of concrete, 

and represents the interactions between concrete and 

brine in the WIPP waste shaft. Within a zone 

extending about 7 cm on either side of the joint the 

concrete was visibly discolored (reddish-brown) and 
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contained extensive fracturing and microfracturing 

roughly parallel to the joint. Figure 2 depicts this 

zonation, resulting from both the joint-filling grout 

and the subsequent deterioration. The zonation is 

further described in Table III. 

Intact paste in zones T and Z (Table III) contains the 

expected Ca(OH)2 and calcium silicate hydrates; 

evidence for deterioration in zones U, V, and y 

includes absence of these phases, and the presence of 

magnesium chloride hydroxide hydrate 

(Mg2(0H)3Cl•4H20), brucite, and gypsum [3]. The 

scarcity of calcium chloroaluminate (Ca3A120 6° 

CaCl2• lOH20) in both intact and deteriorated 

concrete above the joint, its presence below the joint, 

and a difference in Ca/Si ratio (determined by EDX) 

suggest a difference in chemical composition of the 

cementitious materials, which may make comparisons 

of deterioration across the joint more difficult. 

It was inferred from construction records that zone X 

was originally building paper, and that the chemical 

grout (zone W) was calcium acrylate. 

The dolomite aggregate grains (a few cm across) in 

deteriorated concrete were coated with white 

crystalline material, consisting largely of magnesium 

chloride hydroxide hydrate, accompanied by brucite 

and gypsum below the joint. The extensive fracturing 

parallel to the joint in Zone U below the joint 

transects paste and aggregate without differentiation; 

aggregate grains straddling the Zone TIU boundary 

break along the boundary. The portion of each 

aggregate grain within intact concrete remained intact 

(without alteration) and bonded to the paste. 

Therefore, we interpret this boundary as a 
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Table III. Phase Composition of Components of Cores through the Cold Joint, 254.5 Meters Depth 

Zone 
(Fig. 2) 

z 

y 

x 

w 

v 

u 

T 

Material 

intact concrete, above joint 

partially deteriorated concrete, 
above joint 

top of joint fill 

joint fill--chemical grout 

grout in joint 

deteriorated concrete below joint 

concrete below joint 

Phase Composition 
(determined by XRD) 

calcium silicate hydrate, calcium hydroxide, Ca4Al207" 
YiC02• 12H20, Ca3Al206•CaCl2• IOH20 (trace) 

organic 

gypsum, Mg2(0H)3Cl•4H20, brucite, magnesium 
silicate hydrate 

gypsum, Mg2(0H)3Cl•4H20, ettringite, 
Ca3Al206•CaCl2• IOH20, halite (face) 

calcium silicate hydrate, calcium hydroxide, Ca4Al207• 
YiC02• 12H20, ettringite, Ca3Al206•CaCl2• 10H20 

9 



reaction front representing the extent of chemical 

alteration, where both paste and aggregate have 

similar degrees of alteration. 
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MECHANISMS OF CONCRETE 
DETERIORATION 

The first hypothesis for the origin of the friable layer 

on the surface of the WIPP waste-shaft liner was that 

the layer was merely a superficial residue from the 

evaporation of native groundwater, represented by the 

seepage brines. However, the mismatch between 

solutes in seepage brine and those in nearby 

groundwaters, together with the exposure of aggregate 

grains in relief suggested processes of deterioration 

entailing chemical interaction between fluid and 

concrete. We considered acid attack (possibly due to 

absorption of atmospheric C02 by groundwater on the 

inner surface of the liner), cracking due to cyclic 

wetting and drying, chemical alteration of cement 

paste by reaction with brine, and combinations of 

these mechanisms. Some of these require exposure at 

the surface to air from which co2 could be absorbed 

and into which water could evaporate, but the 

degradation on either side of the construction joint 

and at the concrete-rock interface, where there could 

be no direct exposure to ventilation air suggested that 

exposure to atmosphere was not necessary for 

deterioration. 

Chloroaluminate occurs in the intact concrete, but it 

is more abundant throughout the deteriorated zone 

and in the intact key-concrete, suggesting a 

significant degree of interaction between some 

reactive alumina in the concrete and chloride in 

seepage brine. Despite the availability of magnesium 

and sulfate in the seepage brine, only traces of 

ettringite occur in both deteriorated and intact 

concrete below the cold joint. Although the concrete 

mixture was chosen to resist attack by sulfate, 

interaction with chloride appears to have favored the 
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formation of chloroaluminate [4,5]. However, the 

most profound changes in the concrete system are the 

disappearance of calcium silicate hydrate, and the 

appearance of magnesium phases on exposed surfaces 

and in cracks, both in paste and aggregate, exem

plified by magnesium chloride hydroxide hydrate and 

brucite; the former is reminiscent of Sorel cement [6]. 

