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Dear Dr. Jacobs: 4 pDtt ' 

SUBJECT: CONTRACT NO. NRC-50-19-03-01, FIN B-0287, ORNL NO. 41-37-54-92-4,
"TECHNICAL ASSISTANCE IN GEOCHEMISTRY," NOVEMBER (1985) MONTHLY
PROGRESS REPORT

I have reviewed the November monthly progress report dated December 11, 1985.
Based on my review, I have the following comments:

Task 1 - BWIP Geochemical Technical Assistance

o Progress to date is satisfactory.

o A Geochemistry/Waste Package Workshop is being discussed with RHO. No
date has been set. I consider that the earliest that such a workshop
would be scheduled would be February, 1986. I will keep you informed.

o I am going to investigate the possibility of having an Appendix 7 sorption
meeting.

o Attachment 1 ("Schedule for Near Term Site Characterization Activities")
is for your information.

Task 2 - Yucca Mountain Geochemical Technical Assistance

O Progress to date is satisfactory.

o John Bradbury is going to explore the possibility of having another
Appendix 7 meeting on sorption.

The ORNL review of (1) "Field and Theoretical Investigations of Fractured
Crystalline Rock Near Oracle Arigana" and (2) Reaction of Topoah Spring
Tuff with J-13 Well Water at 90'C and 150'C" were received. I have
distributed them for comment.
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Mr. Terr; Husseman, Program Director
Office of High-Level Waste
Management

State of Washington Department
of Ecology, MS PV-l

Olympia, WA 98504

_P

-,_

_ ._

_5
._ 

Mr. Max S. Power, Science and Technology
Washington State Institute for

Public Policy
The Evergreen State College
Seminar Building, Room 4111
Mail Stop TA-00
Olympia, WA 98505

Mr. Roger R. Jim, Sr., Chairman
Yakima Tribal Council
Yakima Indian Nation
P. 0. Box 151
Toppenish, WA 98948

Mr. Elwood H. Patawa, Chairman
Board of Trustees
Umatilla Confederated Tribes
P. 0. Box 638
Pendleton, OR 97801

Mr. Allen V. Pinkham, Chairman
Nez Perce Tribal Executive Committee
Box 305
Lapwai, ID 83540

Gentlemen:

MONTHLY TRANSMITTAL OF "SCHEDULE FOR
ACTIVITIES"

NEAR TERM WIP SITE CHARACTERIZATION

Enclosed for your use is our monthly update and schedule for Site and
Engineered Barriers Department activities in this precharacterization phase.



State and Indian Tribes - 2 -

As committed, we will continue to update this information on a regular basis.
Should you have any questions relative to this transmittal, please contact
Mr. Max L. Powell of my staff on (509) 376-5267.

Very truly yours,

0. L. C.S0.C
0. L. Olson, Oirector

BWI:CTT Basalt Waste Isolation Oivision

Enclosure



bcc's for letter, Olson to States/Indian Tribes, Monthly Transmittal of
Schedule for Near Term WIP Site Characterization Activities"

bcc, w/encl:
Russell Jim, Yakima Indian Nation
Ron Halfmoon, Nez Perce Tribe
Peter P. Ramatowski, Umatilla Conf. Tribes
Wyatt Rogers, CERT
Bill Dixon, State of Oregon
Linda Lehman
James B. Hovis
J. Linehan, NRC HQIN*-'
F. R. Cook, NRC Richland
Barry Gale, DOE-HQ
C. A. Peabody, DOE-HQ
J. Graham, Rockwell
BWI Record Cy



Actij le' es

Site

o Install Westbay Packer in RRL-14
o Run and grout liner in DC-3 (to support seismic monitoring)
o Remove bridge plugs from RRL-14
o Groundwater monitoring of boreholes DC-,9, OC-20, and DC-22
o Monitoring of other boreholes
o Integrity testing, D6-14
o Integrity testing, DB-1
o Deepen Borehole DH-27
o Drill cable tool start holes. RRL-2B, RRL-2C
o Drill rotary hole RRL-2C
o Surveying gravity at magnetic stations
o Electronmicroprobe analysis of flow top amples
o X-ray diffraction analysis of flow top samoles
o Modeling gravity, magnetic data
o Collection of magnetic and gravity data
o Seismic data surveillance analysis
o Lab studies on sorption and chemical dissolution
o Test Cohassett in RRL-2A
o Drill rotary hole RRL-2B
o Deepen borehole DH-28
o Drill RRL-17 to top of Grande Ronde
o Drill DC-23GR

09/1 5- :9/21/- -
Comp 1 e:e
Complete
Dai ly
Weekly
Complete
Com pl ete
Complete
Complete
Complete
Complete
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Daily
Complete
Complete
Complete
Complete
08/23-10/15/85 I 9

Solution Chemistry Laboratory

o Develop method for rock analysis using [CP-AES
o Upgrade anion analysis on ion chromatography
o Develop method for analysis of groundwater tracer using HPLC
o Support to Site Department database development
o Development of methods for analysis using AA
o Procedure development
o Analysis of aqueous solution samples from hydrothermal

testing and roundwater sampling
o Field and field analyses of water from local springs,

unconfined aquifer and other test horizons
o Laboratory upgrade of uv-visible spectrophotometric equipment
o Study of kinetic of decomposition of hydrogen peroxide with

basalt under various conditions using uv-visible spectropho-
tometry

o Develop method for analysis of fixed gases in water samples
by gas chromatography

o Develop improved methods for chemical speciation measurements
of arsenic and selenium for use in analysis of hydrothermal
samples

o 'evselo'-4F ad 4niti~tiot 0 i4vm,%ae4 fe-441^e f ,rorS

retention

Ongoing
Ongoing
Ongoi ng
Ongoing
Ongoing
Ongoing
Ongoi ng

Ongoing

Complete
Ongoing

Ongoi ng

Ongoing
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!;Can-,-;bransmssion Electron ::roscope -

o Analysis
c Analvsis

possible
o Analysis
o Analysis

of flow-through rur roducts
of well characterize- biotite and chlorif as
standards
of Dickson autoclave run products
of Rocky Coulee flow top clay minerals

Ong-, -g
CoMo, e;

Ongoi ng
Complete

X-Ray Diffractometer -

o Analysis
o Analysis
o Analysis
o Analysis
o Analysis
O 4 nA-lyis

of McCoy Canyon, Utanum and high-Mg flow tops
of flow-through run products
of Dickson autoclave run products
of Cohassett and Rocky Coulee flow tops
of fault gouge
of sedi-ent^',/ it-k q jiets21

Ongoing
Ongoing
Ongoing
Complete
Ongoing
ma{Orfcd
Until FY 1986
Cancelled
Ongoing

o Analysis of concrete samples
o Analysis of corrosion water surface coatings

Electron Microprobe -

o Analysis of Cohassett flow toos
o Analysis of Rocky Coulee flow tops
o Analysis of natural pyrites
o Analysis of Dickson Autoclave run products
o Analysis of oxide minerals i- cky Coulee/Cohasset flow

tops

Complete
Ongoing
Complete
Ongoing
Ongoing

Radioactive Hydrothermal Laboratory

o Basalt and synthetic groundwater tests in flow-through
autoclave

o Radionuclide-doped simulated Savannah River Plant Defense
glass basalt and synthetic groundwater

o Ex00,iments ,jsnt fulll, r ative waste ^!"5i the
presence of various waste package components (metal,
barriers, and/or basalt)

o Experiments on the behavior of specific radionuclides,
introduced individually with groundwater, in the presence
of packing material at low temperatures

Ongoing

Ongoing

ari 10ta

Ongoing

iOI a

Mon-Oadioactive Hydrothermal Laboratory

o Hydrothermal tests on basalt + bentonite + groundwater
o Long-term hydrothermal tests (1-5 years) on basalt +

groundwater
3 :a'erl-r'ne the s Iit, -, f r _ under i-yd ri..&

conditions simulating the near-field environment
o Evaluate Redox conditions in a hydrothermal experiment

simulating a near-field environment
o Dehydration experiments

Ongoing
Ongoing

Ongoing

Ongoing
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, 'InAi.x31 compressicn

o 3razillian tension
o Direct shear
o 4-point flexure

ne s ty

50 tests
50 tests
SO tests
40 tests
1CO tests

_, . , 

Ongoir,
Ongoing
Ongoi ng
Ongoing

Concrete Testing Laboratory

o Hydraulic conductivity testing
o Heat gain testing
o Prefabricated Packing testing - Developmental
o Near-Surface Testing Facility Remedial Shotcrete

Backfill Testing Laboratory

o Hydraulic conductivity tests
_ :--e.r.g, pfessure per i'edtdnecer ana riaxiai tests

o Possibility of (2) long-term flow through permeameter tests
o Compaction tests on bentonite/basalt mixes/specific gravity

Complete
Complete
Complete
Ongoing

! 9
9

Ongoing
August
August
Complete

*Changes in this schedule from that last issued are indicated by a revision bar and
revision number.
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rNOTE TO: Robert L. Johnson, W'MRP 29 November 1985

FROM: John C. Voglewede, WEG

SUBJECT: SALT WASTE PACKAGE WORKSHOP

Enclosed are a number of documents related to the proposed Salt Waste Package
Workshop scheduled for January 22-24, 1986 in Columbus:

1. MPR objectives and areas of concern [previously provided to DOE].

2. List of NRC documents applicable to the workshop.

3. List of proposed NRC staff and NRC contractor attendees.

4. DOE objectives [previously provided by DOE].

5. Proposed agenda [based on agenda previously provided by DOE].

6. List of DOE documents aplicable to the workshop [previously provided
-- by-DOE).

cc: T. Johnson
C. Peterson
M. Tokar
K. Chang
E. Wick
W. Kelly
S. Bilhorn
M. McNeil
G. Birchard



Salt Waste Package Workshop

I. Objectives

A. To determine ONWI's current thinking and approach to waste package design
and licensing, including (1) the current choice of reference/conceptual
design components and the rationale for that choice, (2) the relationship
of specific design features to Part 60 requirements (e.g.,
retrievability), (3) the interaction between the waste package and the
very near-field environment, (4) waste form considerations (test programs
for both spent fuel and glass, potential degradation mechanisms,
interactions with potential container and packing materials and/or their
alteration products), (5) container failure mechanisms, data needs, test
programs, and fabrication considerations, (6) radionuclide release and
transport (from the waste form), and (7) performance assessment (models,
expected versus unexpected conditions, WAPPA predictions, and
uncertainties).

B. To determine whether there is any appropriate guidance that should be
given to DOE/ONWI concerning salt waste package design, performance
assessment, or the generation of quality-assured data and models needed
for licensing.

It. Specific Areas of Concern

A. Waste Package Reference/Conceptual Design

1. What is the current waste package reference/conceptual design, and
why is it the current reference (rather than other alternatives)?

2. What alternative designs are under consideration at the present time
and what work is being performed or lanned to explore the viability
of these alternatives?

B. Relationship of Design Features to Part 60/Part 20 Requirements

1. What waste package design features will be provided to facilitate
retrievability and how will they accomplish it?

2. What is the intended contribution of waste package shielding to
satisfying Part 20 limits for radiation exposure?

3. What and how will specific waste package components contribute to
necessary safety functions?

4. What waste package design features will accomodate monitoring, and
how will they accomplish that?

C. Near-field Conditions

1. How will inhomogeneities (e.g., layered minerals, brine pockets,
"impurities") in the host salt affect the corrosion of the overpack?



2

2. How might salt decrepitation and the presence of potentially unstable
minerals (e.g., sodium colloid formation, dehydration of clays)
affect the corrosion of the overpack?

3. How does brine chemistry (e.g., pH, redox conditions, concentration,
composition of aqueous species and gases) affect the waste package?

4. By what process might anhydrite scale form on the waste container,
and how would it affect the waste package?

5. What will be the magnitude of the lithostatic/hydrostatic loads on
the container and the stresses (including the thermal stresses)
developed within the container as a function of time?

6. How will repository construction effects (e.g., introduction of
atmospheric 2' inclusion formation, fracturing) influence near-field
conditions?

7. How will the waste form affect near-field conditions (i.e., elevated
temperatures, irradiation)?

8. What scenarios for accumulation of brine around the waste package are
being considered? How does the waste package design allow for the
possibility of relatively large volumes of intrusive or in-situ
high-Mg brine contacting the waste package?

9. At what radiation levels are radiolytic effects (both in brine and in
the salt itself) judged to be negligible and n what asis is this
justified?

0. Waste Form

1. What test programs are in place on spent fuel and glass waste forms
for waste packages in salt (as apart from generic waste form
programs)? What generic programs and data are believed to be
applicable to salt waste package waste forms?

2. Does the salt project expect to use any glass leaching/dissolution
data developed by the Defense Waste or West Valley programs? If so,
describe the type of information under consideration and how it is to
be utilized.

3. What is the current status of data development on borosilicate glass
waste forms (i.e., what is the current reference composition, what
does the current data base on this composition consist of, what tests
are being conducted or are planned and on what schedule)?

4. How are glass waste form properties and characteristics expected to
change with exposure in a salt repository? Are any of these changes
expected to be site specific (in the sense of brine composition
effects, for example); what waste form properties or characteristics
are expecially sensitive to package component design? What data
exist in support of these expections?
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5. What is the current reference/conceptual design for spent fuel waste
packages in salt repositories?

6. What is the expected spent fuel population to consist of (BWR vs.
PWR, burnups, failed vs. intact rods, etc.)? Is failed fuel to be
segregated or separated from intact fuel? Discuss the implications
for the various options with regard to potential effects on waste
package performamce.

7. What are the potential fuel rod cladding failure mechanisms in salt
waste packages, what are the predicted rates of failure, and what are
the potential effects on waste package container life and subsequent
radionuclide release? What data or test programs apply to this
subject?

8. What are the potential effects of packing and container materials
and/or their alteration products on the interaction with the waste
form and release of radionuclides? Describe the test data and
programs that relate to this issue.

0. Containers

1. What are the rationale and supporting data for the current container
selection and design approach?

2. What is currently known about the physical and chemical properties of
the reference container materials? What is known about the effects
of radiation, temperature, and chemical degradation on these
materials as these environmental effects will be present in salt
repositories under conceivable conditions ("expected" and
"unexpected")? What data exist in support of these opinions, and
what data need to be yet obtained? How good are he data?

3. What are the possible failure modes for the container, and how does
the design address those failure modes to assure that the package
will provide substantially complete containment for 30C-1000 years?
Specifically, what information exists concerning the resistance of
the low-carbon steel overpack to pitting corrosion, stress/corrosion
cracking, H-embrittlement or H-damage, etc. in addition to the
uniform corrosion-assisted mechanical failure mde that received the
attention in the draft salt EAs?

4. Is it a DOE/ONWI viewpoint that stress corrosion cracking (SCC)
cannot be allowed for and therefore must be proven not to occur? If
so, how will SCC be excluded? Will this exclusion involve ultra low
carbon levels?

5. What will be the effect of radiation and how will the potential
generation of hydrogen, oxygen, and other species affect the
corrosion of the overpack?

6. If the container is made of pure iron or low carbon steel, what
container thickness does neglect of radiolytic effects imply and what
are the implications insofar as production processes are concerned?
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E. Radionuclide Release and Transport From the Waste Package

1. What are the mechanisms and rates of release of radionuclides from
the waste forms, and what are the applicable data?

2. How will Eh, pH, and brine composition affect the release of
radionuclides from the waste forms?

3. What will be the effect of brine flow rate, formation and transport
of colloids, and liquid boundary layer effects?

4. What will be the chemical species of the radionuclides released from
the waste forms?

5. How will packing, container materials (including overpacks,
canisters, and any special corrosion-resistent alloys or spent fuel
rod cladding, if applicable) and/or their alteration products
interact with the waste form to cause its alteration and/or affect
the release of radionuclides? What data exist or are being developed
to address this matter?

6. How and at what rate will radionuclides migrate through failed waste
package containers?

F. Performance Assessment/Uncertainty Analysis

1. What are the current waste package thermal models, how do they relate
to each other, and what input assumptions are used? What are the
associated uncertainties? Considering the uncertainties, what are
the effects on the state-of-the-art of waste package performance
assessment? What versions of the thermal models are currently
available, and how do they compare with those currently in use at
OMJWI? What provisions are there for providing working versions of
the thermal models (and other models important to waste package
performance assessment) to NRC for independent assessment?

.. What procedures are used in the analyses of radiation field, and what
are the principal sources of error and uncertainty? What are the
potential effects of radiation on waste package container corrosion
and waste form leaching? How is sodium colloid formation accounted
for? What are the currently available data related to the area of
radiation effects on the near-field salt and container corrosion?

3. Regarding "expected" versus "unexpected" repository conditions, how
will the waste package design accomodate either variability in those
conditions or the fact that "unexpected" conditions (e.g., large
amounts of high-magnesium brine) may prevail?

4. What are the current WAPPA subsystem models, and when will they be
made available to the RC? Describe the QA procedures used in the
development of these models, including their validation and
verification.
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5. Describe the reliability/uncertainty approaches in use for predicting
waste package performance. In general, how are short-term/
accelerated test results applied to the prediction of waste package
performance? Discuss some examples.



DOE/NRC WASTE PACKAGE WOPKSHOP

Listina of NRC Reoorts-Applicable to the WorkshoD

Published Reoorts

ATR-85( 5810-01)-iND K. Stepnens et al.,
Term Performance of
Packaaes, Aerospace

Methodolo ies for Assessinq Lona-
High-Level Radioactive Waste
Corporation Report, May 1985.

BNL Letter Report

NRC Staff Report
(Draft]

NRC Staff Report
[Craft]

NRC Staff Report
[Draft]

NRC Staff Report
[Meeting Presentation]

NRC Staff Report

NRC Staff Report

T.M. Sullivan, Estimates of the Maximum Permissible
Fractional Number of High Level Waste Container
Failures and Failure Rates That Allow Post Containment
Radionuclide Release Criteria to be Met During the
Containment Period, Brookhaven National Laboratory
Informal Report, October 1985. [Transmitted by
T. Sullivan (BNL) letter to E.A. Wick (NRC) dated
October 16, 1985.]

"Draft Site Issues for Waste Package," [Draftl Issue-
Oriented Site Technical Position (ISTP) for Salt
Repository Project SRP), Permian Basin Sites,
September 1984. LTransmitted by .J. Miller (NRC)
letter o W.J. Purcell (DOE) dated November 2, 1984].

"Draft Site Issues for Waste Package," Lraftl Issue-
Oriented Site Technical Position (ISTP) or Sa t
Repository Project (SRP, Gulf Coast Dome ites,
September 1984. Transmitted by .J. Miller NRC)
letter to W.J. Purcell (DOE) dated November 2, 1984].

"Draft Site Issues for Waste Package," [Draft] Issue-
Oriented Site Technical Position (ISTP) for Salt
Repository Project SRP), Paradox Basin ites,
September 1984. LTransmitted by H.J. Miller (NRC)
letter to W.J. Purcell (DOE) dated November 2, 1984].

E.A. Wick, "How Reliable Does The Waste Package Have
To Be?," Proceedinas of the Workshop on the Source
TERM for Radionuclide Migration From Hich-Level Waste
or SDent Nuclear Fuel Under Realistic Repository
Conditions, Albequerque, NM, November 13-15, 1984
(Published July 1985).

Draft Generic Technical Position on Waste Packaae
Reliability. LTrdnsmitted by .T. Greeves (NRC)
memorandum to M.R. Knapp (NRC) and H.J. Miller (NRC)
dated August 27, 1985.

Draft Generic Technical Position on Licensinc
Assessment Methodology for HLW Geoloqic Repositories,
July 1984.
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NUREG-0279 Determination of Performance Criteria for High-Level
Solidified Nuclear Waste, Lawrence Livermore
Laboratory Report, July 1977.

NUREG/CP-0005 Proceedinas of Conference on Hich-Level Radioactive
Solid Waste Forms, Denver, CO, December 19-21, 1978.

NUREG/CR-0895

NUREG/CR-2317
(BNL-NUREG-51449)

(BNL-NUREG-3 1611)
(BNL-NUREG-32047)
(BNL-NUREG-32512)
(BNL-NUREG-33012)
(BNL-NUREG-33603)
(BNL-NUREG-33940)
(BNL-NUREG-34220)
(Informal Report)
(Informal Report)
(Informal Report)

NUREG/CR-2333
(8NL-NUREG-51458)

NUREG/CR-2482
(BNL-NUREG-51494)

Solidification of High-Level Radioactive Wastes,
National Academy o Engineering Report, National
Academy of Sciences, July 1979.

Container Assessment - Corrosion Study of HLW
Container Materials, Brookhaven National Laboratory
Report,
Volume 1, Nos. 1-2, "Quarterly Progress Report,

April - June 1981," December 1981.
Volume 1, No. 3, Quarterly Progress Report,
July - September 1981," January 1982.

Volume 1, No. 4, Quarterly Progress Report,
October - December 1981," April 1982.

Volume 2, No. 1, Quarterly Progress Report,
January - March 1982,".

"Quarterly Progress Report, April - June 1982".
"Quarterly Progress Report, July - September 1982".
"Quarterly Progress Report, October - December 1982".
"Quarterly Progress Report, January - March 1983".
"Quarterly Progress Report, April - June 1983".
"Quarterly Progress Report, July - September 1983".
"Quarterly Progress Report, October - December 1983".
"Quarterly Progress Report, January - March 1984".
"Quarterly Progress Report, April - June 1984".
"Quarterly Progress Report, July - September 1984".

Nuclear Waste Manaqement Technical Support in the
Development of Nuclear Waste Form Criteria for the
NRC, Brookhaven National Laboratory Report,
Volume 1, "Waste Package Overview,"

February 1982.
Volume 2, "Alternate TRU Technologies,"

February 1982.
Volume 3, "Waste Inventory Review,"

February 1982.
Volume 4, "Test Development Review,"
February 1982.

Volume 5, "National Waste Package Program,"
February 1982.

