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PREFACE

'Ihis volume contains abstracts that have been accepted by the Program Corrmittee
for presentation at the 49th AnnualM=teoritical SocietyM=eting.
'Ihe Program Ccmnittee included Martin Prinz (Chair) and Jeremy S. Delaney (Arrerican
Museum of Natural History), C. E. Nehru (Brooklyn College, CUNY), Roger H. Hewins
and Gregory Herzog (Rutgers University), Robert T. IXJdd (Stony Brook, SUNY), and
Pamela Jones (Lunar and Planetary Institute).
Logistic and administrative support was provided by Pamela Jones and LeBecca Turner;
this abstract volume was prepared by Renee Dotson, Pat Pleacher, and Pamela Thompson
(all fran the Lunar and Planetary Institute) •

•

'Ihe Lunar and Planetary Institute is operated by the Universities Space Research
Association under contract No. NAStr4066 with the National Aeronautics and Space
Administration.
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MEETING CALENDAR

Sunday, September 2 1
PM
12:00 noon-5:00
Meteoritical Society Council Meeting
3:30-8:00
Registration
6:00-10:00
"Welcome to the Big Apple" Social
Monday, September 22
AM
9:00-9:15
Welcome to the American Museum of
Natural History,
Dr. Thomas D. Nicholson, Director,
Mr. Arthur Ross, 1hlstee
9:15-9:45
Address by Dr. Peter Eberhardt,
President of the Meteoritical Society
Isotopic Studies
10:00-12:00 noon
Chondrites I
Nomenclature Committee of the
12:00 noon-I :30
Meteoritical Society
PM
Irons
1:30-5:15
1:30-5:00
Aqueous Alteration

.

'TUesday, September 23, 1986
AM
8:30-12:00 noon
CAl's
8:30-11:30
Impacts I
PM
Chondrules
1:30-5:15
1:30-5:30
Impacts II; Fayetteville
6:00
Buses leave for South Street Seaport
9:30-10:00
Buses return from South Street Seaport

..

Wednesday, September 24, 1986
AM
8:30-11:30
Early Processes
8:30-11:30
Moon
PM
1:30-4:00
Asteroids
1:30-4:15
Cosmic Dust and Spherules
6:00
Naturemax Theater
7:00
Banquet -Presentation of Leonard Medal
to R B. Baldwin and Barringer Medal to
D.E. Gault
Thursday, September 25, 1986
AM
8:30-12:00 noon
USAs: Ureilites, SNCs, Aubrites
Chondrites II
8:30-12:00 noon
PM
Basaltic Achondrites
1:30-4:30
1:30-5:00
Irradiation Effects

Portrait Room, AMNH
Meteorite Hall
Meteorite Hall

Auditorium

Auditorium
Kaufmann Theater
Under Theater
Portrait Room

Kaufmann Theater
Under Theater

Kaufmann Theater
Under Theater
Kaufmann Theater
Under Theater
77th Street
South st. Seaport

Kaufmann Theater
Under Theater
Kaufmann Theater
Under Theater
Auditorium
Hall of Ocean Ufe

Kaufmann Theater
Under Theater
Kaufmann Theater
Under Theater
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PROGRAM
Monday, September 22, 1986

A - OPENING - 9:00 A.M.

SESSION

American Museum of Natural History (AMNH) AUDITORIUM
A-I

9:00 Dr. Thomas D. Nicholson, Director
Mr. Arthur Ross, Trustee
Welcome to the American Museum of Natural History

A-2

9: 15 Dr. Peter Eberhardt, President of the Meteoritical Society

Results from the Encounter of the Giotto Spacecraft with Comet Halley
9:45 COFFEE BREAK
Monday, September 22, 1986

B - ISOTOPIC STlJDIES

SESSION

Kaufmann Theater

10:00 a.m. - 12:00 noon
Chairmen: S. Niemeyer, C. T. Pillinger
* Indicates Speaker
10:00 *Ming T. Lewis R S.
B-1
Pillinger C. T.

Anders E.

Grady M. M.

Wright I. P.