The only remaining calcium phase in the grouted 

zone (V), inferred to have been originally 

cementitious, is gypsum. The destruction of calcium 

silicates may have released silica gel, which reacted 

with brucite to form magnesium silicate hydrate, the 

ultimate product of magnesium attack [7]; this phase 

is difficult to identify conclusively by XRD and EDX. 

The paste within the deteriorated concrete contains 

calcium sulfates and carbonates instead of the calcium 

silicates typical of cementitious systems, suggesting 

that attack of the concrete by magnesium in the 

seepage brine (21000 mg/l; Table II) is an important 

mechanism of concrete deterioration, analogous to 

findings in experimental systems [8]. We infer that 

the secondary growth of magnesium chloride 

hydroxide hydrate and brucite in the dolomite 

aggregate grains, representing Mg-addition and/or 

Ca-loss, has resulted from this same attack. 
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Aiken, SC 29801 

INTERA Inc. 
Attn: J.F. Pickens 
Suite 300 
6850 Austin Center 
Austin, TX 78731 

INTERA Inc. 
Attn: W. Stensrud 
PO Box 2123 
Carlsbad, NM 88221 

IT Corporation (2) 
Attn: P. Drez 

Blvd. 

R.F. McKinney 
Regional Office - Suite 700 
5301 Central, NE 
Albuquerque, NM 87108 

Los Alamos National Laboratory 
Attn: B. Erdal, CNC-11 
PO Box 1663 
Los Alamos, NM 87544 

RE/SPEC, Inc. 
Attn: W. Coons 
Suite 300 
4775 Indian School, NE 
Albuquerque, NM 87110-3927 

RE/SPEC, Inc. 
Attn: J.L. Ratigan 
PO Box 725 
Rapid City, SD 57709 

Southwest Research Institute (2) 
Center for Nuclear Waste 

Regulatory Analysis 
Attn: P.K. Nair 
6220 Culebra Road 
San Antonio, TX 78228-0510 

SAIC 
Attn: G. Dymmel 
101 Convention Center Dr. 
Las Vegas, NV 89109 

SAIC 
Attn: H.R. Pratt, 
10260 Campus Point Drive 
San Diego, CA 92121 

Tech Reps Inc. (3) 
Attn: J. Chapman 

R. Jones 
E. Lorusso 

5000 Marble, NE 
Albuquerque, NM 87110 

Westinghouse Electric Corporation (5) 
Attn: Library 

C. Cox 
L. Fitch 
R. Kehrman 
L. Trego 

PO Box 2078 
Carlsbad, NM 88221 

Geohydrology Associates 
Attn: T.E. Kelly 
4015 Carlisle, NE 
Albuquerque, NM 87110 

Lawrence Berkeley Laboratory 
Earth Sciences Division 
Attn: H.A. Wollenberg, Jr. 
University of California 
Berkeley, CA 94720 

Arthur D. Little, Inc. (2) 
Attn: S. Foster 

P. Rury 
Acorn Park 
Cambridge, MA 02140-2390 

Martin Marietta Energy Systems, Inc. 
Attn: C.S. Fore 
Ecological Sciences Information 
Center 
Oak Ridge National Laboratory-

Bldg. 2001 
PO Box X 
Oak Ridge, TN 37830 
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Martin Marietta Energy Systems, Inc. 
(5) 
Attn: R.E. Blanko 

E. Bondietti 
J.A. Carter 
C. Claiborne 
G.H. Jenks 

Oak Ridge National Laboratory 
Box 2009 
Oak Ridge, TN 37831 

Serata Geomechanics 
Attn: S. Serata 
4124 Lakeside Drive 
Richmond, CA 94806-1941 

Universities 

University of New Mexico 
Geology Department 
Attn: Library 
Albuquerque, NM 87131 

University of Washington 
Attn: G.R. Heath 
College of Ocean 

and Fishery Sciences 
583 Henderson Hall 
Seattle, WA 98195 

Arizona State University 
Attn: L.P. Knauth 
Department of Geology 
Tempe, AZ 85287-1404 

Cornell University 
Department of Physics 
Attn: R.O. Pohl 
Clark Hall 
Ithaca, NY 14853 

Florida State University (2) 
Attn: J.B. Cowart 

J.K. Osmond 
Department of Geology 
Tallahassee, FL 32308 

University of Minnesota 
Department of Energy and 

Materials Science 
Attn: R. Oriani 
151 Amundson Hall 
421 Washington Ave., SE 
Minneapolis, MN 55455 

University of New Mexico 
Geology Department 
Attn: C.J. Yapp 
Albuquerque, NM 87131 

Princeton University 
Department of Civil Engineering 
Attn: G. Pinder 
Princeton, NJ 08540 