Review of DOE Waste Packaae Program, Subtask 1.1
National Waste Package Program, Brookhaven National
Laboratory Report,

Volume 1, February 1982.
Volume 2, "Semiannual Report, September 1981 -
March 1982," April 1983.



Volume 3, "April 1982 -
March 1983.

Volume 4, "October 1982
September 1983.

Volume 5, "April 1983 -
August 1984.

Volume 6, "October 1983
March 1985.

Volume 7, "April 1984 -
March 1985.

September 1982,"

- March 1983,"

September 1983,"

- March 1984,"

September 1984,"

NUREG/CR-2737

NUREG/CR-2755
(BNL-NUREG-51544)

NUREG/CR-3091
(BNL-NUREG-51630)

Evaluation of Bulk Properties of Radwaste Glass and
Ceramic Container Materials to Determine ona-Term
Stability, Catholic University of America Report,
June 1982.

Packinq Material Testing Required to Demonstrate
Compliance with 1000-Year Radionuclide Containment:
Semiannual Report on Waste Packaae Verification Tests,
Brookhave National Laboratory Report, January 1983.

Review of Waste Package Verification Tests,
Brookhaven National Laboratory Report,

Volume 1, Semiannual Report Covering the Period
April I982 - September 1982, April 1983.

VoTume 2, Semiannual Report- Coverin the Period
October 1982 - March 1983, August 1983.

Volume 3, Semiannual Report Covering the Period
ADril 1983 - September 1983, February 1984.

Volme 4, Semiannual Rep Coverin the Period
October 1983 - March 1984, June 1985.

Volume 5, Semiannual Report Covering the Period
April 1984 - Seotember 1984, June 1985.

Volume 6, Semiannual Report Coverina the Period
October 1984 - March 1985, July 1985.

NUREG/CR-3187
(BNL-NUREG-51653)

NUREG/CR-3219
(BNL-NUREG-51658)
Volume 1

NUREG/CR-3219
(BNL-NUREG-51658)
Volume 2

NUREG/CR-3282
(BNL-NUREG-51671)

Crevice Corrosion of Titanium Alloy TiCode-12 in
Simulated Rock Salt Brine at 150'C, Brookhaven
National Laboratory Report, March 1983.

Draft Technical Position Subtask 1.1: Waste Packaoe
Performance After Repository Closure, Brookhaven
National Laboratory Report, August 1983.

Draft Technical Position Subtask 1.2: Post-
Emplacement Monitoring, Brookhaven National Laboratory
Report, May 1983.

Internal Hydroaen Embrittlement of Titanium Alloy
,C'oCde-I.2 at Room emperature, Brookhaven National
Laboratory Report, May 1983.



NUREG/CR-3405
(BMI -2105)

NUREG/CR-3427
(BMI-2113)

NUREG/CR-3472

NUREG/CR-3699

NUREG/CR-3900
(BMI-?127)

NUREG/CR-4134
(ORNL/TM-9522)

NUREG/CR-4198

Lona-Term Performance of Materials Used for High-
Level Waste Packaging, BattelLe Columbus Lacoratories
Report,
Volume 1, "Annual Report, March 1982 - April 1983,"

July 1983.

Long-Term Performance of Materials Used for High-
Level Waste Packaqing, Battelle Columbus Laboratories
Report,

Volume 1, "First Quarterly Report, Year Two,
April 1983 - June 1983," August 1983.

Volume 2, "Second Quarterly Report, Year Two,
July 1983 - September 1983," December 1983.

Volume 3, "Third Quarterly Report, Year Two,
October 1983 - December 1983," March 1984.

Volume 4, "Annual Report, Year Two,"
April 1983 - April 1984," June 1984.

Surface Prooerties and Performance Predictions of
Alternative Waste Forms, University of Florida Report,
Volume 1, "Annual Report - October 1, 1981 through

September 30, 1982," September 1983.
Volume 2, "Final Report," [To be published].

A Summary of Computer Codes for Waste Packace
Performance Assessment, CoSTAR Research Report,
March 1984.

Lonq-Term Performance of Materials Used for High-
Level Waste Packaging, Battelle Columbus Laboratories
Report,
Volume 1, "First Quarterly Report, Year Three,

April 1984 - June 1984," September 1984.
Volume 2, "Second Quarterly Peport, Year Three,
July 1984 - September 1984," January 1985.

Volume 3, "Third Quarterly Report, Year Three,
October 1984 - December 1984," March 1984.

Volume 4, "Annual Report, Year Two,"
April 1983 - April 1984," June 1984.

H.C. Claiborne et al., Repository Parameters Relevant
to Assessing the Performance of Hiqh-Level Waste
Packages, Oak Ridge National Laboratory Report,
May 198.

Fracture in Glass/High-Level Waste Cannister, Iowa
State University Report, May 1985.
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NUJREG/CR-4379 Lona-Term Performance of Materials Used for Hiah-
Level Waste Packagina, Battelle Columbus Laboratories
Report.,

Volume 1, "First Quarterly Report, Year Four,
April - June 1985," September 1985.

NRC Reports in Preparation

NRC Staff Report
(Reliability GTP)

NUREG/CR-4134
(ORNL/TM-9522/R1)

Final Generic Technical Position on Waste Package
Reliability, December 1984.

H.C. Claiborne et al., Repository Parameters Relevant
to Assessing the Performance of Hiah-Level Waste
Packages in Basalt, Tuff, and Salt, LThis revision to
ORNL/TM-9522 adds appendices on tuff and salt].



DOE/NRC SALT WASTE PACKAGE WORKSHOP
January 22-24, 1985
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DOE/tJRC SALT WASTE PACKAGE WORKSHOP

DOE Objectives

1. To present the NRC staff and other participants the DOE-Salt Repository
Programs current status and approach to waste package design and develop-
ment and its contribution to the potential licensing of a salt geologic
repository. This would include:

(a) A description of the overall SRP waste package program approach and
strategy with regard to design and performance verification.

(b) A description of the current package design including components/
functions, materials, and design rationale.

(c) A description of SRP performance assessment approach including
strategy, model development, interaction with design, treatment of
uncertainties and code and model validation.

(d) A description of the SRP Quality Assurance program and the uses of
peer/technical review.

(e) A description of the waste package near-field environment including
uncertainties, issues, status of data, and waste package effects
(heat, radiation, etc.).

(f) A description of the SRP program studying waste package containment
including failure/degradation processes, uncertainties and issues,
and status of data.

(g) A description of the SRP program studying waste package release
including failure/release scenarios, uncertainties/issues and status
of data.

2. To answer questions and receive NRC comments on the SRP waste package
program and its applicability to thc requirements of 10 CFR Part 60 and
NRC staff perceived licensing needs.

3. To describe the SRP near term (FY 86) planned activities in the waste
package area to assist NRC and others in following the SRP program in-
cluding exchange of ideas on future meetings and data reviews.

4. To have the NRC staff provide feedback to the DQE-SRP program through

(a) Comment on the perceived appropriateness/adequacy of the SRP waste
package program.

(b) Presentations on several topics/issues which would influence the DOE
program based on NRC interpretation of the requirement of 1O CFR Part
60. (See Agenda for Specific Topics)
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DOE/NRC SALT WASTE PACKAGE WORKSHOP
January 22-24, 1986

Columbus, Ohio

PROPOSED AGENDA

January 22, 1986

8:30 am Introductions

° SRP Participants
° NRC Participants
a Others

8:45 a.m. Anouncements and Opening Remarks

o Announcements/Arrangements
o DOE Opening Remarks
o NRC Opening Remarks

9:00 a.m. Package Program Approach and Strategy

o Program Organization
o Program Philosophy
o Design Approach
o Performance Verification Strategy

9:45 a.m. Waste Package Concept Description

o Design Description
° Component Functions/Performance Allocation
o Design Rationale/Materials Selection
o Favorable Features-
o Major Design Uncertainties

Failure Modes and Processes
o Effects of Emplacement Mode

12:00 noon Lunch

1:00 p.m. Performance Assessment of Waste Packages

o Performance Assessment Strategy
o Interfaces with Design and Testing
o Development of Submodels
° WAPPA Model Description
° Treatment of Uncertainties
o Code and Model alidation

Role in Licensing

3:30 p.m. Break
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January 22, 1986 (Continued)

3:45 p.m. Quality Assurance and Peer/Technical Review

a Quality Assurance Programs
° Technical Test Procedures
° Technical/Peer Review

5:00 p.m. Adjourn

January 23, 1986

8:30 a.m. Waste Package Environment

o Preemplacement Conditions
o Heat Effects on Salt and Brine
o Thermomechanical Effects
o Radiation Effects
° Preclosure/Operational Factors
° Integrated Effects/Field Tests
o Expected/Unexpected Conditions
° Impact on Modeling
o Status of Data

11:30 a.m. Waste Package Containment

o Failure/Degradation Processes
- General Corrosion/Test Design
- Nonuniform Corrosion
- Crushing
- Others

° Factors Affecting Processes
Status of Data

° Major Uncertainties/Issues
° Development of Submodels

12:30 p.m. Lunch

1:30 p.m. Waste Package Containment (Continued)

3:30 p.m. Waste Package Release

o Package Failure/Release Scenarios
Expected Processes

° Status of Data
° Major Uncertainties/Issues
0 Development of Models

5:00 p.m. Adjourn
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January 24, 1986

8:30 a.m.

10:00 a.m.

10:45 a.m.

Waste Package Release (Continued)

Near-Term Waste Package Activities/Products

o Waste Package Environment
3 Waste Package Containment
O Package Release
o Design and Development
O Performance Assessment
O Future Potential Meetings/Data Reviews

NRC Presentations

o Summary of Observations on DOE Programs
• Substantially Complete Containment/Short Half-

life Radionuclides
o Individual Radionuclide Release Data for

Licensing
o Waste Package/Engineered Barrier System
° Boundary Definitions
° Pitting Studies

Lunch

General Discussions/Questions

Preparation of Minutes

Summary and Minutes Discussion

Adjourn

12:00

1:00

3:00

4:00

5:00

noon

p.m.

p.m.

p.m.

p.m.
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OOE/NRC WASTE PACKAGE WORKSHOP

*Lis.tinc of.DOE.Reoorts Aoolicable to the Workshoo

Published Reports

BMI/ONWI-545

ONWI-488

SAND 81-0433

Performance Assessment Plans & Methods for the Salt
Repository Project

A Proposed Approach to Uncertainty Analysis

Salt Block II Brine Migration Modeling

ORNL/TM-7310

ONWI-085

ORNL-5607

A Statistical Sensitivity Analysis of a Simple Nuclear
Waste Repository Model

Thermal Gradient Brine Inclusion Migration in Salt Study,
Gas-Liquid Inclusions Preliminary Models

Review of Information on the Radiation Chemistry of
Materials Around Waste Canisters in Salt and Assessment of
the Need for Additional Experimental Information

ONWI -464

ONWI -305

ONWI-462

ONWI-483

ONWI-242

ONWI-472

ONWI-419

Conceptual Waste Package Interim Product Specifications and
Data Requirements for Disposal of Borosilicate Glass
Defense High-Level Waste Forms in Salt Geologic
Repositories

Reaction and Devitrification of a Prototype Nuclear Waste
Storage Glass With Hot Magnesium-Rich Brine

Conceptual Waste Package Interim Performance Specifications
for Waste Forms for Geologic Isolation in Salt Repositories

Engineered Waste Package Conceptual Design: Defense
High-Level Waste (Form 1), Commercial High-Level Waste
(Form 1), and Spent Fuel (Form 2) Disposal in Salt

Brine Migration Test for Asse Mine, Federal Republic of
Germany: Final Test Plan

EQ3/EQ6: A Geochemical Speciation and Reaction Path Code
Package Suitable for Nuclear Waste Performance Assessment

Workshop on Uncertainty Analysis of Postclosure Nuclear
Waste Isolation System Performance
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ONWI-452

ONWI-399

DOE/NWTS-34

PNL-4474

DOE/NWTS-960
Volume 1

ONWI-275

ONWI-312

PNL-3971

OOE/NWTS-013

PNL-3614

ONWI-251

PNL-3791

PNL-3802

ONWI-490

BMI/ONWI-533

BMI/ONWI-538

WAPPA: A Waste Package Performance Assment Code

Thermodynamic Properties of Chemical Species in Nuclear
Waste

Guidelines for the Development and Testing of NWTS Waste
Package Materials

State-of-the-Art Report on Corrosion Data Pertaining to
Metallic Barriers for Nuclear Waste Repositories

NWTS Waste Package Program Plan, Volume 1: Program
Strategy, Description, and Schedule

Elemental Release From Glass and Spent Fuel

Waste Package Materials Screening and Selection

Actinide Leaching From Waste Glass: Air-Equilibrated
Versus Deaerated Conditions

Nuclear Waste Package Materials Degradation Modes and
Accelerated Testing

Solubility Effects in Waste-Glass/Demineralized-Water
Systems

An Annotated Bibliography for the Design of Waste Packages
for Geologic Disposal of Spent Fuel and High-Level Waste

Factors Affecting Criticality for Spent Fuel Materials in a
Geologic Setting

A State-of-the-Art Review of Materials Properties of Nuclear
Waste Forms

Waste Package Materials Testing for a Salt Repository:
1982 Status Report

Assessment of the Impacts of Spent Fuel Disassembly
Alternative on the Nuclear Waste Isolation System

A Study of Thermal-Gradient-Induced Migration of Brine
Inclusions in Salt: Final Report
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ONWI-517/WTSO-TME-C

PNL

PNL

PNL

PNL

PNL

Draft

Draft

Draft

Draft

Draft

DOE ReDorts in Process

301 Waste Package Reference Conceptual Designs for a
Repository

FY 84 Waste Package Near-Field Environment Testing Report

FY 84 Metal Barriers Testing Report

FY 84 Waste Form Testing Report

FY 84 Work on Corrosion & Leaching Submodels

FY 83 Work Status Report
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ATTACHMENIT-3

SHORT-TERM TECHNICAL ASSISTANCE TASK ORDER Sio. 20

FIN NO/CONTRACTOR:

CONTRACT TITLE:

B-0287/0RNL REQUEST DATE: June 85

T.A. in Geochemistrv

Task Title: Attend Meecinz

Estimated Level of Effort: I ersons/5 days each

Requested Completion Date: August 85

Product Description: Trip Report

-

. _ .

TASK DESCRIPTION:

Attend and report on NRC/DOE Waste Package Workshop for the
Yucca Mountain candidate site.
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SHORT-TERM TECHNICAL ASSISTANCE TASK ORDER No. 21

FIN NO/CONT0ACTOR:

CONTRACT TITLE:

B-0287/ORNL

T.A. in Geochemistry

REQUEST DATE: September 85

Task Title: Attend Meeting

Estimated Level of Effort: 2 eople/6 days each

Requested Completion Date: November

Product Description: Trip Report

-

TASK DESCRIPTION:

Attend and report on the 1985 meeting of the GSA/Orlando, FL.



SHORT-TERM TECHNICAL ASSISTANCE TASK ORDER o.2

FIN NO/CONTRACTOR: B-0287/ORNL REQUEST DATE: September 85

CONTRACT TITLE: Technical Assistance in Geochemistry

Task Title: Sorption Workshop

Estimated Level of Effort:

Requested Completion Date:

Product Description: I

1/3 man year

Spring 87

Workshop and publish proceedings

TASK DESCRIPTION:

o See attachment 1 and review and assign dates. Work will be
mutually directed by the "MSS PM and the performing organizations
project manager. Changes should be agreed to by the HESS PM.



CONFERENCE PLANNING SCHEDULE

Item Date

Establish Conference Subject

Coordinate Subject with Sponsors

Select Organizing Committee

Outline Conference Sessions

Select Date/Reserve Conference Facility

C#11/Write Candidate Session Chairpersons

Deadline for Response from Candidate Chairpersons

Finalize Chairpersons

First Meeting with Session Chairpersons (Plan Sessions)

Public Announcements of Conference and Preliminary Agenda

Chairpersons Initiate Solicitation of Papers

Deadline for Session Organization by Chairpersons

Second Meeting with Chairpersons (Finalize Conference Program)

Public Announcements of Conference and Final Agenda

Mailing of Conference Announcements and Registration Forms

Solicit Publisher ?)

Deadline for Manuscript Submission

Symposium Reid

Deadline for Manuscript Reviews

Preparation of Papers for Publication

Deadline for Papers to Publisher

Publication Date



ATTACHMEa,-6

.R.T-TERM TECHNICAL ASCTSTAXCE' TASK ORDER o. 23

FIN NO/CONTRACTOR:

CONTRACT TITLE:

B-0287/ORNL REQUEST DATE: November 85

T.A. in Geochemistry

Task Title: Document Review

Estimated Level of Effort: 2 davs

Requested Completion Date: Decembe'

Product Description: Letter 

r 85

Report

TASK DESCRIPTION:

o Review "Measurement of Thermal Neutrons in the Subsurface," and R. Zito with
respect to the use of 36C1 as tracers and dating of groundwaters.

Il



ATTAC CHMENT -7

SHORT-TERM TECHNICAL ASSISTANCE TASK ORDER No. 24

FIN NO/CONTRACTOR:

CONTRACT TITLE:

B-0287/ORNL

T.A. in Geochemistry

REQUEST DATE: November 85

Task Title: Document Review

Estimated Level of Effort: 2.days

Requested Completion Date: December 85

Product Description: Letter Report

TASK DESCRIPTION:

o Review "The Kinetics of Oxidation of Ferrous Iron in Svnthetic and Natural
Waters," W. Davison and G. Seed, Geocehmica at Cosmochemica Acta 47, 67-79
(1983) with respect to the uncertainties associated with redox chemistry.

i
i

I

i

i
z

II

I



ATTACHM-ErT-8

SHORT-TERM TECHNICAL ASSISTANCE TASK ORDER No. 25

FIN NO/CONTR&CTOR: B-0287/ORNL REQUEST DATE: December 85

CONTRACT TITLE: T.A. in Geochemistry

Task Title: Document Review

Estimated Level of Effort: 3 days

Requested Completion Date: January 86

Product Description: Letter Report

TASK DESCRIPTION:

o Review "Aqueous Oxidation - Reduction Kinetics Associated with Coupled
Electron - Cation Transfer from Iron-Conaining Silicates at 250C"
A.F. White and A. Lee, Geochemica at Cosmochemica Acta, Vol. 49, pp.
1263-1275, 1985.
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Aqueous oxidation-reduction kinetics associated with coupled electron-cation
transfer from iron-containing silicates at 250C

ART F. WHITE and ANDY YEE

Lawrence Berkeley Laboratory. University of California. Berkeley. CA 94720

(Received July 13, 1984; accepted in revised form February 20, 1985)

Abstract-Mechanisms and kinetics of aqueous Fe"/fFe' oxidation-reduction and dissolved 02 interaction
in the presence of augite, biotite and hornblende were studied in oxic and anoxic solutions at pH 1-9 at
25'C. Oxidation of surface iron on the minerals coincided with both surface release of Fe" and by
reduction of Fe' in solution. Reaction with iron silicates consumed dissolved oxygen at a rate that
increased with decreasing pH.

Both Fe-' and 03 consumption were shown to be controlled by coupled electron-cation transfer
reactions of the form;

and
(Fe"2, lz.'J+ + .0 - [Fe"] + /" -+tHz O

where M is a cation of charge +z. The spontaneous reduction of aqueous Fe" in the presence of
precipitated Fe(OH)3 bracketed the surface.oxidation standard half cell between +0.33 and +0.52 volts.
Concurrent hydrolysis reactions involving cation release from the iron silicates were suppressed by the
above reactions. Calculated oxidation depths in the minerals varied between 12 and 80A and were
apparently controlled by rates of solid-state cation diffusion.

I

INTRODUC1ON

THE wEArHERmo of primary silicates represents
major source term during the geochemical cycling
iron. In an effron to define the rates of iron releasi
recent work has been centered on determining th
dissolution rates of iron-containing silicates (SIEVE
and WOODFORD, 1979; EGLETON and BOLit.
1982; BERNER and Sczorr, 1982; SCHOTT and BP
NER, 1983). Due to low oxygen fugacities in magm:
ferrous iron is dominant in primary silicates. Thi
reduced iron is inherently unstable in oxygenate
environments at the earth's surface where it is oxidize
to ferric iron. Thus, weathering of iron silicates ca
be expected to contribute electrons as well as iron 
aqueous solutions and secondary mineral phase
Potential redox reactions involving iron silicates in
dude reduction of coexisting aqueous species, con
sumption of dissolved oxygen, and precipitation a
ferric hydroxide and oxyhydroxide phases. All thre
of these redox-controlled reactions are critical ii
determining aqueous transport characteristics of;
number of multi-valent metals and radionuclide
important in problems of toxic and radioactive wast
disposal, acid mine drainage, and leaching of rock
by acid rain.

The pathways of electron transfer between reducet
silicate phases and an oxidizing aqueous environmen
are not well defined. Recently WHrTE e t. (1985
investigated oxidation-reduction kinetics during ex
perimental basalt/water interaction at 2C Th
results suggested that redox potentials were not con
trolled by aqueous oxidation-reduction equilibriun
but by kinetics involving coupled electron-catior

transfer to solution during surface oxidation of iron-
a containing phases. The present study is an effort to
a more clearly define the mechanisms and kinetics

associated with electron transfer from individual iron
silicates over a wide range of experimental conditions.

e Work is currently underway in defining similar redox
R reactions associated with iron oxides and iron-con-

taining glasses.