Presolar Components in the Murray. C2M Chondrite: Heavy Carbon,
Nitrogen and Anomalous Noble Gases
B-2

10: 15 *Niemeyer S.
Ti Isotopic Anomalies in OrgueiJ and Constituents ofCM and CV

Meteorites
B-3

10:30 *Zinner E.

Fahey A.

Goswami ).

Ireland T.

McKeegan K.

Large 48Ca Anomalies Accompany sOTi Anomalies in CM Hibonites
B-4

10:45 *Fahey A.

Zinner E.

Kurat G.

Anomalous Ca and Ti in a Hercynite-Hibonite Inclusion from Lance
B-5

I 1:00 *McGarvie D. W

Wright I. P.

Grady M. M.

Pillinger C. T.

The Distribution of /3C-Rich Carbon in Carbonaceous Chondrites
8-6

I I: 15 *Burgess R

Wright I. P.

Pillinger C. T.

A Record ofSulphur-34 Depletion in 0, C4 and C5 Chondrites
8- 7

I I :30 Rosman K. ). R

*De laeter ). R

Isotopic Fractionation in Meteoritic Cadmium Revisited
B-8

I 1:45 *Halbout).

Robert F.

Numerical Simulations ofStable Isotope Results Obtained by
Progressive Heating Experiments

..

Monday, September 22, 1986

SESSION

C - CHONDRITES I

10:00 a.m. - 12:00 noon
Chairmen: R T. Dodd, K. Yanai
* Indicates Speaker
C- I
10:00 *Williams C. V. Scott E. R D.
Wieler R

Linder Theater

Taylor G. ).

Keil K.

Schultz L

Histories of Ordinary Chondrite Parent Bodies: Clues from Regolith
Breccias
C-2

10: 15 *Scott E. R D.

Taylor G. ).

Keil K.

McKinley S. G.

Wilson I. E.

Accretion, Metamorphism and Brecciation of Ordinary Chondrites:
Evidence from Petrologic Studies of Meteorites from Roosevelt County

vii

C-3

\0:30 *Sneyd O. S. McSween H. Y. Jr. Sugiura N. Strangway O. W.
Asteroidal DeJormation: Strain Analysis and Magnetic Anisotropy in
Ordinary Chondrites

C-4

10:45 *Hutson M.
A Search Jor Chemical Clusters in H- and L-Chondrites

C-5

I 1:00 *Ebihara M.
Distribution oJ Rare Earth Elements in Unequilibrated Ordinary
Chondrites

C-6

I I: 15 *Miura Y. Miura H. Yanai K.
Relation Between Mg-Value and An-Content oJ Plagioclase
Composition in Chondri tic Meteorites

C-7

II :30 *Pellas P.
Onion -Shell Structure oJ the H-Asteroid: A Confirmation

C-8

I 1:45 *Oanon J. A. Funaki M. Nagata T Souza- Azevedo I.
M(jssbauer Spectrum and Magnetic Properties oJ the Olivenza
Chondrite
Monday, September 22, 1986

SESSION
1:30 - 5: 15 p.m.

D ' IRONS
Kaufmann Theater

Chairmen: R. H. Hewins, J. H. Jones
* Indicates Speaker
0-1
1:30 *Goldstein J. I. [Invited Lecture)
Metal/ographic Cooling Rates - Recent Advances
0-2

2:00 *Malvin O. J.
Jones J. H. Orake M. J.
You Can Fit All oJ the Meteorites Some oJ the Time: New Models oJ Iron
Meteorite Fractional Crystallization

0-3

2: 15 *Jones J. H. Malvin O. J.
A Nonmetal-Avoidance ModelJor Metal-Nonmetal Interactions in
Metallic Liquids

0-4

2:30 *Larimer J. w. Rambaldi E. R.
Formation oJ Iron Meteorites: Melting and Segregation oJ Metal in
Parent Bodies

0-5

2:45 *Oelaney J. S. Sutton S. Prinz M. Smith J. V
Chalcophile and Siderophile Behavior oJCu and its Effect on the
Composition oJ Iron Meteorites
3:00 COFFEE BREAK