New Mexico Institute of Mining and 
Technology (3) 
Attn: L. Brandvold 

G.W. Gross 
F. Phillips 

Socorro, NM 87801 

University of Texas at Austin 
Attn: E.G. Bingler 
Deputy Director 
Texas Bureau of Economic Geology 
Austin, TX 78712 

Individuals 

D.W. Powers 
Star Route Box 87 
Anthony, TX 79821 

G.O. Bachman 
4008 Hannett Ave., NE 
Albuquerque, NM 87110 

Carol A. Hill 
Box 5444A 
Route 5 
Albuquerque, NM 87123 

Harry Legrand 
331 Yadkin Drive 
Raleigh, NC 27609 

Bob E. Watt 
1447 45th St. 
Los Alamos, NM 87544 

WIPP Peer Panel 

G. Ross Heath, Chairman 
College of Ocean & Fishery Sciences 
University of Washington 
Seattle, WA 98185 
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Robert J. Budnitz 
President, Future Resources 

Associates, Inc. 
Suite 418 
2000 Center St. 
Berkeley, CA 94704 

Thomas A. Cotton 
4429 Butterworth Place, NW 
Washington, DC 20016 

Patrick A. Domenico 
Geology Department 
Texas A&M 
College Station, TX 77843-3115 

Charles D. Hollister 
Dean for Studies 
Woods Hole Oceanographic Institute 
Woods Hole, MA 02543 

Thomas H. Pigford 
Department of Nuclear Engineering 
4153 Etcheverry Hall 
University of California 
Berkeley, CA 94270 

Benjamin Ross 
Disposal Safety Incorporated 
Suite 600 
1629 K Street, NW 
Washington, DC 20006 

John Mann 
Department of Geology 
245 Natural History Building 
1301 West Green St. 
University of Illinois 
Urbana, IL 61801 

Libraries 

Thomas Brannigan Library 
Attn: D. Dresp 
106 W. Hadley St. 
Las Cruces, NM 88001 

Hobbs Public Library 
Attn: M. Lewis 
509 N. Ship Street 
Hobbs, NM 88248 

New Mexico State Library 
Attn: N. McCallan 
325 Don Gaspar 
Santa Fe, NM 87503 

New Mexico Tech 
Martin Speere Memorial Library 
Campus Street 
Socorro, NM 87810 

New Mexico Junior College 
Pannell Library 
Attn: R. Hill 
Lovington Highway 
Hobbs, NM 88240 

WIPP Public Reading Room 
Carlsbad Public Library 
Attn: Director 
101 S. Halagueno St. 
Carlsbad, NM 88220 

Government Publications Department 
General Library 
University of New Mexico 
Albuquerque, NM 87131 

National Academy of Sciences, 
WIPP Panel 

Charles Fairhurst, Chairman 
Department of Civil and 

Mineral Engineering 
University of Minnesota 
500 Pillsbury Dr., SE 
Minneapolis, MN 55455-0220 

Howard Adler 
Oak Ridge Associated Universities 
Medical Sciences Division 
PO Box ll7 
Oak Ridge, TN 37831-0117 

John D. Bredehoeft 
Western Region Hydrologist 
Water Resources Division 
US Geological Survey (M/S 439) 
345 Middlefield Road 
Menlo Park, CA 94025 

Fred M. Ernsberger 
250 Old Mill Road 
Pittsburgh, PA 15238 

Rodney C. Ewing 
Department of Geology 
University of New Mexico 
Albuquerque, NM 87131 
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B. John Garrick 
Pickard, Lowe & Garrick, Inc. 
Suite 400 
4590 MacArthur Blvd. 
Newport Beach, CA 92660-2027 

Leonard F. Konikow 
US Geological Survey 
431 National Center 
Reston, VA 22092 

Jeremiah O'Driscoll 
Jody Incorporated 
505 Valley Hill Drive 
Atlanta, GA 30350 

Christopher G. Whipple 
Clement International 
Suite 1380 
160 Spear Street 
San Francisco, CA 94105 

Peter B. Myers 
National Academy of Sciences 
Board on Radioactive 

Waste Management 
2101 Constitution Avenue 
Washington, DC 20418 

Ina Alterman 
Board on Radioactive 

Waste Management 
GF456 
2101 Constitution Avenue 
Washington, DC 20418 

Foreign Addresses 

Studiecentrum Voor Kernenergie 
Centre D'Energie Nucleaire 
Attn: A. Bonne 
SCK/CEN 
Boeretang 200 
B-2400 Mol, BELGIUM 

Atomic Energy of Canada, Ltd. (3) 
Whiteshell Research Estab. 
Attn: B. Goodwin 

M. Stevens 
D. Wushke 

Pinewa, Manitoba, CANADA ROE lLO 

Francois Chenevier, Director (2) 
ANDRA 
Route du Panorama Robert Schumann 
B.P.38 
92266 Fontenay-aux-Roses Cedex 
FRANCE 