EXPERIMENTAL AND ANALYTICAL
1 APPROACHES
d
d Three iron silicate augite from Quebec. Canada, horn-

blende from Norway, and bioute fom Ontano, Canada
rn were obtained from Wards Scientific Establishment Inc.
0 Minerals were identified and characterized by thin section
L petrography, powder X-ray diffraction, and electron micro-
A probe. Samples were crushed using a ceramic jaw crusher

and size-fractioned using stainless steel sieves to minimize
metallic iron contamination. The 0.42 to 0.18 mm size

'f ction was then purified using an isodynamic magnetic
e separator. separated from Anes by ultrasonic cleaning and
n decantation with dionized water in an Orfree glove box,
a nd dried in a vacuum desiccator. Mineral compositions

normalized to oxygen nd surface reat of te final product
s ae presented in Table 1.
e Two types of experiments were employed in the study.
s Long term reaction of the iron silicates, up to 9 months

under closed system conditions, was conducted in sealed
125 ml glass stoppered Erlenmeyer dasks. The asks, con-
taining 10 to 20 grams of a mineral phase, were filled with

t deionized water which had been previously saturated with
given partial pressures of N2, 02 and Co0 to control

[ dissolved oxygen (D.O) concentrations and to create a
e partial pH buffer. In low-pH runs, dilute HC was also

added to the solution. During the first week, samples were
agitated with a wrist action shaker, and thereafter they were
penodically shaken manually. Recorded temperatures varied

3 between 23 and 26C. Individual flasks were opened on a

1263



12'64 A. F. White and A. Yee

TABLE I

BET surface areas and dwnic composition of
Won-contairing Scates'.

Augite 0.12 m 29m1
*2

(Ca0. 92 7 1a0.054 N0.106 Fe 0.279 A0.1 42 ) [S 2.2 0 06]

Hornblende 0.55 a gWI

(NaO 269 tto 411) Ca 2 85 N2 07 Fe 3 Al) [Al 3 7 65 Si 4 905 022 ()2

BiOtite 0.69 *2 WI

K2 7 5 (92.87 1 0.139 A2 0 56 ) (S15. 5 43 Al2 056 0] (01)2

*fluoride was not detaruined.

a

pedtermined schedule and D.O pH, Eb, Fe-2, and total
iron immediately measured. Filtered acidified samples wan
also taken fcr lae anlyss of major dissolved species. A
summary of chemical prameters for the long-term dosed
system experiments are presented in Table 2.

Short ters (24 hour) experiments were conducted to
study detiled Fe-Fe 3 interactions. One liter volumes of
deionizd wa. FeC!1. and FeC 2 solutions were Macted
with 5 to 10 gms of a mineral phase unde open syem
conditions in which varying proportios of O, CO2, and
N, wetr continuously bubbled through the solutions. The
mineral suspensions were agitated by Teflon stining pads
The pH was controlled by an electronic pH sat to within
t0.1 pH units Aliquots were continuously pumped through
double 0.2 jam acetate filters by a peristalic pump and
automatically collected in acidified sample vials. The ten-
pAure varied between 23 and 26iC

Aqueous iron was determined spectrophotomenicaly using
a frmenc chromagen (GliEs. 1979) with a lower limit of
detection of 5 og-1-'. Ferrozine rs only with ferrous
iron. Ferric iron was indirectly determined by reducing a
second sample with hydroxylamine to obtain total iron. The
Feti and Fe"' concentrations in a number of samples were
independently verified by cation chromatography using a
Dionex model 2020 ion chromatopaptL Dissolved oxygen
(D.O.) was measured using an Orion membrane electrode

(±0.05 ppm). Experiments using a Orie solutions in the
scaled flasks indicated that the minimum masuable D.O.
was -0.2 ppm due to contamination from air during
introduction of the electrde into the Bask.
The surface chemistry of both unreacted and reacted

augite, biotite and hornblende was characterized by x-ray
photoelectron spectroscopy (XPS), auger ectrn spectros-
copy (AES) and secondary ion m- spectroscopy (SIMS).
All three ultra high vacuum techniques are capable of both
characterizing chemical compositions within 20 A of the
mineral surface and of profiling compositions to eater
depths when combined with ion milling using a charged ion
beam such as Ar*. The applications and limitations of the
above techniques to solid surface analysis are discussed by
Brundle (1982). XPS and SIMS spectra were obtained on a
Physical Eearonics Inc (PH) Model 590 XPS/SAM system
and AES spectra were obtained on a PHI Model 590 AES
syem, both located at the PHI Surface Laboratory in
Mountain View, CA., USA.

RESULTS

The results pertaining to surface chemistry will be discussed
first followed by observed changes in aqueous solution.

.

TABLE 2

Suaary of chemical paraneters for closed syste
experiments (A. a*ugite. B bio ite. * hornblende;
02 in g9u 1 nd Fe In moles. VI)

Exp. time Initial final 'initial final final final
No. sio7 oN ON 02 02 Fe(ll) FetCll)

Al 1.10 2.09 4.52 9.40 2.SS 3.7x10-4 b.d.
A2 1.89 5.47 5.99 9.23 6.11 b.d. b.d.
A3 1.40 6.36 6.59 9.63 6.36 b.d. b.d.
A4 1.13 9.65 8.97 8.42 5.71 b.d. b.d.
AS 1.18 5.27 6.03 0 0 b.d. b.d.

31 1.10 3.13 4.02 9.40 3.48 1.49XIO-4 b.d.
82 0.76 4.24 5.02 9.91 5.3 5.44xl0(- b.d.
83 1.19 4.70 4.90 9.23 4.30 7.96x0-6 b.d.
84 1.12 8.00 8.60 8.42 6.53 b.d. b.d.
S 1.17 4.76 5.16 0 0 2.0510-_S 5.4.1_7

1-1 0.15 1.10 1.85 10.10 6.76 6.63xl0-3 b.d.
H-2 0.15 1.50 4.18 10.47 3.91 1.31x10-3 b.d.
H-3 1.19 2.07 4.85 9.40 1.27 3.1740'4 b.d.
H-4 1.89 5.49 6.09 9.23 4.34 b.d. b.d.
H-S 1.40 6.59 6.98 9.91 5.48 b.d. b.d.
H-6 1.13 9.86 9.88 8.42 6.71 b.d. b.d.
H-7 0.72 1.66 4.92 0 0 4.91xlO-< b.d.
H-3 1.17 5.29 6.05 0 0 8.1410-S b.d.
H-9 1.32 6.59 7.01 0 0 b.d. b.4.
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Aqueous oxidation-reduction kinetics 1265

Surface iron concentrations

Examples of XPS spectra for 2P,,z and 2PW,: electron
bonding of iron on the surfaces of hornblende and biotite
powders are presented in Fig. 1. Reaction conditions are
listed in Table 2. (experiments H4. Hg. B3 and B5.). The
vertical axes in the figure are the total number of electron
counts at a given energy (ev) divided by that energy. The
horizontal axes are the binding energy of the emitted pho-
toelectrons.

The effect of pH on surface iron concentrations can be
determined more precisely from the ratio f the Fe 2P,2
and Si nP peak areas. Although XPS ppas ati for different
elements are not directly comparable. their ratios are pro.
portional to ratios of elemental concentrations in different
samples (BNcRoFr et a., 1979). Such a technique dimin-
ishes the efects of differing signal intensities due to surface
orientation, surface area and matrix effects

The Fe/Si ratios for biotite. augite and hornblende as a
function of pH in oxic solutions are shown in Fig. 2. The
slightly elevated ratios at neutl to basic pH relative to the
unreacted surfaces may be due to either minor ferric hy-
droxide or oxyhydroxide precipitation or to adsorption of
aqueous iron. The extent of the iron loss at low pH is a
strong function of the individual mineral phase. Nearly half
the surface iron on hornblende at pH 2 has been lost to
solution while the biotite surface at the same pH retains the
initial iron concentration.

Elemental profiles perpendicular to the respective 001
and 100 deavage surfaces of individual biotite and hornblende
crystals were obtained by alternating scanning AES using a
3 Kev electron beam with ion milling using a 30 Kev Ar'
beam. The resulting profiles for nreacted and reacted
biotite are shown in Fig. 3. Experimental conditions (Table
2, are identical to those of the samples from which XPS
spectra were obtained (Fig. ). The vertical scales in Fig. 3
are atomic percentages based on sensitivity factors for pure
elements. Such (actors were found to be only semi-quanti-
tative when applied to iron silicates. Minor erratic fluctuations
in concentrations shown in Fit. 3 are due to problems
involving sample charging under the electron beam.

OaioJ. Bullk WWOeFe'Si -0.39

B u l' ou0 5 I S ' O l

EU.
0

oxo P 

0.14.-

Bulk harnbleldFeSi .O.35

10.0 6.0 6.0 4.0 2.0 0
pH

FIGo 2. XPS ratio of iron to silica on the surface of reacted
biotite augite and hornblende as a function of pH. Horizontal
dashed line is the ratio for the unreacted surface.

The Ar sputtering time shown on the horizontal scale in
Fig. 3 can be converted to depths if sputtering rates are
known. As discussed by PERRY e ad (1983), quartz is the
only calibrated natural silicate, with a sputter rate of 10 A
min' under specified beam voltages and amperages. Using
this value, the respective profile depths for biotite are 140
A. The profiles show considerable elemental variation with

simir ~woeV
FIG. 1. XPS spectra for 2P,.1 and 2Pn iron bonding on

the surfaces of unreacted and reated hornblende and biotite.
The respective 2.4 and 3.9 eV shifts are the result of surface
charging. Vertical dashed lines are peak positions for ferric
oxide.

0 o 2 4 6 8 1 C 14
Sputir irme (minr

FtG. 3. AES depth profiles for unreacted biotite and biotite
reacted in anoxic solutions at neutral pH.
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depth, the most striking effect being a consistent minimum
iron concentration approximately 20 to 40 A beneath the
surface. The strong similarity in Fe profiles for the reacted
and unreacted biotite indicates that such variations must be
an intrinsic characteristic of the biotite structure and not
the result of aqueous interaction. Mixed layering and inter-
growths of chlorite and talc in biotite on the scale of 100 A
have been observed in TEM studies (VEsLEN, 1983) and Fe
fluctuations may be related to such phenomena.

Oxidation state ofsurface iron

In addition to defining oncentrations of total surfc
iron, XPS an also be used to chararize the oxidation
state based on dectron binding energies of the Fe 2P.A and
Fe 2P 4 ortbitals (FRsrExAu and CHANDLER, 1982). For
the hoablende and biotite spectra shown in Fig. 1 binding
energies an be determined by correcting the apparent
energies fr surface electron charging. Ihe respective shifts
such as 2.4 and 3.9 eV potentials shown in Fig. I are based
on the shift of the adventitious carbon Is peak relative to a
standard ae of -284.6 eV (WAGNER et aL 1979)o

Corrected Fe2Pja binding energies for iron on the surface
of augite. biotte. and honbiende vanried between -709.9
and -710.8 cv which closely correspond to the nge of
-709.9 to -710.5 ev determined for feic oxides and
silicates reported by Aec er eaL (1974). McINreRw and
ZETARuK (1977), and PREDAu et aL (1981) Coected Fe
2P= energies ae lwer than -707 to -708 ev reported by
these workersfo ferrous ion. The presence of predominantly
Fe' on silicate surfai was previously documented by
BERM and SCorr (1982), ScHorr and BER.NER (1983)
and Wrl e aL (1984) 

AQUEOUS IRON CHEMSMY

Release rates of major chemical species from aitec
biotite and homblende, including Si. Na, K, Ca and
Mg, wre found to be generally linear with time as
had been found for other iron silicates by ScHorr
and BERNER (1983). However the changes in both

-20 
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FIG. 4. Concentrations of Fe" and Fe" in oxic and
anoxic solutions at differing pH as functions of time reaction
time with hornblende.

L..

Si
RR

A

I

II

. ..

Fa. S. Iron-hydrogen activity ratios as a function of
solution pH under oxic conditions. Horizontal dashed li
ax solubility boundaries for spetied hydroxides and oxy-
hydroxides.

Fe<3id Fe'3 concentations exhubited a much mot
comptex. behavior as shown in Fig. 4 for the horn-
blende experiments listed in Table 2. Ferrous iron
increed apidly at first and then remained constant. -

or di~ased in solutions at pHs above 3.5. The ate
of deeas at near-neutsal pH was greatly accelerated
in oic iolutions, due to the initiation of ferric
hydroxide or oxyhydroxide precipitation. Such pro
cipitation also explains the more rapid loss of Fe3 '
from ii& solutions (Fig. 4). The stability fields for
oxzj ide precipitates as well as aqueous iron -5

speciation were modeled using the FORTRAN lan- stj
guage WATEQF chemical code (PLUmmER et al..
1976). Tbe iron speciation subroutine and updated
data base from the PLI language WATEQ 3 (BALL
et al., 1980, 1981) were written into WATEQF code.
This modification resulted in the ability to calculate
hydroxide or oxyhydroxide ainities direty from
meakured Fe2 and FeO' concentrations rather than
from measured or implied Eli parameters

Progressive changes in Fc+3/H+ activity ratios over l
the pH range of 4.7 to 6.2 are shown in Fig. 5 for
biotite. hornblende. and augitc (experiments B3, BS, 4

H4, H8. A2, AS, Table 2). Solutions initially under- -
saturated with respect to amorphous ferric hydroxide '

became progressively supersaturated with tme due
to both increasing aqueous iron concentrations and * -
increasing pH resulting from silicate hydrolysis. The
initiation of amorphous Fe(OH), precipitation is sig-
naled in Fig. by the drop in the Fe';/H ratio in
the oxic experiments. Although all solutions remain
supersaturated with respect to the FeOOH phases,
geothite and lepidocrocite, progressive increases in
the extent of undersaturation with respect to amor-
phous Fc(OH)3 under oxic conditions suggest gradual -
crystallization of the amorphous hydroxide phase. -
Application of the speciation model to other experi-
mental data indicated that solutions reacting with
biotite. homblende, and augite in the presence of 7
oxygen achieved Fe(OH)3 saturation down to about
pH 3.5.
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spondence between the rates of Fe" decrease and
Fe 2 increase is evident with total iron in the solution
remaining close to the initial total iron concentration.
With larger amounts of biotite. the total iron concen-
tration eventually exceeds the initial Fe-' concentra-
tion presumably due to additional Fe" being dissolved
from biotite. Based on the data in Fig. 6, silicate
mineral surfaces have a significant impact on aqueous
iron speciation and such an impact is related to the
concentration of iron in the solid phase: i.e. biotite
increases Fe 2 and decreases Fe" more readily than
does muscovite.

Rates of Fe" reduction in solutions were also
compared for fresh augite and augite previously
weathered at pH 3.0 for one day and one week to
determine if aqueous iron reduction was an artifact
of surface defects and dislocations created by crushing
and grinding of the mineral sample. Figure 7 shows
that the rates of Fe'' loss in solution were comparable
for the weathered and unweathered surfaces. However,
corresponding Fe 2 increases for the weathered sur-
faces were only half that of the fresh surface. Ferrous
iron in solution in contact with fresh augite exceeds
that in the initial FeCI3 solution indicating that a
significant amount of Fe" was released from the
surface. In turn the lower Fe'2 concentrations for the
weathered surfaces relative to the initial FeC 3 values
suggests a loss of ferrous iron due to adsorption.

Three potential mechanisms can explain the ob-
served Fe'' decrease and Fe 2 increase in solution in
the presence of iron silicate surfaces: I) Fe" is being
reduced in solution due to the release of an oxidizable
species during silicate dissolution; 2) Fe" is under-
going stoichionletric exchange with Fe 2 on the surface
of the iron silicates and 3) Fe" is being reduced in
solution by electron transfer during the in situ oxi-
dation of surface iron.

The first mechanism requires an oxidizable species

S ~~~0 sos~ Fey e
Vi F A

30

* R CI~ ~~~~ ~~~O 168 v

0~~~o10 0 

10i seconds

FIG. 7. Changes in aqueous Fe-2 and Fe" concentrations
* with time in the presence of unreacted augte and augite

expenmentally weathered at pH 3.0 ror 24 hrs. and 168 hs.
- Horizontal dashed line is the onginal FeCI, concentration.

104 seconds

FIG. 6. Changes in aqueous Fe 2 and Fe" concentrations
with time in the presence of muscovite and biotite. Horizontal
dashed lines are initial concentration of FeCI,.

Iron reduction in solution

Dissolution of an oxidized iron silicate surface, as
documented by XPS studies would be expected to
contribute Fe+3 to the aqueous solution rather than
Fe' 2 as indicated by the dissolution data in Fig. 4.
This is particularly true for low pH-oxygenated so.
lutions which are undersaturated with respect to
Fe(OHh. The fate of Feel in solution in the presence
of iron silicate minerals was investigated by reacting
minerals for short times (24 hs) at pH 3.0 in 3.5
X 10- molar FeC solutions. Ferric iron in blank
solutions at pH 3.0 was stable indefinitely. indicating
neither reduction to Fe'2 nor precipitation as Fe(OH),.
Addition of a low-iron muscovite to the solutions
resulted in a slight decrease in Fel relative to the
initial FeC1I concentrations and produced small
amounts of Fe (Fig. 6). The addition of comparable
amounts of biotite to the FeCl, solutions resulted in
dramatic decreases in Fe" and increases in Fe"2. For
relatively small amounts of biotite a direct corre-
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I.

in solution at concentrations comparable to that of
Fe3. Although small concentrations of reduced forms
of Mn and S may be present in the iron silicates
based on bulk chemical analysis and electron probe
studies, corresponding oxidized species in aqueous
solution could not be detected even at low pH.
Precise charge balance calculations of the type shown
in Table 3 also indicate that all the major dissolved
chemical species are accounted for in the chemical
analysis

The potential for Fe;2-Fe*3 exchange between the
solution and the iron silicate surface was investigated
by tagging the initial ferric chloride solutions with
'Fe3. During reaction with iron silicate surfaces,
solution splits were filtered and beta counted using
liquid scintillation Table 4 shows the total counts
for "Fe over a time span in which Fe+' was totally
converted to Fe+' at pH 3.0 in the presence of two
different weights of agite. Although both augite
experiments exhibited an initial small decrease relative
to the activity of the blank solution, activities during
the remaining time were essentially constant. The
initial "Fc3 nmained. in solution after reduction to
"Fe 2, and was not exchanged for Fe 2 on the silicate
Sur&= ~ 

The elimination of aqueous oxidation-reduction
and ferrous-ferric surface exchange mechanisms sug-
gests that observed changes in aqueous iron speciation
result from a coupled surface-solution oxidation-
reduction mechanism. Such a redox couple can be
written in the form:

[Fe+21 + Fe+3 - Fe+'I + *Fe 2. (1)
iam v.mw

The asterisk above the aqueous iron species indi-
cates that aqueous iron atoms are conserved in
solution as are surface iron atoms in the silicate. This
nomenclature distinguishes Eqn. (I) from the Fe 2-
Fe"' exchange process.

tine blan* augite augite
(S) solution 1.72 gs-&-I 3.44 gs-a

1

0 6.19 5.44 5.04

9.OXIO2 - 5.06 4.94

3.6103 - 4.93 5.04

I.1x10
4

- 5.05 4.93

1.8x104 - 4.7? 4.77

7.92x104 - 1.25 5.31

3.1x1O5 6.08 1.02 5.07

Equation (I) is self-consistent relative to charge
balance. However, the reaction occurs between two
different phases and requires an additional coupled
reaction to maintain charge balances internally in the
silicate mineral and solution. The net electron transfer
from the solid to the solution can be coupled with a
simultaneous transfer of a cation, i.e.

[Fe+' IzM*' + *Fe'-

[Fe+31 + *Fc+z + l/zM'' (2)
ido

TABLE 4

Aqueous S9Fe activities during reaction
with augtte (counts 104)

I
I

i

I

.I

-I

where M is a cation of charge +z. The total net mass
transfer is then

[e-, IIZArl - C- + IIZArl
&beta

(3)'

which-maintains internal charge balances. Equation
(3) is entirely consistent with experimental results.
The dominantly ferrous iron in the bulk silicate

TABLE 3

Owical comeosition and charge balance during
aueous reduction of a 10l-4 FCl3 Solution in
the presence of.blotlte at ON 3.0 (concentrations
In les .*-l).

Time Ngcations
(SatO4) Fe(lil) Fe(ll) K "ta Ca 9 N. Cl lIi nlons

Start 0.1000 0 0 0 0 0 1.000 1.30 1.00
0.03 0.0458 0.0342 0.0362 0.0032 0.0082 0.0163 1.000 1.30 n.d.
0.09 0.0350 0.0422 0.0397 0.0030 0.0092 0.0173 1.013 1.30 n.d.
0.18 0.0281 0.0476 0.0507 0.0056 0.0097 0.0221 1.000 1.30 n.d.
0.30 0.0202 0.0572 0.0496 0.0033 0.0097 0.0200 1.012 1.30 m.d.
0.72 * 0.0105 0.0659 0.0606 0.0039 0.0110 0.0228 1.002 1.30 m.d.
1.06 0.0073 0.0688 0 0615 0.0041 0.0105 0.0225 1.000 1.30 m.d.
1.44 0.0029 0.0741 0.0669 0.0044 0.011 0.0237 0.998 1.30 m.d.
1.80 0.0040 0.0760 0.0681 0.0048 0.0107 0.0238 0.993 1.30 n.d.
2.16 0.0041 0.0755 0.069Z 0.0045 0.0113 0.0242 0.971 1.33 0.98
3.96 0.0008 0.083 0.0792 0.0056 0.0130 0.0252 0.981 1.30 0.99
8.64 b.t. 0.0891 0.0830 0.0060 0.0128 0.0284 0.942 1.30 0.99

10.12 b.t. 0.0973 0.0950 0.0095 0.0165 0.0272 0.924 1.30 1.00

hydrogen fon concentration is cal uated from charge
bal nce fro tme 0.03 to 1.80x10s am froi direct
titration fro times 2.10 to 10.12x104s.
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phases (Table ) is oxidized to ferric iron on the
surface as indicated by XPS data. Simultaneously.
Fe+', either contained initially in solution or dissolved
from te oxidized surface, is reduced to Fe' 2. The
process occurs in conjunction with measurable cation
release to solution from the mineral surface.

In addition to the surface oxidation reaction (Eqn.
2), concurrent silicate hydrolysis is also expected to
occur during silicate/water interaction (GARRELS and
HOWARD, 1957). In the iron silicates such hydrolysis
can be represented as:

[FFC
2 , l/zV1 + 3H -

sliate

[3H] + l/lz. 2 + Fe" (4)

during which ferrous iron and other cations are
released to solution by protonation of the silicate
surface. The occurrence of such hydrolysis reactions
in the iron-silicate experiments is demonstrated by
continued loss of aqueous hydrogen ions. The XPS
data indicates that surface iron is lost by hydrolysis
only at relatively low pH (Fig. 2).