0-6

3:15 Ouyang X. Wang J. Wasson J. T
Compositional Relationships Between Iron Meteorite Groups lAB and
I/lCD

0-7

3:30 *Gundel P. Buchwald V F. Kjer T Thorsen K. A.
Thermal Migration II: Small Temperature Gradients

0-8

3:45 *Budka P. Z. Milillo F. F.
The Inverse Peritectic Phase TransJormation in the Fe-S System:
Evidence Jor the Remelting oJTroilite During Cooling

0-9

4:00 *Reuter K. B. Williams O. B. Goldstein J. I.
The Fe-Ni Phase Diagram Below 350· C

0-10

4:15 *Kowalik J. A. Goldstein J. I. Williams O. B.
Comparison oJ the Lamel/ar Plessite Structure in 7Wo Groups oJ Iron
Meteorites - Are They Related?

0-11

4:30 *Scorzelli R. B. Oanon J.
M(jssbauer Study oJSchreibersite Jrom Bocaiuva Iron Meteorite

viii

D-12

4:45 *Francis C. A.

Marvin U. B.

Implications of Sampling for the Origin of Noble Gases in the
Washington Coun~ Iron Meteorite
D- 13

5:00 *Wood). A. [Invited LectureI

Planning a Sample-return Mission To a Comet Nucleus
Monday, September 22, 1986

E, AQUEOUS ALTERATION

SESSION

1:30 - 5:00 p.m.

Under Theater

Chairmen:). L Gooding, L Schultz
* Indicates Speaker
E-I
1:30 *Barber D. ). Yanai K.

An Investigation of the Unusual Carbonaceous Chondrite Yamato
82042 by Transmission Electron Microscopy
E-2

1:45 *King T V V

Clark R N.

Spectral Characteristics ofSerpentines and Chlorites Using High
Resolution Reflectance Spectroscopy
E-3

2:00 *Sugiura N.

Arkani-Hamed).

Strangway D. W.

Preliminary Study on Transport of Hydrogen and Water in Chondrite
Parent Bodies
E-4

2: IS *Primus T M.

Moore C. B.

Gibson E. K. Jr.

Sulfur Mobilization in Artificially Heated Allende
E-5

2:30 *Schultz L

Allende in Antarctica: Temperatures in Antarctic Meteorites
E- 6

2:45 *Kallemeyn G. W.

A Compositional Study of the Ungrouped Y793495 Carbonaceous
Chondrite and Several CM Chondrites from Antarctica
3:00 COFFEE BREAK

E-7

3: IS *Keck B. D.

Sears D. W. G.

Cathodoluminescence of the CO Chondrites
E-8

3:30 *Zolensky M. E.

Gooding). L

Aqueous Alteration on Carbonaceous-Chondrite Parent Bodies as
Inferred from Weathering of Meteorites in Antarctica
E-9

3:45 *Tomeoka K.

Buseck P. R

Mineralogical Evidencefor Hydration and Oxidation of Olivine in the
Mokoia CV3 Meteorite Matrix
E- IO

4:00 Grossman L

*Hashimoto A.

Hinton R W.

Phyllosilicate Inside Amoeboid Olivine Aggregates in Allende
-'

E- II

4: IS *McSween H. Y. Jr.

Mass Balance Constraints on the Matrix Mineralogy of Carbonaceous
Chondrites
E- 12

4:30 *Alexander C.

Barber D. ).

Hutchison R

Hydrous Phases and Hydrous Alteration iN Uo.c.s
E- 13

4:45 Guimon R K.

*Sears D. W. G.

LDfgren G. E.

Metamorphism Versus Aqueous Alteration in 'TYpe 3.0-3.3 Ordinary
Chondrites

ix

Tuesday, September 23, 1986

F , CAl's

SESSION
8:30 a.m. - 12:00 noon

Kaufmann Theater

Chairmen: W. V. Boynton, R. W. Hinton
" Indicates Speaker
F-I
8:30 "Laughlin). R. Hinton R. W.

Davis A. M.

Grossman L

Ion Microprobe Study of Rim and Core Perovskite in an Allende
Inclusion
F-2

8:45 "Davis A. M.