Jean-Pierre Olivier 
OECD Nuclear Energy Agency 
Division of Radiation Protection 

and Waste Management 
38, Boulevard Suchet 
75016 Paris, FRANCE 

Claude Sombret 
Centre D'Etudes Nucleaires 

De La Vallee Rhone 
CEN/VALRHO 
S.D.H.A. BP 171 
30205 Bagnols-Sur-Ceze, FRANCE 

Bundesministerium fur Forschung und 
Technologie 

Postfach 200 706 
5300 Bonn 2, GERMANY 

Gesellschaft fur Reaktorsicherheit 
(GRS) ( 2) 
Attn: B. Baltes 

W. Muller 
Schwertnergasse 1 
D-5000 Cologne, GERMANY 

Bundesanstalt fur Geowissenschaften 
und Rohstoffe 

Attn: M. Langer 
Postfach 510 153 
3000 Hanover 51, GERMANY 

Hahn-Meitner-Institut fur 
Kernforschung 
Attn: W. Lutze 
Glienicker Strasse 100 
100 Berlin 39, GERMANY 

Institut fur Tieflagerung (2) 
Attn: K. Kuhn 
Theodor-Heuss-Strasse 4 
D-3300 Braunschweig, GERMANY 

Physikalisch-Technische Bundesanstalt 
Attn: P. Brenneke 
Postfach 3345 
D-3300 Braunschweig, GERMANY 

Dist.-6 



D.R. Knowles 
British Nuclear Fuels, plc 
Risley, Warrington, Cheshire WA3 6AS 
1002607 UNITED KINGDOM 

AEA Technology 
Attn: J.H. Rees 
D5W/29 Culham Laboratory 
Abington, Oxfordshire OX14 3DB 
UNITED KINGDOM 

AEA Technology 
Attn: W.R. Rodwell 
044/A31 Winfrith Technical Centre 
Dorchester, Dorset DT2 8DH 
UNITED KINGDOM 

AEA Technology 
Attn: J.E. Tinson 
B4244 Harwell Laboratory 
Didcot, Oxfordshire OXll ORA 
UNITED KINGDOM 

Nationale Genossenschaft fur die 
Lagerung Radioaktiver Abfalle 

(NAGRA) (2) 
Attn: S. Vomvoris 

P. Zuidema 
Hardstrasse 73 
CH-5430 Wettingen, SWITZERLAND 

Shingo Tashiro 
Japan Atomic Energy Research 
Institute 
Tokai-Mura, Ibaraki-Ken 
319-11 JAPAN 

Netherlands Energy Research 
Foundation ECN 
Attn: L.H. Vons 
3 Westerduinweg 
PO Box 1 
1755 ZG Petten, THE NETHERLANDS 

Svensk Karnbransleforsorjning AB 
Attn: F. Karlsson 
Project KBS 
Karnbranslesakerhet 
Box 5864 
10248 Stockholm, SWEDEN 

Department of Earth Sciences and 
Quaternary Sciences Institute 

Attn: T.W.D. Edwards 
University of Waterloo 
Waterloo, Ontario 
CANADA N2L 3Gl 

British Geological Survey (3) 
Hydrogeology Group 
Attn: G. Darling 

R.A. Downing 
R.L.F. Kay 

Maclean Building 
Crowmarsh Gifford 
Wallingford 
Oxfordshire OXlO BBB 
UNITED KINGDOM 

U.K. Atomic Energy Authority (3) 
Attn: M. Ivanovich 

R. Otlet 
A.J. Walker 

Centre for Nuclear Applications 
Harwell 
Isotope Measurement Laboratory 
Oxfordshire OXll ORA 
UNITED KINGDOM 

Hermann Gies 
Institut fur Tieflagerung, 

Gruppe Geochemie 
Gesellschaft fur Strahlen und 

Umweltforschung mbH 
Theodor-Heuss-Strasse 4 
D-3300 Braunschweig, GERMANY 
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Sandia Internal 

1502 J.C. Cummings 
3141 S.A. Landenberger (5) 
3145 Document Control (8) for 

DOE/OST! 
3151 G.C. Claycomb (3) 
6000 D.L. Hartley 
6116 D.J. Borns 
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6119 E.D. Gorham 
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6300 D.E. Miller 
6302 T.E. Blejwas, Acting 
6303 W.D. We art 
6303 S.Y. Pickering 
6312 G.E. Barr 
6313 L.S. Costin 
6341 A.L. Stevens 
6341 Staff (9) 
6342 D.R. Anderson 
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6345 R.C. Lincoln 
6345 Staff (9) 
6347 D.R. Schafer 
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