I During simultaneous oxidation and hydrolysis of
the surface, Eqns. (2) and 4) can be combined to
give

[2Fe+2, 21x/M1 + Fe` + 3H+ -

[Fe+3, 3H+J + 2Fec2 + 2/:M. (5)

Equation () assumes equal reaction rates for surface
oxidation and hydrolysis in which half of the initial
ferrous iron in the silicate is oxidized in site to Fe+'
and half is transferred to aqueous solution. Even for
the more likely scenario of unequal reaction rates,
charge balance requires that the loss of the sum of
Fe+3 and He from solution be balanced by an equiv-
alent increase in the sum of Fe+2 and other cations
in solution.

Chemical distributions in the aqueous phase during
reaction with iron silicates can be used to assess the
validity of Eqrs. (2), (4) and (5). Short term open-
system experiments were run for fresh biotite and for
augite that had been previously reacted for I week at
pH 3.0 and reintroduced into new solutions. Two
simultaneous runs were made at pH 3.0 for each
mineral; one run was made in deionized water in
which only the hydrolysis reaction was expected to
be observed (Eqn. 4) and the other run was made in
I X 10- molar FeCd solution in which both surface
hydrolysis and reduction of ferric iron were expected.
(Eqn. 5) Concentrations of Fe 2 Fe"l, and other ions
were monitored as a function of reaction. Total
hydrogen ion concentrations were either measured
directly by titration with 0.10 N NaOH to pH 7.0 or
calculated from charge balance. An example showing
the compilation of data for the biotite reaction in the
ferric chloride solution is given in Table 3. The
charge balance is excellent for analyses in which

hydrogen ions were determined independently by
titration as is indicated by near unity for the milli-
equivalent ratios of cations to anions.

The rates of cation production from biotite in
solutions initially containing deionized water and
ferric chloride are shown respectively in Figs. 8a and
8b. Decreasing rates of cation release from biotite
with time in Fig. 8a are indicative of surface hydrolysis
in which cations are initially exchanged for hydrogen
ions (Eqn. 4). The major cations released during
hydrolysis are K and Mg with lesser amounts of Fe".
The corresponding loss of hydrogen ions from solution
is shown in Fig. 8c.

The rates of cation production in the ferric chloride
solution are shown in Fig. 8b. Potassium release from
biotite is accelerated relative to that observed in
deionized water and tracks closely with the formation
of Fe" 2 by reduction of the initial FeCI1 solution.
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0 Zo 4.0 6.0 8.0 10.0
l14 Seconds

FIG. . Aqueous chemistry dunng reaction with fresh
bioute. a) Major cations in a starting solution of deionized
water, b) major cations in a starting solution of I X 10l
molar FeCII as represented by the horizontal dashed line
and c) hydrogen ion and ferric iron decreases in the respective
deionized water and FeCI, solutions with time.
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Coupled increases in K and Fe 2 are indicative of
the mass transfer predicted for the surface oxidation
reaction (Eqns. 2 and 3) in which electrons and
cations are transferred in equal proportions from the
solid to solution. Because free electrons are not stable
in solution. their release rate is correlated directly to
the reduction of ferric iron. The coupling of Fe"2
and K in Fg. 8b implies that K is no longer released
by surface hydrolysis as was the case in Fig. 8a. This
conclusion is confirmed in Fig. Sc which shows that
the hydrogen ion uptake is essentially zero while
measurable concentrations of reducible Fe" remain
in solution. Only after all the Fe 3 is reduced to Fe 2

does the hydrolysis reaction commence and the hy-
drogen consumption rate parallel the rate in blank
solution (Fig. Sc). The difference in the intercepts in
these parallel rates is equal to the cation loss from
biotite attributable to coupled cation-electron trans-
port during surface oxidation.

The results of comparable experiments using pre-
viously weathered augite are shown in Fig. 9. In this
case Ca and Mg are the dominant cations released
during surface hydrolysis (Fig. 9a). During surface
oxidation in the presence of Fea (Fig. 9b), the rate
of Ca release is accelerated and parallels the rate of
reduction of Fe" 3 to Fe '2. Coupled calcium-electron
transfer (Eqn. 2) requires a two-to-one stoichiometry
in solution between calcium aid reduced iron. The
approximate one-to-one relationship between Ca'
and Fe"5 exhibited in Fig. 9b indicates that half of
the ferrous iron has been lost to solution probably
due to surface sorption on the weathered augite
surface. A comparable Fe' 2 loss relative to the initial
FeCI 3 solution in the presence of weathered augite
was previously documented in Fig. 7. As in the case
for biotite. the rate of hydrogen on uptake is essen-
tially zero during the surface oxidation-solution re-
duction reaction (Fig. 9). Only after Fe" has been
consumed are the hydrogen uptake rates parallel,
indicating comparable hydrolysis rates of augite in
the two solutions.

Surface oxidation and hydrolysis reactions for both
biotite and augite are decoupled relative to the com-
bined reactions in Eqn. (). First surface oxidation
occurs (Eqn. 2) followed by surface hydrolysis (Eqn.
4). However, preliminary results using fresh augite
and hornblende surfaces indicated simultaneous ox-
idation-reduction and rapid hydrogen ion consump-
tion in solution as would be predicted by the coupled
mechanism. Such reactions were not investigated in
detail due to the complication in adding excess
hydrogen ions to maintain constant pH.

Effects offerric hydroxide precipitation

The preceding results involving reduction of
aqueous Fe' 3 were obtained at pH 3.0 to eliminate
the competing effects of ferric hydroxide precipitation.
As evidenced from modeling of the aqueous speciation
by WATEQF. amorphous ferric hydroxide is instru-
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Fl. 9. Aqueous chemistry during reaction with weathered
augite. a) Major cations in a starting solution of deionized
water. b) major cations in a starting solution of I X 10-
molar FeCI3 as represented by the horizontal dashed line. c)
hydrogen ion and ferric iron decreases in the respective
deionized water and FeC1 solutions with time.

mental in controlling both ferric and ferrous iron
solubilities above pH 3.5 in neutral to basic oxic
solutions (Fig. 5). The reaction for Fe" can be
written as

.5

II
i
s

I.
I

Fe' 3 + 3H2 0 - Fe(OHi + 3H
0.10

(6)

and for Fe as

Fe'
2

+ '402 + 3'H 20 - Fe(OH), + 2H-. (7)

Precipitation of Fe(OH)3 from aqueous Fe 3 (Eqn. 6)
is a parallel reaction relative to surface oxidation
(Eqn. 2) because both reactions remove Fe 3 from
solution. Precipitation of Fe(OH)3 from aqueous Fe"
(Eqn. 7) is an opposing reaction relative to surface

- - . .- ---. __-- . F10"Ro ;
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Aqueous oxidation.

oxidation since the former reaction oxidizes Fez to
Fe3 and the latter reaction reduces Fe"i to Fe''.

Two sets of experiments were designed to investigate
the effects of Fe(OH), precipitation from I X 10'
molar oxic solutions of FeCI3 and FeCI2 in contact
with hornblende. Solution pH ranges were controlled
to monitor the individual effects of reactions (6) and
(7). Ferrous iron is metastable in the pH range 3.5
to 4.5. The kinetics of Eqn. (7) are very slow and the
rate of Fe(OH)) formation is controlled by direct
precipitation of Fe" (Eqn. 6). The greatly accelerated
rates of Fe" loss in the presence of hornblende at
pH 3.5 (Fig. Oa), confirm the effect of co-removal
of Fe"' from solution by both reduction to Fe+2 by
surface oxidation (Eqn. 2), and precipitation as an

reduction kinetics 1271

oxyhydroxide (Eqn. 6). The relative kinetics of Eqns.
(2) and (6) are best illustrated in Fig. lOb which
documents Fe 2 increases due to reduction of Fe 3
by surface oxidation. The rates of Fe' 2 production at
pH 3.5. 4.0 and 4.5 converge to the same rate at
short times indicative of surface oxidation prior to
the initiation of hydroxide precipitation. The relatively
constant Fe'2 concentrations at later times at pH 4.5
indicate that Fe"3 is irreversibly'removed from solu-
tion after precipitation.

Ferric iron is removed almost instantaneously at
pH 5.5 to 7.0, and the rate of Fe(OH)3 precipitation
is controlled by aqueous oxidation of Fe" 1 (Eqn. 7).
A number of studies (STuMM and LEE, 1961; PENKCOW
and MORGAN, 1981; DAvisoN and SEED, 1983) have
documented the rates of oxyhydroxide precipitation
from ferrous iron solutions at near neutral pH (Eqn.
7). The rate law can be written as:I I InitialFe(#) ' _ I

6 at-i = -k(Fe* 2)p0 2 .OH 2
(8)

0

1.
a.

IIt 
U.

where k is the rate constant (moles-2-atm.-'-s .)
ferrous iron and hydroxide are concentrations
(moles I-t) and p02 is the partial pressure of oxygen
(atm.). The calculated rate constants reported in Fig.
II for blank FeCI2 solutions in the pH range 5.5 to
7.0 agree with previously calculated constants sum-
marized by DAVM!ON and SEED (1983). The rates of
Fe+2 loss from solution increase significantly in the
presence of hornblende (Fig. 1), indicating either
that the oxidized hornblende surface catalyzes Eqn.
(7) or that additional Fe 2 is removed from solution
by surface adsorption.

Caculation of the rface oxidation potential

The surface oxidation-solution reduction reaction
(Eqn. 2) can be written as two half cells;

hats F*Ol 4 5 .8 - 2 X a,"

I. W

r.4S - i, SXiO r

Z0 *0 so 10

tO sconas
FiG. 11. Ferrous iron concentrations in solutions initially

containing I X l0 molar Fal. Open symbols are for
blank solutions with indicated kinetic rate constants for Fe"
loss due to oxyhydroxide precipitation (Eqn. 8). Closed
symbols are for comparable solutions in the presence of
fresh hornblende.

o 0.2 04 0.6 0.3 12

Seconds jo3
FIG. 10. Iron speciation in solution initially containing I

x 10- molar FeC3 during concurrent surflace oxidation of
hornblende and hydroxide precipitation; a) changes in Fe"
with time b) changes in Fe 3 with time.
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(Fe 2. I -zMt] (Fe+3I + IU+ + e (9)
Sh"ate "kate.

and

Fe-3 + e-Fe"2 E = +0.77 volts. (10)

Actual potentials can be written or experimental
conditions. under which both surface oxidation (qn.
2) and hydroxide precipitation (Eqn. 6) occur spon-
taneously.

E - E + 0.059log( l/zMWq (I1)
and

E - +0.77 + 0.059 log +0.77. (12)

Solid state activities are assumed to be unity and
aqueous activities to be equal to chemical concen-
trations. Conditions are for the experiment shown
in Fig. 10 at pH 4.5, 0.2 atm. 02, and compar-
able ferric/ferrous ratios (Fe+'2 Fe+3 . 1.5 X 10-'
molar). The dominant cation, Ca, is approximately
I X 10-4 molar.

The increase in aqueous Fe 2 prior to ferric hy-
droxide precipitation (Fig. lOb) indicates that the
coupled half cell reactions (Eqn. 9 and 10) occur
spontaneously. Therefore the surface oxidation half
cell (Eqn. It) must be less than +0.77 volts (Eqn.
12) and the standard potential less than +0.52 volts.
Constant aqueous Fe 2 concentrations after the ini-
tiation of ferric oxyhydroxide at pH 4.5 indicate that
the back reaction,

(Fe+2. t/zM'U] + Fe(OH), + 3H' -
SW= hdraide

(Fe+3 ] + Fe+2 + tI/zM + 3H2 0 (13)
ficate

which involves the dissolution of ferric hydroxide,
does not occur during surface oxidation. Equation
(13) can also be written as two half cells. Eqn. (9)
and

Fe(OH)3 + 3H + e - Fe 2 + 3H20

bracket the surface oxidation half cell standard po-
tential between +0.33 and +0.52 volts. which makes
Fe 2 on the surface of hornblende a slightly better
reducing agent then aqueous Fe 2.

Oxygen uptake by iron silicates

The rates of dissolved oxygen uptake in the closed
system iron silicate experiments are plotted in Fig.
12. Oxygen contents in blank solutions remained
nearly constant up to 185 days. The patterns of
progressively decreasing rates of 02 uptake for horn-
blende and augite ae similar to those observed for
granite (TORSTENFELT et al, 1983) and basalt (WHrrE
et al., 1985). The rates of 02 loss from solutions in
the presence of all three minerals increase with de-
creasing pH.

Dissolved oxygen loss at pH values greater than
3.5 can be attributed in part to dissolution of iron
during silicate hydrolysis (Eqn. 4) and precipitation
as a hydroxide or oxyhydroxide phase either on the
mineral surface or, after homogeneous nucleation, in
solution. In the case of amorphous iron hydroxide
precipitation, oxygen consumption is described by
Eqn. (7). Under conditions in which oxyhydroxide
phases such as goethite or lepidocrocite precipitate

4,

0

E - +1.06 V. (14)

The standard potential by Eqn. (14) is that cited by
STUMM and MORGAN (1970) for crystalline Fe(OH)b.
The actual potential will vary somewhat depending
on structure and grain size of the iron hydroxide
phase.

The potential for Eqn. (14) under the assumed
experimental conditions is

E +1.06 + 0.059 log F'1-0.55 volts (15)

Aqueous iron reduction (Eqn. 13) does not spon-
taneously dissolve ferric hydroxide and therefore the
surface half cell reaction (Eqn. 9) must be more than
+0.55 volts (Eqn. IS) and the standard potential
greater than +0.33 volts. The above calculations

:,

To
l
0s toF X N_ t~H nde Augute

is 4 pH 9 4-ss E p H 6 59-6 4
V pH tSM 6 V pH 5 47-6 r
0N 5 49 * 09

: H 1 50-3 54

0 5 t0 is 20

10' seconds
Ftc. 12. Rates of dissolved 02 loss in a) blank solutions

and solutions containing 80 gm 1-' biotite and b) solutions
containing 160 gm 1' of augite and homblende.
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(PENKOW and MORGAN, 1981), oxygen uptake can
be described by

Fe 2
+ 1/4O2 + 20H--FeO-OH + /2H2O. (16)

The role of hydroxide or oxyhydroxide precipitation
in removing dissolved oxygen was tested by preparing
solutions buffered to pH 7.0 and containing 0.2 atm
02 and varing Fe 2 concentrations. After addition of
augite to one set of samples. the solutions were sealed
and the final dissolved 02 concentration measured
after precipitation. Such precipitation was assumed
to be complete when aqueous Fe 2 concentrations
fell below analytical detection limits (<S ug-l-').
Both Eqns. (7) and ( 16) predict a four-to-one stoichio-
metric relationship between the moles of Fe 2 and
O2 consumed during iron precipitation regardless of
the specific phase involved. Because essentially all
aqueous Fe 2 is removed. the stoichiometry can be
extended to include the amount of Fe 2 initially
added versus the quantity of 02 consumed. Figure
13 shows that for both sets of solutions, with or
without augite, initial Fe" 1 and final 02 concentrations
plot very close to the stoichiometric ratios of 4 to I
predicted by Eqns. (7) and (16). These results are at
variance with those for basalt (WHIrE et al.. 1985),
which fell above the stoichiometric line suggesting an
additional irreversible loss of aqueous Fe 2 due to
adsorption on clay and zeolite phases in the basalt.

Although precipitation of one or more ferric hy-
droxide or oxyhydroxide phases is a viable mechanism
for the removal of dissolved oxygen, such precipitation
can not quantitatively explain the rates of oxygen
uptake exhibited in Fig. 12. One problem is that the
amount of aqueous iron produced by silicate hydro-
lysis at neutral to basic pH is insufficient to balance
the measured oxygen losses. This lack of sufficient
aqueous iron is suggested in Fig. 13 by the identical
relationship between initial Fe 2 and final 02 concen-

0.2

0 4.*

0
0 o.s

F~zadeed (MO3 C~s ')

FIo. 13. Relationship between concentrations of FeC!2
initially added to solutions at pH 7.0 and dissolved oxygen
consumed after hydroxide precipitation. Diagonal line is
predicted stoichiometry based on Eqns. (7) and (16)

trations regardless of whether augite is present or not.
It is confirmed in Fig. 4. where the maximum Fe' 2

content prior to oxyhydroxide precipitation at neutral
pH is more than a order of magnitude lower than
that required to balance measured 02 losses. The
observed inverse relationship between dissolved oxy-
gen uptake and pH also cannot be explained by
hydroxide or oxyhydroxide phases whose solubilities
increase with decreasing pH. In fact the maximum
oxygen consumption rate for hornblende (Fig. 12a)
occurs at pH 1.5 to 2.5 in solutions which are more
than an order of magnitude undersaturated with
respect to any hydroxide or oxyhydroxide phase.

Additional oxygen uptake by surface oxidation of
iron silicates can occur by the reaction

(Fe+2 , l/z.r:J + 402 + HE -
zlicta

[Fet3 ] + lIzM' + 2H2O (17)
u.,

in which hydrogen ion is reduced to form water. The
net mass transfer of an electron and cation from the
iron silicate to solution is identical for Eqns. (2) and
(17). Unfortunately Eqn. (17) cannot be independently
verified by changes in aqueous solution as in the case
of Eqn. (2) because the H consumption and the
cation production of Eqn. 17 parallel that of the
silicate hydrolysis reaction (Eqn. 4).

However several independent lines of evidence
support surface oxidation as a significant mechanism
for the consumption of dissolved O consumption.
Equation (17) can be written in terms of the surface
oxidation half cell (Eqn. 9) and the half cell

½02 + H + e-H 2 0 Ea - +1.23 volts. (18)

Addition of the standard potentials for Eqn. (18) and
the potential range of +0.52 to +0.33 volts for Eqn.
(9) indicates a positive affinity for oxygen consumption
which can be shown to occur over all measured
conditions (Table 2). The chemical affinity for Eqn.
(17) increases with decreasing pH, which is in agree-
ment with observed rates of oxygen loss shown in
Fig. 12.

Additional experiments were conducted to inde-
pendently differentiate dissolved oxygen loss from
surface oxidation (Eqn. 17) and from ferric oxyhy-
droxide precipitation (Eqns 7 and 16). Single biotite
and hornblende cleavage fragments (-0.5 cm2) were
reacted at pH 3.5 and 7.0 in solutions saturated at
one atm. '802 for approximately six months. Static
secondary ion mass spectroscopy (SIMS) multiplex
surveys were then run on these reacted samples as
well as on unreacted fresh surfaces. The objective of
the analyses was to determine if detectable increases
in surface "O occurred with corresponding 02 losses
from solution.

The resulting negative static SIMS multiplex spectra
for the biotite surface, including "0, OH, 0 and F
mass-units, are shown on a vertical log scale in Fig.
14. The samples were baked in a vacuum at ISOC
for 24 hours prior to analysis to eliminate H20 which
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has the same mass as '0. Detectable "O is shown
in Fig. 14. However the relative "O0/f'O ratios are
nearly identical for the unreacted and reacted biotite
and are comparable to 0/ 60 mass ratios reported
for bulk biotite (- 10oo SMOW: GARLICK and EsP-
TeIN, 1967). These results indicate that measurable
'I0 resulted from initial isotopic abundances within
the biotite and not from incorporation of dissolved
oxygen onto the silicate surface as would be the case
for hydroxide or oxyhydroxide precipitation. The
lack of excess surface oxygen is consistent with the
surface oxidation reaction by which dissolved oxygen
is combined with reduced hydrogen ions to form
water.

Oxidized iron in the solid

The driving force behind Fe 3 and He reduction
in solution (Eqns. 2 and 17) is the oxidation of Fe*2

on or beneath the iron silicate surface. XPS spectra
indicate Fe" on the mineral surfaces (Fig. 1) and
bulk chemical analysis (Table I) indicates F* 2 be-
neath the surface. The depth to which iron oxidation
must occur in the solid to reduce the aqueous Fell
and Ho can be calculated from Eqns. (2) and (17)
and known solid state iron concentrations. Open
system experiments require surface oxidation depths
of 17, 28 and 57 A respectively for augite, biotite
and hornblende. Concurrent H' reduction and 02
consumption of the long term closed system experi-
ments requires comparable oxidation depths of 12,
28 and 80 A respectively for augite, biotite and
hornblende. These depths are in addition to surface
oxidation initiated prior to aqueous reaction as shown
by XPS data for unreacted" samples (Fig. 1). The
slow penetration rates of the oxidation fronts, partic-
ularly in the long term experiments, is probably due
to the rate limiting step of solid state cation diffusion
from the oxidation front.

the surface structure of the iron silicates. Except for
biotite, little information is available on the effects of
iron oxidation on silicate mineral stabilities in aqueous
solutions at 250C. Several workers have observed
that oxidation of octahedrally coordinated iron in
biotite decreases the weathering rates in natural soils
(DENISON et al.. 1929; GILKEs et al.. 1973). Both
BARSHAD and KISHK (1968) and GILKES et a!. (1973)
have shown that the orientation of the O-H bond of
hydroxyls relative to the basal plane of biotite changes
from approximately perpendicular to approximately
parallel during oxidation. This results in a more
stable configuration for interlayer potassium due to
increased separation from the proton of the hydroxyl
ion. Interestingly, these workers found that the rate
of K dissolution from biotite decreased after oxidation
while the present work indicates that the rate of
potassium dissolution increases during the actual
oxidation process (Fig. 8).

) CONCLUSIONS

The preceding data and discussion establishes a
new class of weathering reactions by which coupled
cation-electron transfer from iron silicate surfaces
can directly reduce aqueous species and add cations
in solution. The reduction of aqueous Fe', and the
reduction of H' with concurrent loss of dissolved
02, were demonstrated by the experimental data.
The driving force behind cation-electron mass transfer
and aqueous reduction reactions is the oxidation of
in situ ferrous iron on or beneath the silicate surface.