MacPherson G. ).

Hinton R. W.

Rims Revealed- Ion Microprobe Analysis of Individual Rim Layers in a
Vigarano IYpe A Inclusion
F-3

9:00 "Kozul J.

Hewins R. H.

Ulmer G. C.

Intrinsic Oxygen Fugacities ofAllende CAl's
F-4

9: 15 Ireland T.
A

F-5

Fahey A.

McKeegan K.

"Zinner E.

Zoo of REE Patterns in Murchison Hibonites

9:30 "Drake M. ).

Boynton W. V.

Partitioning of REE between Hibonite and Melt and Implications for
Nebular Condensation of the REE
F-6

9:45 "MacPherson G. ).

Hinton R. W.

Davis A. M.

Petrology, Chemistry and Magnesium Isotope Systematics of a Unique
Allende Inclusion
10:00 COFFEE BREAK
F-7

10: 15 "Hinton R. W.

Davis A. M.

Partitioning of the Rare Earth Elements among the Phases of a Coarsegrained Allende Inclusion
F-8

10:30 "Spettel B.
A

F-9

Palme H.

Bischoff A.

Large Ca,AI-Rich Inclusion from the Arch (C3V)- Meteorite

10:45 "Beckett J. R.

Haggerty S. E.

Grossman L

Origin OfTi 3+ Bearing RMnite in Ca-, AI-rich Inclusions: An
Experimental Study
F-IO

I I :00 "Hashimoto A.

Wood). A.

Enhanced VolatilifY ofCaO in H2 0-Rich Gas Environments as a Factor
in the Alteration of Ca,Al- Rich Inclusions
F-I I

I I: 15 "Guimon R. K.

Sears D. W. G.

Thermoluminescence and Metamorphism of Allende and its CAl
F-12

I I :30 "Kornacki A. S.

Fegley B. Jr.

Fractionated Lithophile and Siderophile Refractory Trace-Element
Patterns in CAl's: Implications for Grain Transport in the Solar Nebula
F-13

I I :45 "Larimer J . W.

Gas-Dust Fractionation: Oxidation State and Siderophile Element
Fractionation
Tuesday, September 23, 1986

SESSION

C , IMPACTS I

8:30 - I I :30 a.m.
Chairmen: B. P. Glass, B. Robertson
" Indicates Speaker
G-I
8:30 "Gault D. E. Schultz P. H.

Linder Theater

[Invited Lecture, Barringer Medallist)

Oblique Impact: Projectile Ricochet, Concomitant Ejecta, and
Momentum Transfer

x

G-2

9:00 *Garvin ). B.

G-3

9:15 *McHone). F.

Large Format Camera Imaging of Terrestrial Impact Features
Sargent M. L

Nelson w.).

Shatter Cones in Illinois: Evidence for Meteoritic Impacts at Glasford
and Des Plaines
G-4

9:30 Jansa L

*Robertson B.

Pe-Piper G.

Montagnais; The First Discovery of a Submarine Impact Structure
G-5

9:45 Ferling-Metzler A.

Redecker H.-).

"Stailler D.

Petrography, Shock Metamorphism, Excavation and Uplift of the
[100m Deep Crystalline Basement of Haughton Dome Crater, Canada
10:00 COFFEE BREAK
G-6

10:15 "Sclar C. B.

Development of Cleavage in Quartz by Intraterrestrial Explosion
G-7

10:30 "Hartmetz C.

Sears D. W. G.

Thermoluminescence Studies ofAnnealed Plagioclase Feldspars
G-8

10:45 "Koeberl C.

Glass B. P.

Trace Elements in Tektite Fragments and Microtektites from Deep Sea
Drill Cores and Barbados: Connection to the North American Strewn
Field
G-9

I I :00 "Glass B. P.

Muenow D. W.

Aggrey K. E.

Further Evidence for the Impact Origin of Tektites
G-IO

I I: 15 "Walter L S.

Schnetzler C. C.

Marsh). G.

Search for the Australasian Tektite Source Crater
G-I I

I 1:30 "Storzer D. MOiler-Sohnius D.
The K/Ar Age of High SodiurrVPotassium Australites

G-12

I I :45 "O'Keefe). A.