The calculated standard half cell potential range
of +0.33 to +0.52 for the surface iron oxidation is
bracketed by the ability of the reaction to sponta-
ncously reduce Fe 3 in solution but not to reduce
Fe" from precipitated Fe(OH)3. The potential range
makes surface Fe' oxidation a slightly better reducing
agent than aqueous Fe"2 oxidation, with the capability
of reducing geochemically important species such as
UO 2". VO 1 , H2SeO 3 and Cu"l. The major kinetic
significance of coupled electron-cation transfer during
surface oxidation of iron silicates in natural systems
is to increase the extent and the rates by which such
reduction can occur in solution by acting as a major
electron donor. This would be particularly important
in poorly poised redox systems at neutral to basic
pH in which concentrations of reducible aqueous.
species such as iron are extremely low due to solubility
controls by iron hydroxides and oxyhydroxides.

Surface oxidation (Eqns. 2 and 17) implies that
Fe"3 is energically favorable relative to Fe"2 within

a1
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A series of experiments have been performed in which tholeiitic basalt from the Umtanum flow of the
Columbia River plateau was reacted with the synthetic equivalent of groundwater with which it is in con-
tact at a pressure of 300 bar, temperatures of 100°, 200 and 300T, and water/rock mass ratios of between

and 50. Reaction products formed included: silica, illite, scapolite, wairakite, heulandite, K-feldspar and
* The alteration mineral assemblage formed during the experiments art similar to those predicted

for equilibrium with geothermal waters in a tholefitic system. Solution pH decreased relative to that of the
initial solution. The final calculated high-temperature pH-values were near 7.6 at 300C, 7.5 at 200°C and
7.2 at 100C. The pH decrease is much less than that of basalt-seawater experiments. The pH decrease
may be due to incorporation of Na into secondary products. Solution composition was modified. Silica,
Al, K and sulfide increased, whereas Na decreased. The oxidation state of the solution became reduced
during the experiment, approaching the hematite-magnetite-pyrite invariant point at 300C. The solution
composition from the experiments compare favorably with the compositions of some Icelandic geothermal
fluids.

1. Introduction

A number of experiments have been con-
ducted in which basalt and other rocks have
been reacted in hydrothermal experiments in
attempts to simulate conditions in geothermal
fields (e.g., Ellis and Mahon, 1967). However,
T-rnnv f the eriments have been con-
du, td using distilled water as the initial
solution. Recent studies have suggested that
the initial composition or ionic strength of
the reacting solution may have a significant
effect on the ultimate state of the system.

This paper presents results of experiments
in which a quartz-normative basalt from the
Columbia River Plateau, Washington, U.S.A.,
was reacted with its coexisting low-salinity
groundwater at temperatures of 100°, 2000
and 300 0C, 300-bar pressure and at initial
water/rock mass ratios ranging from 5 to 50.
These experiments - were indertakenh -to'
simulate conditions in a mined nuclear waste
repository located in basalt; they also simu-
late the zeolite and lower greenschist facies
metamorphic environments which may be
found in many geothermal fields.

"09-2541 ifi-VS03.30 a 1985 Elsevier Science Publishers BV.

, - - .



54

The Umtanum and Cohassett flows, two
members of the Grande Ronde Formation.
within the Hanford Nuclear Reservation,
northwest of Richland, Washington, are being
investigated as possible horizons for a mined
nuclear waste repository. In parts of the
Hanford Reservation, the Umtanum flow
lies at a depth of 1 km. The present am-
bient temperature at the repository horizon
is - 600C; depending on waste loading, after
emplacement of waste forms, the decay of
radionuclies may raise the temperature to
as much as - 2500C at the canister-rock
interface. The present experiments were
undertaken to determine the nature of
hydrothermal reactions, changes in solution
composition, the secondary products formed,
the changes in solution pH and the changes
in oxidation state occurring as a result of such
a temperature rise.

The solution composition and secondary
phases produced during the experiments may
be compared with those of basaltic geo-
thermal fields, such as those found in Iceland.
This may enable us to compare results with
the longer time spans of natural geologic
environments. Results may also be contrasted
with those of basalt-seawater experiments
to allow a better understanding of the role
of solution composition in hydrothermal
reactions.

2. Methods

2.1. Equipment

The hydrothermal experiments were con-
ducted using a Dickson rocking autoclave
(Dickson et al., 1963; Sakai and Dickson,
1978; Seyfried et al., 1979). This apparatus
consists of a gold sample cell with a titanium
lid which is connected by a gold lined
titanium --- capillary, tube to an external
titanium sampling valve. The gold cell is
pressurized within a steel autoclave which
is heated in a furnace. Aqueous samples may
be removed through the external sampling
valve at any time during the experiment

without seriously perturbing the pressure
and temperature of the experiment. The
amount of solution removed is limited only
by the geometric ability of the bag to deform
against its solid contents.

2.2. Analytical

Sampling procedures follow those of
Seyfried and Dibble (1980). Samples (- 5 ml)
were drawn into a plastic syringe. Immediate-
ly after sampling, a solution aliquot was
drawn off for analysis of total dissolved car-
bon ( C02) using a Xertext carbon analyser.
The remainder was then passed through a
0.45-um filter. Another 1-ml aliquot was
drawn off for analysis of total dissolved
sulfide by specific-ion electrode. The remain-
ing solution was used to determine pH and
dissolved carbonate (by titration). The solu-
tion was acidified with ultrapure HNO3,
split, and diluted. Cl, F and S0 4 were deter-
mined using a Dionex9 ion chromatograph.
Ca, Mg, Na, Mn, Fe, Si and Rb were deter-
mined by atomic absorption. Ba, Ca, Al and
K were determined by flame emission.
Analytical relative standard deviation (RSD)
values were ± 1% for Ca and Al; 2% for Si,
Cl, F, SO,, Ba, Mg, Fe and Na; and ± 6% for
K and CO2. Reported pH-values are accurate
to ± 0.05 pH unit. Samples were drawn off
after approximately 1, 4, 24, 48, 168, 336,
672, 1000, 2000, 3000 and 4000 hr.

The solid reaction products from all the
experiments were examined and characterized
using X-ray diffraction (XRD), scanning
electron microscopy (SEM), energy-dispersive
X-ray spectrometry (EDX) and electron
microprobe.

2.3. Reactants

The basalt used throughout these experi-
ments was collected from the entablature
of the Umtanum flow. The basalt was crushed
and the 250-130gm fraction used in the
experiments. Petrographic examination of the
quartz-normative tholeiitic basalt revealed
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50-70-jim prismatic crystals of plagioclase.
equant crystals of pyroxene, and dendritic
magnetite in a matrix of volcanic glass. The
hulk chemical composition and modal
mineralogy of the basalt are given in Table 1.

Before use, the basalt samples were washed
-. th a 0.1% HF and 5% H2 SO4 solution to
:.move both fine-grained particles adhering

to the surface, and the surface layer on the
basalt whose structure is disrupted during
the grindirig procek4 (Petrovich, 1981). Re-
moval of fine-grained particulates and the dis-
rupted surface layer should largely eliminate
abnormally rapid initial reaction rates which
might be caused by the laboratory grinding

rocess. The washing process was modified
from that of Schott et al. (1981) and is de-
scribed in Moore (1983). The bulk com-
position of 1the cleaned basalt appears the
same as the"original sample, within analytical

TABLE I

Chemical analysis of basalt sample*'

error. This suggests that no preferential dis-
solution occurred during the washing process.
SENl photographs show that there are no dust
particles adhering to the surface and confirm
that there is very little preferential etching
except along the grain boundaries.

synthetic equivalents of the groundwater [ily
found in contact with the Umtanum flow of
the Grande Ronde Formation at a depth of
1 km and at 60'C were used in the experiments.
This Grande Ronde solution was a dilute
alkaline (pH 9.7 at 250C) solution of the
alkali chloride type. Sulfate, bicarbonate
and fluoride are subordinate anions. Solutions
were prepared according to Smith (1980,
1981). The chemical compositions of the
solutions are given as sample 0 in Tables II-
Iv.

Experiments were conducted at 300-bar
pressure and at temperatures of 1000, 200°
and 3000C. Experiments at 300 0C had initial
water/rock mass ratios of 5: 1, 10: 1, 20 1
and 50: 1. Experiments at 1000 and 2000C
had initial mass ratios of 10: 1. The tempera-
tures span the range expected in a nuclear
waste repository and in the low-grade (zeolite
and greenschist) metamorphic facies found
in most geothermal regions. Pressure con-
ditions are those expected from a lithostatic
load at a depth of - 1 km. Natural hydro-
thermal fields exhibit apparent water/rock
mass ratios which range from 0.4 to greater
than 50 (Bischoff and Seyfried. 1978; Mottl
and Holland, 1978). The mass ratios chosen
for these experiments cover a major portion
of this range.

2.4. High-temperature pH and distribution of
aqueous species

The solution pH measured at room tem-
perature may be quite different from that
present under hydrothermal conditions due
to changes in equilibria with temperature
and pressure. The in situ pH under hydro-
thermal conditions was calculated using
hydrogen ion mass-balance equations. This

* xide RUE-I

SiO. 55.59
TiO: 2.21
AlIO, 13.71
Fe.0, 3.68
FeO 10.24

MinO 0.24
MgO 3.79
CaO 7.31
.NaO 2.95

1.63
1 0s 0.35

Total 101.70

Modal mineralogy` (vol.%):

Plagioclase (An,,) 28.7
Pyrozene 17.1
Mesostasis 47.7
Titaniferous magnetite 5.12
Chlorophaeite 1.65

Total 100.27

*' Determined by X-ray fluorescence (Franklin and
Marshall College, Steven Sylvester, analyst).
'" Long and Davidson (1981).
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Solution analyses for BR-8 - 300C. 300 bar, 10: I water/rock mass ratio (concentrations in mg 1-')

Sample 0 1 2 9 4 6 6 7 8 9 10 I
Time (hr.) 0 1 4 16 s9 210 402 856 2,056 3.039 4,360 4,361

Ca 1.80 0.19 0.24 0.29 0.32 0.39 0.78 1.69 1.36 1.67 1.12 7.26
ig 0.18 0.14 0.16 0.16 0.16 0.13 0.08 0.03 0.02 009 0.18 0.21

Na 333 242 238 234 234 262 281 267 279 286 233 234
K 3.6 47 60 47 44 87 57 82 46 45 79 122
FeT 0.10 0.10 0.29 0.29 0.03 0.07 0.10 0.21 0.08 0.26 0.08 3.9
Cl 257 251 270 266 273 237 273 307 267 270 286 333
F 33.6 36.2 38.S 41.8 43.6 38.8 34.1 29.3 24.2 23.6 20.4 18.5
S103 64 1,202 1.404 1,488 1,640 1.436 1,148 1.220 1.412 1,283 1.099 1,118
So, 179 200 180 179 188 162 168 157 107 133 107 137
AIT 2.4 21.1 16.7 10.1 9.3 7.2 5.9 4.2 2.7 3.3 1.29 2.33
zco() 49.1 217.2 264.2 269.8 251.1 117.8 49.8 . 62.0 42.0 67.8 60.1 96.2
Mn 0.08 0.04 - 0.08 - - 0.13 - 0.17 - 0.06 0.10
Ba 0.72 0.48 0.79 0.85 0.81 O.36 0.26 0.9a 0.26 0.27 0.23 2.01
ElI's - - - 0.70 1.26 3.7 16.6 17.7 19.6 34.6 44.2 64.7
PHmeas 9.75 6.42 6.10 5.88 6.81 6.19 6.63 6.05 6.76 6.45 6.52 6.10
PHCAIc. 7.83 7.72 7.72 7.64 7.61 7.71 7.61 7.67 7.64 7.63 7.62 7.47

* CO, equals total dissolved carbonate as bicarbonate.
- - not determined.

TABLE l

Solution analyses or BR-2 - 200, 300 bar, 10: I water/rock mass ratio (concentrations on mg IU')

Sample 0 1 2 3 4 5 6 7 8 9 10 11 12
Time (hr.) 0 1 4 22 46 166 382 718 1,064 2,014 3,629 4.342 4,366

Ca 1.18 0.77 0.66 0.98 0.90 0.86 1.24 1.82 1.00 1.64 0.66 0.53 0.99
Mg 0.23 0.26 0.24 0.33 0.28 0.68 0.66 0.76 0.65 0.41 0.06 0.01 0.0
Na 293 254 242 260 228 232 238 270 287 238 222 217 24:1
K 2.6 43 42 67 64 76 87 91 92 61 61 53 18
FeT 0.03 3.9 6.1 6.6 14.6 17.1 26.7 36.4 32.9 43.4 3.80 0.76 0.13
Cl 186 186 191 179 181 162 162 163 184 190 172 161 198
F 39.3 43.8 45.2 43.7 38.8 42.2 48.0 44.1 41.2 39.2 37.4 15.3 42.0
SiO 111 368 431 443 413 406 399 401 461 460 430 39 1 2719
So, 114 149 106 173 166 99 119 132 123 138 113 It' -
AIT -- 6.6 1.8 6.2 2.7 2.9 8.8 7.9 4.4 1.9 1.52 2. 7 3.24
zco,(') 88.0 132.9 167.1 11(;.1 127.8 108.6 78.1 110.4 117.6 123.5 114.6 114 .6
Mn - - - - - - - 0.36 - 0.31 - -
BA -- - - - - - - - 0.57 o.37 u.23 0.05 0.34
1,lw. 9.73 8.22 7.86 7.79 8.30 8.19 8.16 8.34 8.14 7.96 8.19 7.86
PiCeaic. 8.11 7.60 7.49 7.19 7.68 7.61 7.37 7.50 7.46 7.43 7.53 7.3fi

ECO, equals total dissolved carbonate as bicarbonate.
- not determined.
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-- not determined.

I1

TABLE IV

Solution analyses for BR-10 - 100C. 300 bar, 10: I water/rock mass ratio (concentrations in mg 1-1)

Sample 0 j 2 3 4 5 6 7 8 9 10 IJ
Time (.) 0 1 3 21 4b 16b 333 1.202 2,349 3,333 4.171 4.172

Ca 1.93 4.23 3.00 2.24 2.64 2.24 2.04 1.K3 2.72 2.49 2.28 2.17
bit 0.21 0.34 0.42 0.39 0.39 0.28 0.21 0.21 0.36 0.19 0.19 0.1 '
Na 334 223 242 268 226 236 270 206 250 263 222 230
K 4.3 12 13 16 13 24 71 14 48 27 23 21
reT 0.04 0.07 0.74 1.61 1.97 2.28 0.37 0.05 2.06 0.12 1.20 0.18
Cl 247 188 222 213 206 226 247 213 270 1'9 210 191
F 32.1 27.0 30.0 31.6 28.2 29.5 26.7 31.4 26.6 28.9 28.6 27.5
SiO3 63 88 122 178 177 208 182 233 171 174 172 150
s04 170 166 135 147 139 163 133 176 189 164 140 160
AIT 0.9 2.1 6.1 2.6 4.7 3.4 8.6 1.3 4.3 4.9 4.2 5.8
:COs'$) 65.5 84.1 42.0 60.0 106.7 91.3 70.7 96.8 96.2 95.2 81.5 -
Mn 0.07 0.06 0.63 0.63 0.86 - 0.14 0.24 - 0.01 0.03 0.03
Ba 0.71 0.66 0.63 0.68 0.8b 1.07 0.60 0.41 1.04 0.63 1.34 1.12
PHmeas. 9.76 8.66 ,8.16 7.76 7.70 7.68 7.44 7.69 7.63 7.92 8.03 8.13
PHcAIc. 8.68 7.76 7.36 6.96 6.98 6.99 o.69 7.11 6.88 7.21 7.34 -

*ECO, equals total diseolved carbonate a bicarbonate.
- - not determined.
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approach has previously been described by
Bischoff and Dickson (1975), Bischoff and
Seyfried (1978), Seyfried and Dibble (1980),
and Reed (1982). Species considered in the
mass-balance equations include those listed
by Bischoff and Seyfried (1978, table 3),
as well as Al-, Mg-, Ca- and H-fluoride com-
plexes and aluminum hydroxide species.
Species concentrations were first computed
at 25CC using the measured total species
concentrations and measured pH. The ex-
tended Debye-Hickel equation was used to
compute activity coefficients of ionic species.
From this initial distribution, the total ion-
izable hydrogen concentration was computed
for use in high-temperature calculations. The
total ionizable hydrogen ion, (H+)t, is obtain-
ed by summation of all dissociable hydrogen
and hydroxyl bearing species as given by the
equation:

(H)t = (H )f+ F (nHnAi - (OH-)f
i

- (niC(OH) (1)

where f represents free species; ni is the num-
ber of ionizable hydrogen ions contained by
the aqueous species i; n is the number of
hydroxyl ions contained in the aqueous
species j; A, are the anionic species capable
of combining or forming complexes with
hydrogen ion; C are the cationic species
capable of forming complex species with
hydroxyl ion; and z and z are the charges
of the species A, and Ci, respectively.

The hydrogen ion mass balance and the pH
of the high-temperature solution were cal-
culated using the computer program HPH
(Moore, 1983). Successive approximations
were made of ionic strength, activity coeffici-
ents and distribution of dissolved species,
until the value for the total ionizable
hydrogen ion (hydrogen ion mass balance)
of the high-temperature solution converged
on the value calculated for 250C. Values of
equilibrium constants are taken from Naumov
et al. (1971), Richardson and Holland (1979),

Seyfried and Dibble (1980), W.E. Seyfried
and D.R. Janecke pers. commun., 1981),
and Arnorsson et al. (1983a, b). Most of these
equilibrium constants have been measured
along the water liquid-vapor curve. Use of
these constants at 300-bar pressure can be
justified because of relatively small change
in dielectric constant of water due to the
additional pressure. Helgeson (1969) sug-
gested that the value of the equilibrium con-
stant is essentially unvarying along an iso-
dielectric line.

3. Results and discussion

3.1. Reaction products

After experiment termination, basalt grains
were largely unreacted and the mesostasis,
labradorite and pyroxene were still present
in nearly original amounts. Relatively little
pitting or etching of the primary grains
occurred. Mesostasis was probably the most
rapidly dissolved phase. Orthopyroxene dis-
solution may have also contributed minor
amounts of material to solution and to
secondary phases. Secondary phases were
present in smaller quantities as coatings on
the primary phases, and as large flakes adher-
ing to the walls of the gold bag.

Reaction products were identified using
a combination of XRD, SEM and EDX.
Reaction products identified are listed in
Table V. Heulandite, wairakite, chlorite,
illite, and K-feldspar were identified from
XRD charts. The chlorite appeared to con-
tain appreciable amounts of interlayer smec-
tite. Other phases were identified from a com-
bination of morphology and EDX.

Silica, illite and K-feldspar were the only
major reaction products identified after short-
duration 300'C experiments (< 500 hr.).
Experiments of longer duration contained a
greater amount of reaction product and a
larger assemblage of minerals including
zeolites, wairakite and scapolite. The silica
phase formed predominantly as roughly
equant polyhedra having poorly developed
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TABLE V

Reaction products

300'C 200'C 1000C

!!lite ilite illite
Silica silica
K-feldspar K-feldspar K-feldspar
- ,mectite smectite
Scapolite - scapolite
Chlorite -

Heulandite
Wairakite; -
Fe-oxyhydroxide Fe-oxyhydroxide FeS,
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crystal faces. The presence of even poorly
developed faceting suggests that the silica
is not amorphous, but has at least some
rudimentary crystal structure. However, no
diagnostic XRD peaks were found. Cristobal-
ite is commonly a first alteration product
of volcanic glasses and therefore the second-
ary phase may be cristobalite. Although
quantification is difficult, it appears that
silica was abundant at 300'C, minor at 200°C
and absent at 100'C.

It is important to note that these reaction
products are all found in natural geothermal
systems. This similarity with natural systems
indicates that the experiments may mimic
reactions in geothermal systems.

3.2. pH variations

The high-temperature pH-values of aliquots
taken during the experiments were calculated
from the room temperature pH and measured
solution concentrations (Tables II-IV) using
the program HIPH. Results of these calcula-
tions are shown in Fig. 1 and Tables II-IV.
The calculated pH-values decreased during the
first 24 hr. of the experiments. In the 3000C
experiments, the calculated solution pH
decreased - 0.6 pH unit relative to that of
the unreacted solution. The maximum pH
decrease observed in the 200CC experiment
was - 0.8 pH unit, and - 2.1 pH units in
the 1000C experiment. After the initial
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period, the pH of the 3000C experiments
remained nearly constant at 7.6, as may be
seen in Fig. 1A. The water/rock mass ratio
of the experiments did not affect the cal-
culated value of the stable pH. The calculated
pH of the 2000C experiment rose slightly
over a period of 20-30 hr., then stabilized
near 7.5 (Fig. 1B). The stable pH is achieved
by steady-state balance between reactions
utilizing the hydrogen ion, such as dissolu-
tion reactions, and those producing hydrogen
ion, such as reduction of sulfate and pre-
cipitation of some phyllosilicates. The cal-
culated pH of the 100CC experiment reached
a minimum after 300 hr., and then rose slow-
ly to a value near 7.2 at the end of the ex-
periment (Fig. 1C). Unlike the 2000 and
3000C experiments, the calculated pH had
not stabilized at the end of the 1000C experi-
ment. Therefore, the final stable pH must be
somewhat higher. These calculated solution
values are all quite basic. For example, at
300'C, the solution was - 2.0 pH units above
neutral (- 5.5 at 3000C). Although most
inferred high-temperature pH-values are with-
in approximately one unit of neutrality
(Barnes, 1979), Arnorsson et al. (1983a)
described geothermal waters in Iceland
which had high-temperature pH-values corn
parable with those found in our experiments.
Lower pH-values may require addition of acid
from volcanic emanations or other sources
(Monaco and Valette, 1978) or initially high
concentrations of Ca, Mg, or other ions.

Bischoff and Seyfried (1978) have sug-
gested that during hydrothermal experiments,
the pH of seawater is decreased by removal
of dissolved Mg, Ca and S0 4 in formation of
the sepiolite component of smectite, Mg-
hydroxysulfate, and other secondary phases.
Calculated pH-values as low as 4.2 were ob-
served during seawater experiments at 2000C
(Bischoff and Dickson, 1975) and as low as
3.5 at 3000C (Seyfried and Dibble, 1980).

The importance of initial solution com-
position is illustrated by the fact that the
present experiments did not produce such
a dramatic decrease in pH. Concentrations of
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Fig. 1. Calculated high-temperature pH-values for experiments at 300C (A), 200'C (B) and 100C (C) plotted vs.
time. Values stabilize near 7.6 at 300(C, near 7.5 at 200'C and near 7.2 at 100'C. At 300 0C, the calculated stable
pH does not appear to be affected by the initial water/rock mass ratio.

Ca and Mg are very low in the initial solutions
(- 0.05 and 0.008 mM, respectively). The
pH decreases observed in these experiments
require production of - 1 mM H. Therefore
even complete removal of Ca and Mg could
not produce the necessary hydrogen ion.
Furthermore, although concentrations of Ca
and Mg do decrease initially in the 3000C
experiments (see Table II), both increase

in the 1000C experiments. Sulfate concen-
trations do decrease during the 300'C experi-
ments as sulfide is produced. This reaction
will produce hydrogen ion (see eq. 4), but
significant rates of sulfide production do not
occur until long after the initial decrease in
solution pH.

Na is the only major cation whose con-
centration changes might be correlated with
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pH decreases. Na concentrations decrease
by as much as 100 mg l' (- 4.3 mM) at the
beginning of the experiments. Incorporation
of Na into secondary Al-silicate phases may
produce hydrogen ion much as incorporation
')f Ca and Mg into smectite is responsible for
.)H decreases in hydrothermal seawater in-
teractions. The following reaction, while
highly simplified, is generally consistent
with changes in solution composition, the pH
decrease, and the-identity and composition
of secoddary phases produced during initial
periods of the experiments:

Therefore. during initial periods Na incor-
poration may cause pH decrease. During
later periods of the experiments, H' ion may
also be produced by reduction of sulfate to
sulfide.

3.3. Solution composition

Nao.5Ko.sCaO.4MgO. Feo.sA1 I.9Si 7.7 02 0

Interaction of the basalt with the ground-
water resulted in changes in concentration
of the chemical constituents. The concentra-
tions of K and Al ions, and soluble silica in-
creased while those of sulfate, Na and
chloride ions decreased. Results for some
major species are given in Tables II-IV.
Since the concentration time trends for all
of the experiments are similar, the results
from only one experiment will be presented
at length.. Results from this experiment are
shown in Fig. 2 and Table IV. In the 300'C
experiments, initial water/rock mass ratios

basalt mesostasis

+ 0.2Na* + 1.22HO 

0.215Na. 3 K0 .SA12 .8Si 3 .2 O1 0 ( OH)2

illite

+ 0.4Nao.gKo. 2A1Si3 O8 + 0.2Nao.1Ko.9 A1Si 308

albite K-feldspar

+ 0.5Na 0 .6 Ca0 .aMgo.2Fe. 6A1 .4 Si3 .6 0, 0 (OH)4

chlorite/smectite

+ 0.07HW + 0.13K* + 3.38SiO2 (2)

vs.

ible

(Note that the stoichiometric compositions
have been rounded.) Approximate composi-
tions of the phases were obtained by micro-
probe and EDX analyses. Unfortunately,
the proportions of secondary phases produced
are not known, and the stoichiometries of
phases in this reaction are not unique. Fur-
thermore, this reaction as written ignores
zeolite and other phases produced during
later periods of the experiments. Therefore,
this reaction, while probably illustrative
only, indicates that, so long as the amount
of Na incorporated is greater than the amount
of other cations liberated, hydrogen ion may
be produced. This reaction indicates that
- 1.5 mM HW would be produced by decrease
of 4.3 mM Na'. This is approximately the
amount of hydrogen ion required to produce
the pH decrease observed.

C - 20'

a
E io

84
C 64
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= 4c
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BR-S 10:1

300/1C 300bar

10 oo o300 100
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3000

Fig. 2. Results of solution analyses for some major
species from experiment BR-8 (300'C, 300 bar,
10: 1 water/rock mass ratio) plotted as a function
of time. Data are from Table II.
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did not affect the solution compositions as
was illustrated previously in Fig. A.

The rapid increase in dissolved silica. K
.and Al at the beginning of the experiments
is due to dissolution of mesostasis and other
silicates. Nucleation of the secondary phases
previously discussed caused the concentra-
tions to stabilize. Later decreases resulted
from growth and maturation of secondary
phases, and decreased rates of primary basalt
dissolution.

Fig. 3 shows the stability of several silica
polymorphs as a function of temperature.
During the 2000 and 300°C experiments,
silica concentrations approached amorphous
silica saturation. Final concentrations at all
temperatures were near a-cristobalite satura-
tion. Silica concentrations must approach
amorphous silica saturation in order for rapid
precipitation to occur. Because this did not
occur at 100'C, large amounts of silica were
not precipitated. As the solution was general-
ly undersaturated with respect to amorphous
silica in all experiments, crystalline phases,
such as -cristobalite, must have been pro-
duced, as is suggested by development of
crystal faces.

Al concentrations rose as high as 21 mg 1'

at the beginning of the experiment. All of
our samples had been passed through a 0.45-
,um filter. J.F. Kacoyannakis subjected sample
aliquots to ultrafiltration to - 20 A, with
little decrease in Al concentrations; this sug-
gests that most of the Al is dissolved or finely
colloidal (M.J. Apted, pers. commun., 1983).
Calculation of high-temperature speciation in-
dicates that under these slightly alkaline con-
ditions, the Al. is present largely as Al-fluoride
complexes and A(OH)4 . Calculations in-
dicate that the solution was supersaturated
with respect to Al-silicates such as K-feldspar,
muscovite and illite. After the beginning of
the experiment Al concentrations decreased
rapidly as Al-silicates precipitated and degrees
of supersaturation also decreased.

Dissolution of small amounts of calcite in
the basalt initially increased total dissolved
carbonate concentrations (Fig. 2). Formation
of scapolite or calcite resulted in later de-
creases in carbonate concentration. Fig. 4
shows the calculated PCO2 during experiment
BR-8 (3000C, 300 bar). After an initial in-
crease to - 0.25 bar the PCO, decreased and
stabilized at - 0.04 bar. The calculated PCO,
of the other 3000C experiments stabilized
between 0.03 and 0.07 bar. The calculated

o.o0 SR-a 
300-C
300 bar

ea
.0 O. 

0

1.5

IC

Ilsm

I---- -- C- &

100 200
Temperature VC)

1 10 30 100 300 1000
TIME (hours)

3000

Fig. 3. Solubilities of various silica polymorphs at
300 bar pressure plotted vs. temperature. The solubil-
ities were calculated using thermochemical values
of Helgeson et al. (1978). The vertical bars represent
the range of silica concentrations for each of the
experiments. The box indicates the stable value.
The stable values are near -cristobalite saturation.

Fig. 4. Calculated carbon dioxide partial pressures of
experiment BR-8 (300C, 300 bar, 10: 1 water/rock
mass ratio) plotted as a function of time. The pres-
sure stabilizes near 0.04 bar. Other 300'C experi-
ments stabilize between 0.03 and 0.07 bar. These
calculated CO, partial pressures are much less than
most values measured in geothermal regions.
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P(O of the 1000 and 200 C experiments
stabilized near 0.03 and 0.07 bar, respective-
ly. The calculated carbon dioxide pressures
aire less than those measured for most geo-
thermal regions (Ellis and Mahon, 1977).

Dissolved chloride and fluoride are general-
'onserved. Slight decreases may be due to

I icomroration into secondary phyllosilicates
or adsorption onto poorly crystalline phases.

During the 3000C experiments, sulfate
concentration decreased and sulfide concen-
tration increased. Fig. 5 shows that the total
dissolved sulfur concentration remained ap-
proximately constant. The data indicate that
ulfide was formed by reduction of sulfate.

3.0 -

2.0 Total o

H'5

M

W1.0-

0.0-

0.7 mg 1' at 300CC. Cu and Pb were less
than 15 and 10 sug I-', respectively. This
behavior was quite different from that ob-
served in basalt-seawater experiments, in
which Fe, Mn and other trace elements attain
very high concentrations. For example,
Seyfried and Dibble (1980) found Fe and Mn
concentrations at 300C as high as 89 and
11 ppm, respectively. The results were differ-
ent due to lesser proportions of chloride
complexing, the higher pH-value, and con-
sequent lower solubility of Fe minerals in
the present experiments. Calculations of Fe
speciation indicate that during the experi-
ments solutions were saturated to slightly
supersaturated with respect to magnetite
and hematite.

Evolution of solution composition was
largely controlled by equilibrium with second-
ary phases. As shown in Fig. 6, the initial
solution composition lay in the K-mica
stability field. After 1 hr., the solution
composition migrated to the equilibrium
boundary between K-mica and K-feldspar,
two reaction products found in the experi-
ments; then the solution composition migrat-
ed along the equilibrium boundary accom-
panying changes in silica concentration.
Assuming that basalt mesostasis is the most
rapidly dissolved phase, mass-balance calcula-
tions indicate that alumino-silicates are being
precipitated before the first sample is taken.

The presence of unstable phases (i.e. basalt
mesostasis, pyroxene and labradorite) after
experiment termination indicates that equilib-
rium was not achieved during the experi-
ments. Although rapid changes in solution
composition were generally confined to the
first few hundred hours of each experiment,
the solution composition was still slowly
evolving at the end of the experiments. This
indicates that complete steady state was not
achieved despite experiment durations as long
as 4500 hr. n the 2000 and 300'C experi-
ments, the measured and calculated high-
temperature pH-values had largely stabilized
(Fig. 1A and B and the rate of change in
solution composition had decreased. There-

300.c
300 ar
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130 10 30 0oo0
TIME (hours)

3000
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ock
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Fig. 5. Concentrations of sulfate. sulfide and total
sulfur for experiment BR-8 plotted as a function of
time. Sulfate decreases, sulfide increases, and total
sulfur remains approximately constant.

The basalt may act as a source of sulfur
through the oxidation and dissolution of
primary sulfide minerals. Some sulfur may
also have been removed from solution and
precipitated in secondary minerals such as
scapolite or pyrite. However, the amount
of addition or removal must either have
been minor or they must have virtually
counterbalanced one another.

Mn and Fe remain at low levels through-
out the experiment, both were less than



64

I
i

I

300'C
300 bar

K-feldspar

rupted by grinding (Petrovich, 1981). Al.
though such treatment may reduce the rapid
initial reaction rates and consequent early
high supersaturation, reaction products are
similar to other experiments (e.g., Ellis and
Mahon, 1967). This suggests that such com-
plex measures may not be necessary.

a

K-mica 3.4. Redox equilibria

During the 3000C experiments, sulfide may
have been produced by reduction of sulfate
by ferrous iron. During the initial stage of
the experiments, ferrous iron released by dis-
solution of Fe-bearing silicates and mesostasis
would react with dissolved oxygen by reac-
tions such as:Pyrophyllite

2Fe2 + hO2 + H2 0 * Fe20 3 + 4H (3)

-log H.S1O,

An approximate mass-balance equation sug-
gests that Fe released from rapid dissolution
of mesostasis would remove oxygen from
the solution within - 24 hr. After removal
of dissolved oxygen, ferrous iron would react
to reduce sulfate. Such reactions might be
illustrated by:

Fig. 6. Activity diagram for the system KO-A11O,-
SiO-HO at 300'C and 300 bar. Mineral stability
fields were calculated from thermodynamic data
from Naumov et al. (1971) and Robie et al. (1978).
The symbols represent activity relations in solution
as a function of time during experiment BR-8. Num-
ben refer to solution aliquots from Table It. The
dashed line encloses the region of results for other
300'C experiments.

P
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ii

I
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II

SO + 12Fe2 + 12H2 O *

4Fe3O4 + 22H+ + H2S(aq) (4)

fore, these experiments may have been ap-
proaching steady state, and the solution
compositions may not have evolved to a
much greater extent. However, in the 100°C
experiment, the measured and calculated
pH-values were still rising at the end of the
experiment (Fig. 1C). This suggests that
further changes in solution composition
would occur. This is reasonable considering
the relatively low temperature of the ex-
periment, the slow reaction rates, and the
probable persistence of metastable and poor-
ly crystalline phases.

In the present experiments basalt was
washed with dilute hydrofluoric acid to re-
move fine particles and the surface layer dis-

The rate of production of sulfide seemed to
be controlled by the water/rock mass ratio.
At 300 0C, sulfide was produced more rapidly
in the lower mass ratio experiments.

Fig. 7 is a phase diagram in the system
Fe-Sl0 2 at 3000C, 300 bar. The fo. and
fs, were calculated from the computed high-
temperature distribution of aqueous species,
using reactions such as:

H2S + 202 * SO4 + 2H (5)

assuming equilibrium. There is a distinct trend
during all of the experiments. Initial values
are relatively oxidizing and fall within the
hematite stability field. As the experiments
proceeded, fo, decreased, fs, increased, and
the system migrated toward the hematite-
magnetite-pyrite invariant point (log fo. -

P ..... OUV&AN
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sulfide is quite high. If the activation energy
for the sulfate reduction reaction is also high,
the reaction rate may be very slow at tem-
peratures less than 300'C, and detectable
amounts of sulfide may not be produced,
even during experiments having durations of
months.

3.5. Geothermometry

j 9 I a PyrrhOtIt. _
20
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is id 14 t

-log fI

Fig. 7. log fs -log fo, equilibrium di
system F-S at 300'C, 300 bar.
represent fugacity relations assuming so
rium from the data of the 300C expel
bers refer to solution liquots of exp
Mineral stability fields were calculated
Helgeson et al. (1978).

31; log fs, - 10). The trend in
evolution during the experimer
greatly affected by the initial
mass ratio.

Although sulfides were not i
reaction products (except possible
at 100'C), pyrite, marcasite anc
are common alteration products
hydrothermal fields (Ellis, 1979)
that the fo,- and fs,-values cai
the experiments are similar to tho
systems. For example, Helges
calculated similar fo,- and fs,
Salton Sea (California, U.S.A.)
wells.

No detectable dissolved sulfic
duced during the 100° and 20
ments. However, dissolved ulfi(
in many lower-temperature
regions. Furthermore, thermoci
culations indicate that, assuming
tions near hematite-magnetite 
detectable sulfide should be p
equilibrium. Ohmoto and Las,
have determined that the activa
for isotopic exchange between

; ER-S | In situ temperatures have been measured
i in many natural geothermal systems. Equa.

tions correlating temperature and chemical
compositions of geothermal waters have been
derived from thermochemical data and

agram for the chemical and temperature measurements from
The symbols geothermal wells. We calculated apparent

'lution equilib- temperatures for hydrothermal solutions
riments Num- produced in the experiments using the quartz
euinent dR-a. (Fournier and Rowe, 1966), Na-K (White,

1965), and Ca-Na-K (Fournier and Trues-
dell, 1973) geothermometers. The Mg correc-

fo, and fs, tion - to the Ca-Na-K geothermometer
its was not (Fournier and Potter, 1979) was not used due
water/rock to the very low concentrations of Mg in the

solutions. Although considerable deviations
dentified in have been noted in geothermal systems, con-
y pyrrhotite gruence of the actual and apparent tempera-
I pyrrhotite tures may indicate that the experiments
i in natural simulate natural systems.
), suggesting Results of geothermometer calculations,
Iculated for for one 300'C experiment, are given-in Fig. 8.
se in natural Temperatures calculated from the quartz
son (1967) geothermometer resulted in the closest cor-
,-values for respondence with actual temperatures, stabi-
geothermal lizing at - 300WC. Apparent temperatures

calculated with the Na-K and Ca-Na-K
le was pro- equations stabilized near 250'C. The differ-
10°C experi- ence between actual and apparent tempera
le is found tures may be due to formation of metastable
geothermal or poorly crystalline clay minerals due largely

temical cal to their rapid precipitation at the beginning
r fo, condi- of the experiment. Other 300'C experiments
equilibrium, produce similar results for all of these geo-
roduced at thermometers. Calculated temperatures from
aga (1982) the 100° and 200 0C experiments were higher.
tion energy than actual temperatures. The apparent tern-
sulfate and perature calculated for the quartz geother-
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400- 3.6. Comparison with natural systems
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Fig. 8. Temperatures for experiment BR-8 calculated
using the quartz (Fournier and Rowe, 1966), Na-K
(White, 1965) and Ca-Na-K (Fournier and Truesdell,
1973) geothermorneters as a function of time. The
quartz geothermometer showed good correspondence
with the actual temperature (300'C).

mometer for both the 1000 and 2000C experi-
ments stabilized - 65C higher than the actual
temperature. This results from solutions
equilibrating with a-cristobalite rather than
quartz. Temperatures calculated from the
Ca-Na-K and Na-K geothermometers were
100 0C higher than experimental conditions.

Arnorsson et al. (1983b) have produced
revised chalcedony and Na-K geothermo-
meters for temperatures up to - 200°C based
on new data for Icelandic geothermal wells.
Temperatures calculated with the chalcedony
geothermometer correspond fairly well with

'the actual temperatures, stabilizing near 1900
and 130°C (compared with experiment tem-
peratures of 200° and 1000C). However, tem-
peratures calculated using the Na-K geother-
mometer still correspond poorly with ex-
periment temperatures, stabilizing near 2900
and 19080, respectively.

A number of geothermal fields have
physical properties similar to those of our
experiments (Ellis and Mahon, 1977; Arnors-
son et al.. 1983a, b). Comparisons with these
natural fields may enable us to compare our
results with longer time periods of geologic
environments.

The geothermal fields of Iceland have
recently been the subject of intensive study
(Arnorsson et al., 1983a, b), these fields may
be particularly comparable with these experi-
ments. The hydrothermal fields are in tholeiitic
basalt. Some of the aquifers are as deep as
1 or 2 km. The composition of the waters
ranges from seawater to meteoric. Residence
times of fluids in geothermal systems may
range from 10 to 10,000 yr. Water-rock reac-
tions in systems having long residence times
may mimic the behavior in closed systems
such as those employed in the current ex-
periments.

Arnorsson et al. (1983a) calculated the ac-
tivities or cation/proton ratios of various
species as a function of temperature from
Icelandic geothermal waters. Fig. 9 com-
pares some results from the present ex-
periments with Icelandic systems. The dashed
lines indicate the envelope in which the
natural well data lie. The vertical bars indicate
the range of values obtained during the
present experiments. The box indicates the
final- value obtained. The experimental
data for HSiO4 (Fig. 9A) lie close to but
slightly higher than the well data. Wells tend
to equilibrate with chalcedony at low tem-
peratures; whereas the concentration of silica
in most deep geothermal water is controlled
by equilibrium with quartz. Our experiments
were near acristobalite saturation at all
temperatures (Fig. 4). Sulfide data at 3000C
(Fig. 9B) are within the envelope of Icelandic
concentrations. Lower-temperature data were
not available due to sluggish reaction kinetics,
as previously discussed. In the other ratios
(Fig. 9C-F), most of the data lie within the
envelopes. Agreement is generally good at
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200' and 300'C. At 100-C, the values tend
to be more divergent as a result of production
of metastable and poorly crystalline phases
and slower reaction kinetics.

The end-products of the hydrothermal
interactions in a natural system depend on
many factors, including temperature and pres-
sure of alteration, water compositions,
original rock composition, length of reaction
time, rate of water or steam flow, and per-
meability. Sigvaldason (1963), White and

oSigvaldasn (1963) and Ellis and Mahon
(1977) have described hydrothermal altera-
tion products found in basaltic areas. Arnors-
son et al. (1983a) compiled data on the tem-
perature distribution of minerals equilibrating
in tholeiitic geothermal systems. Fig. 10
shows Arnorsson et al's mineral distribution
and the minerals identified as reaction prod-
ucts in our experiments. The minerals iden-
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tified and their temperature distributions
are generally similar to those given by Arnors-
son et al. (1983a). They predicted that
wairakite would occur at high temperature,
and it is found in the 300'C experiments.
Epidote equilibrium is predicted at tem-
peratures higher than 2000C; however, epidote
was not identified in the present experiments.
Scapolite was found in the 1000 and 3000C
experiments. The solutions were highly under-
saturated with respect to anhydrite, and near
saturation with fluorite only at 3000C.

The values for total dissolved carbonate
in the present experiments are influenced by
the fact that the apparatus is a small-volume
closed system. Furthermore, the synthetic
Grande Ronde groundwater is chloride
dominated with only 70 mg 1-I carbonate
species. By comparison, most geothermal
fluids contain higher dissolved carbonate
concentrations due to dissolution of calcite
or limestone. Calcite is a common mineral
in most geothermal areas. Although no
calcite was found in the reaction products
of the experiments, calculations indicate
that the solution is approximately saturated
with respect to calcite at 3000C, and varia-
tions in total dissolved carbonate indicate
that small amounts of calcite may have been
precipitated. The calculated carbon dioxide
pressures formed in the experiments stabilized
between 0.03 and 0.08 bar at 3000C, 0.07
bar at 2000C, and 0.03 bar at 100°C. These
calculated pressures are comparable to those
found in Icelandic geothermal waters at
1000C, but are significantly less at 2000 and
3000C (Arnorsson et al., 1983b). Although
the calculated PCO, in these experiments
are virtually independent of temperature,
Arnorsson et al. (1983b) and Giggenbach
(1983) have suggested strong and systemic
dependence of PCO, on temperature in some
geothermal systems, while in others tempera-
ture dependence may be masked by other
factors. Such temperature dependence may
result from univariant reactions between
primary calcic minerals, C02, secondary
clays, and calcite which might be summarized

II

x

V

I

N

Fig. 10. Comparison of secondary phases identified
or inferred from the present experiments with the
temperature distribution of minerals equilibrating
with waters in basaltic geothermal fields (modified
from Arnorsson et al., 1983a). Minerals identified
in the present experiments correspond well with
the distribution given by Arnorsson et al. (1983a).
The solid lines refer to minerals which are predicted
to occur and are actually found. The dashed lines are
minerals which theoretically occur at the indicated
temperatures (x - minerals identified in experiments;
o minerals whose formation is inferred, but which
have not been identified; ? - phases tentatively iden-
tified).
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plagioclase CO F clay calcite (6)

The lack of temperature dependence in these
experiments may result from the absence of
,alcite or from insufficient time to attain

uilibrium.