Origin of Tektites
TUesday, September 23, 1986

SESSION

H, CHONDRULES

1:30 - 5: 15 p.rn.
Chairmen:). N. Grossman, C. E. Nehru
" Indicates Speaker
H-I
I :30 "Clayton R. N. Mayeda T K.

Kaufmann Theater

Goswami ). N. [Invited Lecture]

Oxygen and Silicon Isotopic Variations in Chondrules
H-2

2:00 "Holmen B. A.

Wood). A.

Chondrules That Indent One Another: Evidence for Hot Accretion?
H-3

2:15 "Ruzicka A.

Deformation Histories ofChondrules in the Chainpur Chondrite

-"
H- 4

2:30 "Kirchmayer M.

Wlotzka F.

Fabric Statistics of Chondrules, CAl's, Clasts and Metals in Chondrites
H-5

2:45 "Planner H. N.

Appearance of Metal at the Chondrule Surface During Chondrule
Melting
3:00 COFFEE BREAK
H-6

3:15 "Fredriksson K.

Experiments on Melting Solidification and Crystallization of Ch on dritic
Components
H- 7

3:30 "Ruzicka A.

Pre-agglomeration Metamorphism ofChondrules in the Chainpur
Chondrite

H-8

3:45 ·Swindle T. D. Caffee M. W
Hohenberg C. M.
I-Xe Studies oj Individual Chondrules

H-9

4:00 Grossman]. N. ·Wasson]. T.
Distribution oJ Volatiles, Siderophiles and Chalcophiles Between the
Rims and Interiors oJSemarkona Chondrules

H-I Q

4: 15 ·Rubin A. E. Wasson]. T.
Relationships among Primitive Allende Components: Implications Jor
the Origin oj Chondrules

H-II

4:30 ·Prinz M. Weisberg M. K. Nehru C. E. Delaney]. S.
Layered Chondrules in Carbonaceous Chondrites

H-12

4:45 ·Weisberg M. K.
Barred Olivine Chondrules in Carbonaceous Chondrites

H-13

5:00 ·Housley R. M.
On the Relationship Between CAl Evolution and Chondrule Formation
lUesday, September 23, 1986

SESSION

1- IMPACTS II; FAYETTEVILLE

1:30 - 5:30 p.m.

Linder Theater

Chairmen: F. T. Kyte, D. W G. Sears
• Indicates Speaker
I-I
1:30 ·Schultz P. H. Gault D. E.
Do Craters Flatten with Size?
1-2

1:45 ·Deutsch A. Homemann U. Quandt B.
The Response oj the Sr Isotope ~stem in Geological Samples to
Artificial Shock Pressure

1-3

2:00 · Wiens R. C. Pepin R. O.
Laboratory Shock Emplacement oj Low Ambient Pressure Gases into
Basalt

1-4

2: 15 ·Schramm L S. McKay D. S.
An Impact Crater Containing Meteoritic Material in a Louver Jrom the
Solar Max Satellite: A Comparison with Experimentally Produced
Craters

1-5

2:30 ·Ostro S. ]. Tsou P. Stephens]. B.
Impact Cavities in Underdense Regoliths?

1-6

2:45 · Wolbach W S. Lewis R. S. Anders E. Grady M. M.
Pillinger C. T. Brooks R. R. Orth C. ]. Gilmore J. S.
Carbon Isotopes and Iridium at 7Wo Cretaceous- Tertiary (K-T)
Boundary Sites in New Zealand
3:00 COFFEE BREAK

1-7

3:15 "Lewis R. S. Wolbach W S.
Search Jor Noble Gases at the K-T Boundary

1-8

3:30 "Kyte F. T. Zhou L
A Reevaluation oJthe Late Pliocene Event

1-9

3:45 "Zhou L
Kyte F. T.
Iridium Concentration at the Permian-Triassic Boundary

1-10

4:00 ·Dietz R. S.
Triassic-Jurassic Extin~tion Event, Newark Basalts and ImpactGenerated Bahama Nexxus

I-II

4:15 Haq M. Hasan F. A. ·Sears D. W G.
Thermoluminescence and the Origin oj the Dark Matrix oj Fayetteville
and Similar Meteorites

xii

1-12

4:30 *Wieler R.