4. Summary

This series of experiments had been under-
taken in whichi a prepared solution similar
in composition to in situ groundwater in
the Umtanurn flow was reacted with Grande
Ronde basalt at a pressure of 300 bar and at
' mperatures of 100°, 2000 and 30000. From

Lhe results of this investigation, the following
conclusions may be drawn:

(1) The following reaction products were
identified: (a) at 300°C, illite, K-feldspar,
silica, scapolite, wairakite, heulandite and
chlorite; (b) at 2000C, illite, smectite, K-
feldspar, silica and Fe-oxyhydroxide; and (c)
at 10000, illite, smectite, K-feldspar, scapolite
and an FeS, phase, possibly pyrrhotite.
The reaction products formed are similar in
temperature distribution to those minerals
found equilibrating in basaltic geothermal
fields.

(2) The solution pH decreased relative to
that of the original solution. In the 3000C
experiment, the calculated high-temperature
pH decreased from - 8.2 to - 7.6 and stabi-
lized. During the 2000C experiment, the pH
decreased, then rose and stabilized near 7.5.
The calculated high-temperature pH of the
100C experiment decreased, then rose slow-
ly to a value at the end of the experiment
near 7.2. The pH decrease is much less than
that found in basalt-seawater experiments.
The initial pH decrease may be due to incor-
poration of dissolved Na into secondary
phases.

(3) Solution composition modifications
were: increase in silica, K, Al and sulfide;
decrease in sulfate and Na.

(4) The oxidation state of the solution
became reduced during the 300'C experi-

ments. This is evidenced by production of
sulfide by reduction of sulfate. Final redox
values calculated at 3000C were near the
hematite-magnetite-pyrite invariant point
(log fo = -31, log fs, = -10). The oxidation
states achieved during the 1000 and 2000C
experiments could not be determined due to
kinetic inhibition of sulfide formation at
these temperatures.

(5) The solution data from our experiments
compare favorably with the composition of
some geothermal fluids (Arnorsson et al.,
1983a). Calculated data from these experi-
ments generally lie within the envelope of
Icelandic data. However, calculated C02
pressures were generally less than those found
in geothermal systems.
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Abstract

White, A.F., Yee. A. and Flexser. S., 1985. Surface oxidation-reduction kinetics associated with experi-
mental basalt-water reaction at 250 C. In: Y. Kitano (Guest-Editor), Water-Rock Interaction. Chem.
Geol.. 49: 73-86.

Distributions of Fe(II) and Fe(II) during basalt-water interaction at 25TC were experimentally investi-
gated under open- and closed-system conditions relative to 0 and CO. After reaction. X-ray photoelectron
spectroscopy analyses detected oxidized Fe on the surface of basalt, the concentration of which decreased
as a function of reaction pH. Concurrent increases in Fe(II) and decreases in Fe(III) in solutions at pH's < 5
indicated continued surface oxidation by the reaction:

(Fe(II) Mz )bas~lt FetIII),hkw, - Fe(III)b,.x 4. Fe(II),iwon + M'so1ution

where the electrical charge in solution is balanced by dissolution of a cation of charge z from the basalt.
At neutral to basic pH, Fe(lI) is oxidized to Fe(flI) and precipitated as ferric oxyhydroxide in the

presence of 0. Fe(II) is also strongly sorbed on the basalt surface, resulting in low aqueous concentrations
even under anoxic conditions. The rate of 0, uptake increased with decreasing pH. Diffusion coefficients
of the order 10 ' cm' s-', calculated using a one-dimensional diffusion model. suggest grain boundary
diffusion in Fe-oxides.

1. Introduction

Weathering of primary Fe-silicates and Fe-
oxides in an aquifer may have a strong im-
pact on aqueous speciation and on the rates
of chemical migration. Aside from acting as a
major source term for the cycling of Fe, such
weathering may also affect aqueous oxida-
tion-reduction reactions, dissolved oxygen
concentrations and the formation of second-
ary Fe-oxyhydroxides.

High concentrations of electroactive Fe at
low pH have been shown to control the over-
all Eh of geochemical systems such as in mine

drainages Nordstrom et al., 1979). The effects
of Fe speciation on the Eh of neutral to
alkaline pH groundwaters are not well under-
stood in part due to generally low dissolved
Fe concentrations. However, such aquifers
have generally been considered devoid of
dissolved oxygen D.O.) because of oxidation
of Fe-containing minerals. Recent data (Wino-
grad and Robertson, 1982), showing appre-
ciable dissolved oxygen in several old ground-
water systems, may require re-evaluation of
kinetic processes associated with Fe oxida-
tion.

Finally, transport of chemical species, in-

0009-2541i85(S03.30 _ 1985 Elsevier Science Publishers B.V.
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.

cluding trace metals and radionuclides has
been shown to be strongly retarded by sorp-
tion and coprecipitation with Fe-oxyhy-
droxides (Hilderbrande and Blume, 1974).
Based on decreased dissolution rates in
oxygenated solutions, Siever and Woodford
(1979) proposed that Fe-containing rocks,
such as basalt, become armored with oxy-
hydroxide precipitates. Such coatings could
process extremely large surface areas and
effectively sorb cationic species from solu-
tion. However, data on naturally weathered
amphiboles and pyroxenes (Berner and
Schott, 1982) found no increases in surface
Fe. Additional data are needed on the effects
of weathering of primarily Fe-containing
minerals on rates and morphology of Fe-
oxyhydroxide precipitation.

The purpose of the present investigation of
basalt, as well as other ongoing work on in-
dividual Fe-silicate minerals, is to define the
mechanisms and kinetics of oxidation-reduc-
tion reactions associated with rock-water
interaction. Basalt was chosen in this study
because it is the most common rock con-
taining high Fe concentrations. The basalt
of the Columbia Plateau, Washington, U.S.A.,
is particularly significant in terms of ground-
water interaction because it is a candidate site
for emplacement of high-level nuclear waste.
The type of chemical processes outlined
above may have a significant impact on po-
tential radionuclide migration.

2. Mineralogy

The Grande Ronde basalt (6-16 Myr. B.P.)
comprises -70% of the total basalt accumula-
tion of the Pasco basin, south-centralWashing-
ton, U.S.A. (Meyers and Price, 1979). Samples
of two units, the Umtanum and the Cohassett,
were used in this study. The overall bulk
chemistries of these units are presented in
Table I. Although total Fe is very similar in
the two flow units, Fe(III) is higher in the
Umtanum basalt possibly due to greater high-
temperature oxidation of Fe-oxides (Hagger-
ty. 1976).

TABLE I

Chemical analyses wt.-) of Columbia Plateau basalt

Cohassett flow of Umtanum flow of
the Grande Ronde the Grande Ronde
Formation Formation

SiO, 53.41 34.90
TiO ~ 1.79 2.17
A1,O, 15.00 14.34

FeO, 4.36 4.81
FeO 9.42 8.71

.MnO 0.20 0.22
MgO 4.99 3.48
CaO 8.86 7.30
NaO 2.82 2.66
K.O 1.00 1.48
PO, 0.27 0.35

Total 102.12 100.42

The mineralogy of the Umtanum flow is
characterized by Noonan (1980). Dominant
Fe-silicates in the Umtanum flow include
augite (20-45 wt.%) and pigeonite (1-10
wt.%) and relatively rare olivine (0-3 wt.%).
Titaniferous magnetite is the dominant Fe-
oxide (0-7 wt.%), occurring as dendritic or
coarsely crystalline grains. An interstitial
glassy groundmass or mesotasis (15-70
wt.%) is abundant.

Petrographic and microprobe character-
izations of the Cohassett flow were perform-
ed in the current study due to a lack of
previously published data. Plagioclase (labra-
dorite), augite, and rarely olivine occur as
phenocrysts in the Cohassett samples, and
plagioclase and augite occur as groundmass
phases as well. Typical compositions of these
phases are given in Table II. Groundmass
plagioclase appears to be a distinct phase
(andesine), more sodic than the phenocryst
composition shown in Table II. Augite spans
a range in composition: groundmass augite is
generally higher in FeO (to 17-19% FeO)
and lower in MgO (to 13-11% MgO) than the
average given in Table II. Olivine occurs as
remnants of larger grains now almost entire-
ly altered to a clay mineral.
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Micropruibe analysis of Fe-conlalning ineicral phases tl e Cohasett ba i lt

Nuamber S i3, Tib, A1,O, Fr.(' Mto C) NA,O K0,? Tota
of
0Undlyzed
points, of

Plagioclase
(pheno-
.rysts) 46 53.05i j.0' 0.091 0.09 27.79t 0.82 0.66?i 0.16 0.21 0.1 11.93310.3 4.2510.5 4.26 0.04 98.2

AugSite 42 50.14 t0.92 1.361 0.51 2.36i 0.55 12.81 2.6 15.52 2.2 3i.38 i2.1 0.18 005 - 98.8
Olivine 7 37.t I 1.0 0.04 0.04 0.24 0.3 31.09 1 1.7 30.76i 2.5 0.43 10.1 - - 100.3
Tit^nifeCuUS

mnagnulite 7 1.36 1 0.13 25.06 t 0.52 1.79 0.11 68.30 0.31 0.40 0.04 0.49 10.04 - 0.06 ! .02 97.5
Glaus 64 65.92 1.7 0.92 1 0.24 12.96 £ 0.96 5.4H r 1.3 0.34 # 0.20 2.90 20.62 3.89 1 0.52 3.31 0.73 95.7
Vugl-filling

slmectite 8 53.20i 1.5 - 1.55 0.19 12.37 0.49 21.39 t 0.35 0.81 0.10 0.07 1 0.02 0.44? 0.05 89.8
Allenation and

tracture-
filling
uUectite 34 46.83 1 2.2 0.03 ! 0.02 3.60 £ 0.56 17.98 1.3 16.59 0.85 1.14 ±0.21 0.09 0.04 0.34 I 0.08 866

*aAlI Fe as F?).
*it- gs one swiarn;d devlai e (1o).

TABLE III

Summory of !eleceLd expeiimenital purameer4%

Experimeit Iliai blu slution BivUit Initial 0 Initial pit Final 0, Fijal pit Tutal time
No. Conaposition ( I ) (ppm) (ppa) (10 1)

I 1) . 1 O 80 K0.20 9.63 0.80 9.15 68
2 1).l.ll,( 80 9.23 5.46 0.17 5.62 63
3 1)1. 11,0 80 <0.20 4.94 <0.20 5.58 78
1 1).1. 11,0 80 9.34 2.62 0.95 3.80 23
5 10 p1) FelI) 16 9.48 6.60 7.86 6.48 3.4
6 70 ppm i(III) 16 9.48 6.50 2.20 6.35 3.4

Opt -i1fysite':
7 2 ppim Fe(Ill) 2.6 -9 3.1ii 9 3.52 0.93
8 2 ppmn Fe(III) 13.3 -9 3.42 -9 :1.46 0.93
9 2 ppm 'e(.II) 2.6 -9 4.48 -9 4.53 0.93

i) 2 ppmn Fe(III) 13.3 -9 4.02 -9 ' 4.57 0.93

-
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The groundmass of the Cohassett samples
is composed of a dark-brown glassy matrix
enclosing fine- to micro-crystalline grains of
plagioclase (andesine), augite, titaniferous

magnetite, glass and clay minerals. Titanif-
erous magnetite is a very abundant constit-
uent of the groundmass, where it occurs as
narrow cruciform grains typically 5-10 ;m in

PLATE I

A B

I

= 50'Lm , , 50Osm

C D
- - - d o r_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

= 50,W b - 0.5mm

Photomicrographs of Cohassett basalt flow.
A. Glass (). smectite alteration () and fracture filling (, and titaniferous magnetite (m) in groundmass. Pheno-
crysta are plagioclase. Incident light.
B. Titaniferous magnetite in area outlined in (A). Groundmass plagioclase (p) and immiscible liquid blebs (b) ae
also visible in the glassy matrix. Incident light.
C. Fibrous smectite alteration (s) surrounding unaltered core of augite (a). Phenocrysts are mainly plagioclase.
Cross-polarized transrr.itted light.
D. Fractured vug filling, with vermicular smectite (u) in a finer smectite matrix. Pocket of clay alteration is at
lower left. Plane-polarized transmitted light.
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width and up to 100 m in length [Plate 1,
(B)I. Their narrow width - on the order of
the electron beam diameter - made accurate
microprobe determination of composition
difficult. Table II shows the average of probe
analyses closest to the pure phase, as judged
by highest Fe and Ti counts, and lowest
counts of other elements, particularly Si.

The glass in the groundmass [Plate I, (A)
and (B)l is quite variable in composition,
with FeO concentrations commonly ranging
from 4% to 8%. Differences in glass colora-
tion often correlate with compositional
differences, with darker glass generally higher
in FeO. Some areas of nearly opaque glass had
FeO concentrations up to 10-15%, but these
concentrations were probably due to inclu-
sions of sub-microscopic magnetite grains.
Glass immediately surrounding grains of
titaniferous magnetite is usually relatively
light in color, suggesting adjacent glass was
depleted in FeO and did not completely
homogenize after magnetite crystallization.
Although the glass phase is generally low in
Fe relative to several other phases in this
basalt, rapid weathering of glass (White et al.,
1980) may contribute significantly to overall
reaction rates.

Smectite is abundant as both an alteration
product and a vug and fracture-filling material.
It occurs as fine orange or green needles in
radial or vermicular arrays, or in finer clots of
sub-microscopic crystals. Areas of extensive
smectite growth are usually cut by fine
shrinkage cracks, and interconnected by
fractures, making them readily accessible to
circulating solutions. Vug-filling smectite
[Plate , (D)l is compositionally distinct from
alteration and fracture-filling smectite [Plate
I, (C)l as shown in Table II. It is also more
uniform in composition, and is extremely low
in A1203 for a smectite mineral. However,
X-ray patterns, including those of glycolated
specimens, confirm a basic trioctahedral
smectite structure.

3. Experimental methods

Fresh samples of the Umtanum and Co-
hassett flow units were obtained from drill-

core and outcrop material, respectively. To
avoid Fe contamination during processing,
sawed slabs were buffed on an Fe-free lap,
crushed with a ceramic disc mill and graded
using stainless-steel sieves. The 0. 42 -0.18-mm
size fraction was ultrasonically cleaned and
fines decanted off in a 0 2-free glove box. The
basalt was dried and stored under high
vacuum.

Experimental conditions of individual
basalt-water reactions are described in Table
[II. Solutions were buffered by using different
ratios of NaHCO3 , HCI and dissolved CO2.
Under open-system conditions, solutions were
exposed to a constant flow of 2 and CO2.
Under closed-system conditions required to
monitor 02 uptake, atmospheric interaction
was excluded. Basalt samples were added to a
series of 125-ml Erlenmeyer flasks filtered
with ground glass stoppers in a N2-filled glove
box. The flasks with added solutions were
ultrasonically agitated to remove trapped gas
and sealed with silicone grease. Analysis of
02 -free blanks, after storage for six months
in air, indicated negligible 0 contamination.

Flasks containing basalt were periodically
opened and dissolved oxygen (D.O.) was mea-
sured by using an Orion5 electrode (0.05
ppm). Experiments using 0 -free solutions in-
dicated that the minimum measurable D.O.-
value was -0.20 ppm due to 2 contamina-
tion during introduction of the electrode into
the flask. The Eh of the solution was subse-
quently measured by using an Orion- Pt elec-
trode calibrated against a Zobell solution. An
aqueous sample was immediately extracted by
a gas-tight syringe, filtered tO.2 m), acidified
and analyzed for Fe(II) and total Fe. Other
major dissolved components, including Na, K,
Ca, Mvlg, Si and Al, were analyzed later.

Aqueous Fe was determined spectrophoto-
metrically using a ferrozine chromagen
(Gibbs, 1979) with a lower limit of detection
of 10 g 1-'. Because ferrozine reacts only
with the ferrous ion, the Fe(II)/Fe(III) ratio
in solution was conveniently determined by
reducing a sample split with hydroxylamine,
measuring total Fe, and calculating Fe( III)
by the difference relative to Fe(tII).

he no.
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Ferrous-ferric iron in the bulk basalt
samples (Table I) was also determined from
Fe(I1) and total Fe. Ferrous iron was analyzed
by dissolving the basalt in a HF solution con-
taining V(V) which oxidized Fe(II) as it dis-
solved into solution (Wilson, 1955). Fe(II)
was determined by titration of excess V(V).
Total Fe was determined in the HF solution
by atomic absorption spectrometry.

The Fe concentration and oxidation states
on the composite surfaces of basalt mineral
grains were determined using X-ray photoelec-
tron spectroscopy (XPS). The theory, instru-
mentation and application of XPS to geolog-
ical studies have been reviewed by Bancroft et
al. (1979) and applied to Fe-silicates by
Berner and Schott (1982). The technique in-
volves irradiation of the solid surface in vacuo
with monoenergetic soft X-rays and sorting
the emitted electrons by energy. Since the
mean free path of the electrons is very small,
the electrons which are detected originate
from only the top few atomic layers (- 20 A).
In this study, the basalt surface chemistry was
investigated by using a Physical Electronicsb
multiprobe with a Mg X-ray source.

4. Results

4.1. Iron release from basalt

Release of chemical species into solution
during experimental dissolution of basalt was
found to be highly incongruent as shown for
Umtanurn basalt in Fig. 1. Relatively rapid re-
lease of Na and Si, common for glassy rocks
(White et al., 1980), suggests preferential
dissolution of the alkali-silica-rich mesotasis.
Dissolution rates become linear at longer
reaction times.

As indicated by dissolution data in Fig. 2,
aqueous Fe concentrations are strongly pH
dependent. At moderately acidic pH, the
dominant Fe(II) species increase initially with
time and then level off in a pattern similar to
that reported for basalt by Siever and Wood-
ford (1979). Dissolution data for Fe do not
appear to fit any simple linear or parabolic

.1

i

_~~~~~~~~~ 5

, --- 2 'g --

v O 20 3
(C06 s)

Fig. 1. Release of major chemical species during
weathering of Umtanum basalt over 75 days at an
average pH of 5.5 experiment 2, Table III).

ire
---- _

-_ -' m pp

_ ~~" t .... l a -

n_

.-- A 'A_-

Fig. 2. Feld) and Fet lI) concentrations in solutions
during weathering of Urmtanum basalt. Open and
solid points are Fe(d!) and FeIII), respectively.
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rate law. Fig. 2 shows that the rate of Fe(II)
release is only slightly faster at low PO, than
at high PO,. No detectable Fe(II) was found in
solutions below pH 7.0. Fe(III) concentra-
tions, low over the entire pH range, initially
increased in solution and then decreased be-
low detection limits at longer times. As shown
in Fig. 2, detection limits are higher at lower
pH since Fe([II) is calculated from the differ-
ence between relatively large but similar con-
centrations of both total Fe and Fe(II). Cal-
culation of saturation states using the WATEQF
speciation code (Plummer et al., 1976) indi-
cates that above a pH of 5.5 Fe(III) concen-
trations are generally supersaturated with
respect to amorphous iron hydroxide Fe(OH) 3.
Declines in aqueous concentrations in this pH
range may be due to onset of such oxyhy-
droxide precipitation.

As indicated in Table I, appreciable Fe(III)
is contained in the basalt phase assemblage as
well as on the mineral surfaces. The absence
of Fe( III) in solution at low pH implies either
that the dissolution of Fe from basalt is high-
ly incongruent, i.e. Fe(II) is released and Fe-
(II) is retained in the mineral assemblage, or
that Fe(III) is being either reduced or removed
from solution by some other process.

4.2. Surface chemistry

Surface compositions and Fe oxidation
states were characterized by XPS. Typical
spectra for Fe 2pj,: and 2p3;4 peaks are shown

in Fig. 3 for fresh and reacted mtanum
basalt. As indicated, progressive decreases in
peak intensities occur with decreasing pH of
reaction.

The electron binding energies of the spec-
tral peaks can be used to estimate the surface
oxidation state of Fe provided that correc-
tions are made for surface charging. Table IV
lists measured binding energies and corrected
energies based on charging shifts of the ad-
ventitious carbon s peak from a standard
state of 284.6 eV (Wagner et al., 1979). The
average shift of 2.6 eV in the 2p3,,2 Fe peak,
due to charging, is shown in Fig. 3. Corrected
binding energies for the 2P312 peak correspond
closely to Fe(III) reported in Fe2O3 (712.0-
712.2 eV; Allen et al., 1974; McIntyre and

during
at an 7

13 5 eV A 26ev
I -repcted

-co

Sinding energy (ev)

Fig. 3. XPS spectra for 2p,., and 2p,., Fe peaks show-
ing decrease in intensity with decrease in reaction pH.
An average 2.6-eV shift is due to surface charging.