Graf Th.

Signer P.

Pellas P.

Fieni C.

Ghelis M.

Pre-Exposure of Clasts in Fayetteville's Progenitor Asteroidal Regolith
1-13

4:45 *Moore C. B.

Lewis C. F.

Total Carbon in Fayetteville Dark-light Meteorites
1-14

5:00 Padia]. T.

*Rao M. N.

Neon Based Clues to the ActiviOt of the Early Sun
1-15

5: 15 *Goswami]. N.

Sinha N.

Solar Flare Track Records in Fayetteville Gas-Rich Chondrite
wednesday, September 24, 1986

SESSION

J ' EARLY PROCESSES

8:30 - I I :30 a.m.

Kaufmann Theater

Chairmen: R. H. Becker, D. S. Woolum
* Indicates Speaker
)-1
8:30 *Fegley B. Jr.

Formation of Dust Grains in Cool Stellar Atmospheres:
Thermochemical Kinetic Models
)-2

8:45 *Huss G. R.

Lack of Conclusive Evidence for live 26AI in the Early Solar System
)-3

9:00 *Marti K.

Seuss H. E.

The Even-odd Systematics in R-Process Nuclide Abundances
)-4

9: 15 *Woolum D. S. Burnett D. S.
DutTy C. ). Maggiore C. ].

Benjamin T. M.

Rogers P. S. Z.

A Test of Solar System Abundance Smoothness
)- 5

9:30 *Pepin R. O.

A Model for the Origin of Noble Gas Distributions in Meteorites and
Planetary Atmospheres
)-6

9:45 Schelhaas N.

*Zadnik M. G.

Ott U.

Begemann F.

Noble Gas Components in Semarkona (LU.O/O) and Other
Unequilibrated Chondrites
10:00 COFFEE BREAK
)-7

10: 15 *Becker R. H.

Pepin R. O.

Rajan R. S.

Rambaldi E. R.

light Noble Gases in Weston Metal Grain Surfaces
)-8

10:30 *Zadnik M. G.

Ott U.

Begemann F.

Noble Gases in Mulga West, a C6 Chondrite
)- 9

10:45 Rowe M. W

Hyman M.

Cocke D. L

Palma R.

Plasma Chemistry: Application to Noble Gas Mass Spectrometry
)-10

I 1:00 *Lorin). C.

Havette A.

Slodzian G.

Ion Probe Determination of Oxygen Isotope Abundances in Meteoritic
Matter: A Progress Report
)-11

11:15 *Steele I. M.

Cathodoluminescence ofForsterite in Extraterrestrial Samples as a
Genetic Indicator
I I :30-12:00 METEORITICAL SOCIETY BUSINESS MEETING

xiii

Wednesday, September 24, 1986

SESSION
8:30 - I I :30 a.m.

K, MOON
Linder Theater

Chairmen: C. Koeberl, P. H. Warren
" Indicates Speaker
K-I
8:30 "Baldwin R B. [Invited Lecture, Leonard Medallist]
A Determination of the Absolute Ages of Seven Front Face Lunar
Basins
K-2

9:00 "Warren P. H. Kallemeyn G. W
How Many Launching Sites Supplied the Lunar Meteorites.?

K-3

9:15 Dennison}. E. Kaczaral P. W "Lipschutz M. E.
Volatile/Mobile Chalcophile, Siderophile and Lithophile Trace Elements
in Lunar Meteorites

K-4

9:30 "Koeberl C. Kiesl W.
Lunar Meteorites Y-79II97 and Y-82 192: Geochemistry of Halogens and
Other Trace Elements

K-5

9:45 "Sutton S. R
Thermoluminescence of Lunar Meteorite Yamato-82 192: Evidence for a
Small Perihelion Orbit

K-6

10:00 Weber H. W
Braun O. "Begemann F.
A New Noble Gas Abundance Pattern in a Lunar Meteorite: Yamato
82192