TABLE IV

Measured and corrected peak
shifts in carbon spectra

positions or iron based on observed

Experiment Cxm~earud) - C s(1.. ev) Fe:,, 

No. measured corrected

Blank 2.60 714.9 712.3
1 2.60 714.7 I712.1

2 2.80 714.1 711.3
3 2.70 714.3 711.8
4 2.50 714.7 712.2
5 2.60 714.5 711.9
6 2.60 714.0 711.4

utions
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Zetaruk, 1977), but are higher than Fe(II) in
FeO (709.3 eV). The binding energy separa-
tion of 13.5 eV (Fig. 3) also agrees with that
reported by Wagner et al. (1979). The quanti-
tative atomic percentage, C, for a given ele-
ment relative to other surface species can be
obtained from data of the type shown in Fig.
3 by the relationship:

C AxSx (x1)
Ai / Si

where A and S are the respective peak areas
and atomic sensitivity factors. Sx is a function
of atomic cross-sections and spectrometer
detection efficiencies. Available Sx-values
(Wagner et al., 1979) are based on elemental
standards and may exhibit deviations for spe-
cies contained in complex chemical matrix
such as a silicate. To overcome such effects,
elemental concentrations are often reported
as ratios relative to a dominant element such
as Si (Bancroft et al., 1979: Berner and
Schott, 1982). Data are plotted in Fig. 4 as
functions of Cx vs. pH with the atomic ratios
for Fe/Si given in parentheses. A close correla-
tion exists between the surface Fe percentage,
calculated by eq. 1 for the fresh basalt, and
the mole fraction contained in the bulk basalt
(Table ). This correlation, in addition to the
agreement between relative Fe/Si ratios,
justifies the use of Sx-values in quantitative
estimates of surface Fe concentrations in
basalt.

As suggested by the decreases in spectral
intensities in Fig. 4, decreasing reaction pH
produces a quantitative drop in surface Fe
concentrations in Fig. 5. At a pH of 3.5, half
of the total Fe has been removed from the
basalt surface. Fe decreases, particularly at
high pH, indicating that Fe-oxyhydroxide
coatings do not form on experimentally
weathered basalt as postulated by Siever
and Woodford (1979).

The effect of oxyhydroxide precipitation
from solution on the surface chemistry of
basalt was investigated by the addition of

Fe(II) to solutions at neutral -pH. As indi-
cated in Fig. 4, resulting oxyhydroxide
precipitation from a 70 ppm Fe(II) solution
doubled the surface Fe concentration while
precipitation from a 10 ppm Fe(II) solution
failed to increase the surface concentration to
a level initially present on the unreacted
basalt. The initial Fe(II) solutions were also
tagged with 0.1 mM CsCl2 and 0.1 mM SrCl2
to determine if coprecipitation or sorption
occurred in oxyhydroxide phases on the
basalt surface. In all cases, the 3d,5 2 peaks for
Cs and Sr were found to be below XPS
sensitivity levels. The above results suggest
that Fe-oxyhydroxides form by homogeneous
nucleation in solution rather than as surface
coatings on Fe-silicate grains, a conclusion
supported by visual inspection of suspended
oxyhydroxide phases in solution.

6.0r -2.

…-.45
0~~~~7 *

!8.23) uik Bacit (0.20)
40L~~~1 ppmcn t~Fq12'(0.18)|

0 \
(0,51

E

2.0- -
3.p1! 

He

9.0 7,0
pH

5.0 3.0

Fig. 4. Atomic percentages of Fe on the basalt sur-
face as a function of pH. Closed circles are composi-
tions resulting from addition of aqueous Fe(1I).
Numbers in parentheses are Fe/Si ratios.
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4.3. Oxidation-reduction in solution

As previously indicated, at low pH Fe(III)
is absent in solutions reacting with a basalt
phase assemblage with significant surface and
bulk Fe(III). To determine the fate of Fe(III),
initial solutions containing 2 ppm Fe(III)
were prepared (experiments 7-10. Table III).
As shown in Fig. 5, Fe(III) is stable in blank
solutions at pH's 3.0 and 4.0, indicating no
reduction to Fe(II) nor precipitation as an
oxyhydroxide. However, addition of Cohas-
sett basalt decreased Fe(III) in solution at a
rate proportional to pH and the basalt surface
area. During the same time interval, concen-
trations of Fe(II) showed significant increases.
At pH 3.0, the final Fe(II) concentration
greatly exceeded the initial Fe(III) concentra-
tion, indicating an Fe contribution from
basalt dissolution (Fig. 2). At pH 4.0 the total
Fe in solution remained nearly constant over
time.

One obvious explanation for the Fe(III) de-
crease and Fe(II) increase is that Fe3 is being
reduced to Fe" in solution in the presence of
basalt. However, the possibility exists that

corresponding changes are simply coincidental
i.e. that all of the Fe(II) is contributed from
the basalt and Fe(III) is being lost by an in-
dependent mechanism such as basalt-induced
precipitation or sorption. In order to uniquely
define the mechanism, aqueous "9Fe(III) was
used as a radioactive tracer. If FefIII) was
totally reduced to Fe" in solution, the count
rate should remain constant with time. If the
original Fe(1II) was incorporated into a solid
phase the count rate should approach zero in
solution. As shown in Fig. SC, 9Fe concentra.
tions do decrease with time with increasing
pH and basalt surface areas. However, the
59Fe decrease is less and the rates much slower
than that of Fe(III), indicating that significant
reduction of Fe must occur in solution.

At pH's greater than 6.0, Fe(II) is rapidly
depleted in solution, as indicated by the lack
of measurable Fe(II) in the basalt dissolution
studies (Fig. 2). Fe concentrations in this pH
range are controlled by the precipitation of
oxyhydroxides:

Fe + + 20H 4H0 -

3- 7:55m2- I' "- 2

- - 2- - - c -- 

_7

C

Fe(OH)3
amorphous hydroxide

Fe" + z°. + 20H- - H20 + FeO(OH)
goethite

(2)

(3)

A number of studies (Stumm and Lee, 1961;
Pankow and Morgan, 1981; Davison and Seed,
1983) have shown that Fe(II) oxidation
kinetics obey the rate law:

- _I

* '; IN a ' "

- it _- 0, q

2 3 2 3

d[Fe(II)j/dt = k[Fe(II)IPO, (OH-)2 (4)
where Fe( I)1 is the measured concentration
(M); Po, is the partial pressure of oxygen
(atm.); and OH- is the activity of the hydroxyl
ion. When pH and Po, are constant, eq. 4 re-
duces to:

' 2 102 5/2. 02

It sur-
nposi-

: Fe(lI).

Fig. . Trends in Fe speciation with time in solutions
initially containing 2 ppm FeSO. and varying amounts
of Cohassett basalt. Open points are Fe(lI) concentra-
tions and solid and hatched points are Fe( II) concen-
trations at pH 3.0 (A) and pH 4.0 (B). respectively.
'Fe(II) is plotted as counts per min. (C).

d[Fe(II)1/dt k, [Fe(II)]

where

k, = k(OH-)2Po,

(5)

(6)

Experiments were conducted at a buffered
pH of 6.5 and at atmospheric 02 to determine
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the effects of basalt interaction on oxidation
kinetics of Fe(II) at near-neutral pH. As
shown by the example in Fig. 6, Fe(II) oxida-
tion rates in blank solutions display a linear
relationship between log[Fe(II)i and time as
predicted by eq. 5. The slope of the line,
which corresponds to k /2.3, results in a rate
constant (k) of 1.64- 10'4 mol- atm.' min.-'
which falls within the range of rate constants
summarized by Davison and Seed (1983).

The addition of basalt to solutions at near-
neutral pH has the effect of greatly accelerat-
ing the Fe(HI) decrease (Fig. 6). The rates be-
come non-linear with respect to eq. and
proportional to the total surface area of the
basalt present, suggesting uptake by the solid.

tent (M) reproduces the stoichiometry of
reactions 2) and (3). Addition of basalt to
the solutions decreases the initial Fe(GI)/final
Po, ratios to less than 4 : 1. This decreased
slope, which is proportional to the basalt sur-
face area, implies a loss of Fe(I) from solu-
tion which is not associated with the forma-
tion of Fe-hydroxide or goethite.

Rates of 02 uptake were also monitored in
the long-term closed-system experiments
(Table III. experiments 1-4) in which the
iron chemistry was controlled solely by basalt
reaction. Examples of 02 uptake are shown in
Fig. 8. While short-term 02 uptake from blank
solutions containing added Fe(II) can be
quantified based on the stoichiometry of reac-
tions (2) and (3), long-term 02 uptake in solu-
tions containing basalt cannot be explained
by the release of Fe to solution and subse-
quent oxyhydroxide precipitation. 02 uptake
rates increase with decreasing pH and increas-
ing oxyhydroxide solubilities. The fastest up-
take rate is observed at pH 3.0 (Fig. 8).where
the aqueous Fe speciation is undersaturated

-45,

-50-

-55,-

,35

. 4

-4

Fig. 6. Oxidation rate of Fe(II) in solution with vary-
ing basalt surface areas. Data for blank solution are fit
to first-order rate law (eq. 5).

4-

ZCS31?4.4. Uptake of dissolved oxygen

To test the effect of oxyhydroxide precip-
itation in controlling both dissolved Fe(II)
and 02 concentrations at neutral pH, blank
solutions were saturated at a given P,
Fe(II) was added, and P was measured after
the system achieved equilibrium. As indicated
in Fig. 7, the 4: 1 ratio between total Fe(II)
consumed (M) and the final dissolved 02 con-

5

ntial (Fe n MM)

Fig. 7. Relationship between initial Fe(lI) and final
dissolved oxygen concentrations after equilibrium
with oxyhydroxide. Lower ine shows stoichiornetric
relationship for blank solution while progressive
deviations with increasing basalt surface areas indicate
Fe sorption as described by eq. 10.
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with amorphous Fe-hydroxide. Even at higher
pH's, where solutions do become saturated
with Fe(OH)3, the amount of Fe(III) precip.
itated is much less than that required to
balance the rate of 02 uptake based on the
4: 1 stoichiometry of reactions (2) and (3).
For example, total Fe(lI) precipitated at pH
5.0 is estimated to be 0.2 mM based on the
difference in dissolved Fe concentrations of
the oxic and anoxic experiments. This Fe con-
centration is much less than the observed 02
uptake of 0.2 mM at pH 5.0 (Fig. 8).

The generally parabolic decrease in oxygen
with time (Fig. 8) suggests a diffusion-con-
trolled reaction with the basalt. Rates can be
modeled by assuming diffusion from a well-
stirred solution of finite extent. Due to
generally slow solid-state diffusion rates at
ambient temperature, the basalt can be
represented as an infinite one-dimensional

slab. An analytical solution to Fick's second
law of diffusion with appropriate boundary
conditions is presented by Carslaw and Jaeger
(1959) for analogous heat diffusion. The mea-
sured 02 concentration, C, is related to the
initial 02 concentration, C, by the relation-
ship:

C - CO exp(Dt/I) erfc(Dt/l) (7)

where D is the oxygen diffusion coefficient;
and t is time in seconds. The solution length,
I (cm), is the one-dimensional representation
of solution volume (cm3 ) divided by basalt
surface area (cm:). The dotted lines in Fig. 8
are solutions to eq. 7 fitted to the experi-
mental data. The magnitude of the diffusion
coefficients, 1l c s, suggest relatively
rapid grain boundary diffusion rather than
slower solid-state 0 diffusion based on low-
temperature extrapolation of the data of
Giletti and Anderson (1975).
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Fig. 8. Oxygen loss in solution during basalt-water
interaction at differing pH's. Dashed lines are fits to
diffusion model assuming the indicated diffusion
coefficients.
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Fig. 9. Comparison of O losses in solution for basalt
and a number of individual silicate phases common to
basalt.
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Although there was no attempt in this
study to assess the overall oxidation-reduc-
tion kinetics of basalt relative to individual
mineral phases, it is interesting to compare
02 uptake rates between basalt and individual
mineral phases being measured in concurrent
studies. Such data are plotted in Fig. 9. As
indicated, rates of 02 uptake for basalt are
much faster than for silicate phases. Of
particular interest is the relatively slow rate
for 02 uptake in augite, which as shown is the
dominant Fe-silicate phase in basalt (Noonan,
1980). Due to lower Fe concentrations,
the slow rate of 02 uptake of obsidian glass
may not be representative of the glassy meso-
stasis in the basalt. However, Fig. 9 clearly
shows that 02 uptake rates for basalt and
magnetite are comparable, suggesting that the
relatively high concentrations of titaniferous
magnetite are controlling the rates of oxygen
consumption.

5. Discussion and conclusions

The preceding results indicate significant
interaction between the basalt mineral assem-
blage and dissolved Fe(II), Fe(III) and 02
during experimental weathering. The loss of
Fe from the basalt surface with decreasing pH
corresponds, as expected, to an increase of Fe
in the aqueous solution. In no case does an in-
crease in surface Fe occur, indicating the
absence of an oxyhydroxide coating as
proposed by Siever and Woodford (1979). As
indicated by XPS binding energies, reduced
Fe, contained within the basalt, is oxidized on
the surface of even the unreacted samples
stored under atmospheric conditions. Oxida-
tion of Fe on the surfaces of amphiboles and
pyroxenes has also been demonstrated by
Berner and Schott (1982).

In acidic solutions with pH's less than 5.5
and undersaturated with oxyhydroxide
phases, Fe exists predominantly in the Fe(II)
state. Addition of Fe(III) species results in
reduction to Fe(I) in solution. Presumably
Fe(III) dissolved from the oxidized basalt sur-
face in the long-term closed-system experi-
ments is reduced in the same manner. This

relationship, coupled with an apparent
absence of other oxidizable species in solu-
tion, suggests that an oxidation-reduction
couple exists between Fe(II) and Fe(III) on
the basalt surface and in solution. Such a
couple can be written in the form:

(Fe( I)Mz)baalt + Fe(III)solution -

Fe(III)basalt PM-solution + Fe(Msolution

(8)

where the reduction of Fe in solution is charge-
balanced by the dissolution of a cation of
charge z from the basalt. As shown by the
data in Fig. 1, any number of cations releas-
ed into solution during experimental weather-
ing car. fulfill this requirement. The driving
chemical force behind reaction (8) is apparent-
ly the continued oxidation of Fe(II) beneath
the already oxidized surface of the basalt and
the acceptance of electrons into solution.

At neutral to basic pH, reduction of Fe in
solution by reaction (8) is countered by the
oxidation of Fe during precipitation of ferric
oxyhydroxides [reactions (2) and (3)). Based
on the absence of Fe(II) in solution of pH's >
5.5, the net free energy of the opposing oxi-
dation-reduction reactions must favor oxy-
hydroxide precipitation over surface oxida-
tion.

In blank solutions, kinetic rate data for
Fe(II) oxidation (eq. ), as well as closed-sys-
tem oxygen uptake [reactions (2) and (3)1,
indicate control by oxyhydroxide precipita-
tion. However in the presence of basalt, the
rate of Fe(II) loss is accelerated and the Fe-
(II): 02 stoichiometry becomes less than that
predicted by precipitation. Such deviations,
coupled with observed losses of "9Fe at low
pH, suggest that aqueous Fe is being sorbed
into the basalt surface. Such sorption can be
separated from concurrent oxyhydroxide
precipitation at neutral to basic pH based on
deviations in final 02 concentrations from
those predicted by reactions (2) and (3).
Simple sorption equilibrium can be assumed
between the basalt surface and the aqueous
solution:
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The stoichiometry of reaction 2) for example
can be rewritten as:

[Fe(II)l [1 -kdS] + On + 2OH- + .H2O-
FetOH)3 (10)
amorphous hydroxide

where S is the basalt surface area (m '-). The
dashed lines in Fig. 7 show the fits to the ex-
perimental data by using a kd of 4.0 10-3 1
m'.

Rate data indicate that oxygen uptake in-
creases in basalt with decreasing pH. Although
oxygen is consumed by precipitation of oxy-
hydroxides, 02 uptake is fastest in solutions
undersaturated with such phases. Even in
higher pH solutions, comparisons between
rates of Fe release into oxic and anoxic solu-
tions indicate that insufficient Fe is precipi-
tated from the bulk solution to account for
the quantities of 02 consumed. XPS data in-
dicate that Fe concentrations are not increas-
ing on the exterior mineral surfaces during
reaction. This information coupled with the
excellent data fit to the diffusion equation
suggests that oxygen continues to diffuse into
interior pore spaces and along grain bound-
aries dominated by Fe-oxides. The reactions
which consume 02 and result in the interior
diffusion gradient are not defined in this
study but presumably must involve oxidation
of ferrous iron and formation of a ferric
oxyhydroxide. While not detected on exterior
surfaces by XPS, such phases may form by
heterogeneous nucleation on interior sites due
to increased pH and concentration gradients.
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CONTRACT TITLE: T.A. in Geochemistry

Task Title: Document Review

Estimated Level of Effort: 4 days

Requested Completion Date: Februar 86

Product Description: Letter Report

TASK DESCRIPTION:

o Review Appendix B "Spent Fuel Dissolution", R.B. Moler, 1985 with respect to the
limitations of the approach described.
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o Attend ASTM C26.07 Subcommittee on Nuclear Waste Management (See attached).

o Time and place
Tuesday, January 14, 1985 - 9:00 a.m. -
Sheraton New Orleans
New Orleans, LA.
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The ASTM C26.07 Subcommittee on Nuclear Waste Management has been a focal point
for dialogue on nuclear waste disposal between utilities, nuclear waste producers,
waste package investigators, industry, the NRC and other interested individuals.
The subjects have included low-level and high-level waste. At past subcommittee
meetings, the NRC has specifically pointed out the desirability of obtaining
ASTM adoption of some key test methods and ASTM endorsement of ways to assure
safety in the disposal of waste. Current activities of the subcommittee in the
area of high-level waste are focused on obtaining ASTM adoption of a static
leach test method based on the OE/MCC-] test method, consideration of a general
corrosion test method for a salt repository and further development of guidelines
for predictive testing of waste package components.

The C26.07 subcommittee has for the past several meetings expressed an objective
and willingness t develop guidelines for predictive, or accelerated, testing of
materials used in-the high-level waste package (HLWP) for deep geologic disposal.
In order to insure that the guidelines are relevant and meaningful with respect
to the current conceptions of waste disposal, the subcommittee plans to conduct
a seminar on predictive testing at the January meeting in New Orleans. This will
be the first of at least three seminars planned for this important and difficult
subject. The meeting will be open only to subcommittee members and Invited
participants and guests. We currently estimate the attendance at 20 to 30. Dis-
tribution of materials presented will be to subcommittee members and participants
in the form of minutes and summaries. Another very important objective is to
enlist three or four new subcommittee members that could provide continuing guidance
to the subcommittee in its formulation of the guidelines for predictive testing.

Staudarfa for MateftI4 Poduct. Systems & Serices
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The tentative agenda for the seminar is as follows:

a Need for Guidelines for Predictive Testing

e Background on Predictive Testing in DOE Programs

- Important Issues from NRC's Viewpoint

* Planning and Discussion of Predictive Testing for *1LWP in

Salt

Basalt

Tuff

Crystalline Rock

The subcommittee is planning to use the seminar as a basis for seminar/workshops
in July, 1986 and January, 1987. Hopefully, within a year after the January 1986

\ meeting, we would be ready to start the drafting of the most appropriate guideline
ddictiveacceleratedtesting for the HLWP and its associated geology.

L, We would appreciate receiving any documents or other -nformation that you can pro-
vide to the subcommittee prior to the January meeting in New Orleans.

Your participation in the January meeting is vital with regard to incorporating
your project-specific concerns and information into the seminar. We'would appreciate
your suggesting the names of one or two individuals that could participate in
the January seminar. We prefer to have only one participant from each organization

* in order to limit the size of the group and keep discussions on an informal level.

Sincerely your's,

Ed Kuhn/Dan Merz
- . t High Level Task Force, C26-07

Time.& Place Ed Kuhn - Stone Webster Engineering
Corporation (212) 290-6242

Tuesday, January 14, 85 9
Sheraton Dan Merz - Battelle Northwest
New Orleans, Louisiana (509) 375-2775

Cr
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o Discuss need to attend meeting with Walt Kelly (427-4571), Salt Site Lead.

o If needed, attend and report on Salt Waste Package meeting, January 23-24, 1986.
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Application of Lboratdry-Measured Radionuclide Sorpti'
information for Modeling Radionuclide Transport in Y9Q-"1
High-Level Nuclear Waste Geologic Repositories

(dates)
- Oak Ridge, Tennessee

Tuesday Morning, Day I

8-10 a.m. Registration and Refreshments -

zL' 6 _~-\X

2 W(CJ.?

10-12 a.m. Issues Related to Use of Sorption Information
for Modeling Radionuclide Transport

Overview of Issues
NRC Concerns Relative to Performance Assessment
Keynote Address (Neretnieks ?)

Tuesday Afternoon, Day I

1- 5 p.m. Sorption Pocesses and Laboratory Methodology

Ion Exchange Phenomena
Surface Adsorption Phenomena
Chemisorption/Irreversible Reactions
Experimental Methodol6gy
Sorption Data Bases
Theoretical Sorption Models

I
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Wednesday Morning, Day 2

8:30 a.m. - 12:00 p.m. Application of Sorption Information for
Modeling Radionuclide Transport I

Wednesday Afternoon, Day 2

1:00 p.m. - 4:00 p.m.

1*

Application of Sorption Information for
Modeling Radionuclide Transport II

Diffusion into Host Rock
Unsaturated vs Saturated Flow
Fracture Flow vs Matrix Flow
Mathematical Models Combining Sorption

and Transport
MO&14 CA6;-%q4Vk4 ( S" I 

te¶' MVJi;WI MIA31TQ)

Thursday Morning, Day 3

8:30 a.m. - 12:00 p.m.

1:00 p.m. - 5:00 p.m.

Friday orning, Day 4

Sorption Information/Transport Modeling
at Repository Sites I

Sorption Information/Transport Modeling
at Repository Sites II

Basalt (BWIP)
Tuff (NNWSI, LANL)
Granite (Swiss, Swedes, Canadians)
Salt (ONWI, Germans)
Clay (Belgians, others?)
Shale (?)

8:30 a.m. - 12:00 p.m. Summary and Discussion led by Session Chairpersons

Workshop Concensus on Issues
Identification of :eeded Future Work

12:00 Noon Lunch with Chairpersons and Prepare Written
Summary of Discussions

Possible Chairpersons: Ivars Nereenieks, Pat Salter, George Parks, Jeff Serne