K-7

10: 15 "Warren P. H. Kallemeyn G. W Jerde E. A.
Siderophile Elements in Some Peculiar Moon Rocks and Eucrites

K-8

10:30 "McKay D. S. Wentworth S.].
Ancient Lunar Glasses as Clues to the Early Meteoroid Complex

K-9

10:45 Hawke B. R
"Bell J. F. Lucey P. G. Coombs C. R
}aumann R
Neukum G.
Spectral Studies of the 7}lcho Region of the Moon

K-IO

II :00 "McFarlane E. A.
Rizk B.
Origin of the Moon by Giant Impact: Constraints on the Composition of
the Projectile

K-II

11:15 "Taylor S. R
Lunar Origins and Mars-Sized Impactors

Pieters C. M.

11:30-12:00 METEORITICAL SOCIETY BUSINESS MEETING - KAUFMANN THEATER
wednesday, September 24, 1986

SESSION
1:30 - 4:00 p.m.

L ' ASTEROIDS
Kaufmann Theater

Chairmen: C. R Chapman, C. M. Pieters
" Indicates Speaker
L-I
I :30 "Gaffey M. ]. [Invited Lecture]
Evolution of the Inner Asteroid Belt: Paradigms and Paradoxes from
Spectral Studies
L-2

2:00 "Bell). F.
Mineralogical Evolution of the Asteroid Belt

L-3

2: IS "Chapman C. R
Do Observations of Hirayama Families Tell us about Parent-body
Interiors.?

L-4

2:30 "Wetherill G. W
Sun-Approaching Bodies: Neither Cometary nor Asteroidaf.?

xiv

L-5

2:45 ·Britt D. T Pieters C. M. Schultz P. H.
Source oj the Optical Red-Slope in Iron-rich Meteorites

L- 6

3:00 ·Ostro S. ]. Yeomans D. K. Jurgens R F.
Radar Detection ojA~teroid 1986 JK

L-7

3:15 Bowen G. H. Willson L A.
Large Early Solar Mass Loss-I . Solar ~stem Evolution

L-8

3:30 ·Kracher A. Bowen G. H.
Large Early Solar Mass Loss-2. Consequences Jor Meteorites

L- 9
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PRESOLAR COMPONENTS IN THE MURRAY. C2M CHONDRITE:
HEAVY CARBON. NITROGEN AND ANOMALOUS NOBLE GASES
Tang Ming, Roy S. Lewis and Edward Anders Enrico Fermi Institute, University of
Chicago, IL 60637, U.S.A. and M.M. Grady, I.P. Wright and C.T. Pillinger ,
Department of Earth Sciences, Open University, Hilton Keynes HK7 6AA, U.K.
The carrier phase first assigned to s-process Xe was "CS~6 a rare (2ppm) carbon
component of o13C >+1100%0 combusting between 1000 and 1200 C (1) . However, this
assignement has been called into question by two observations: (a) s-Xe was still
present in a sample treated with hot HC10~, a reagent that destroys most types of
carbonaceous matter (2), and (b) Heavy carbon, of o13C up to 2400%0, was found in
spinel (3,4) and Fe oxide grains (4), including a sample from which C had been
removed by oxygen plasma ashing (4). To clarify this problem, we have separated an
HF-HCl residue from Murray by various physical and chemical techniques, and
analyzed the fractions for Ne, Xe and C.
Enriching Heavy Carbon. The non-colloidal part of the HF-HCl residue was
fractionated by CsCl density gradient separation. The heavy C is enriched in the
fractions >1.7 g/cc. Especially in AY (>1.§5 g/cc) , all 7 fractions above laaaoC
have ol~ >1100%0, reaching 1350%0 at 1150 C. It has 200 ppm CS, i . e. 0.5% of its
total C. To enrich spinel and CS, several more crops of colloid and polymer were
removed from AY by physical methods. Part of the residue, AY4a, was treated with
HC10~ at 190 C, leaving sample AY4b. The latter contained about 5x less trapped Ne
and Xe, but both samples had nearly identical contents of Ne-E(H) and s-Xe, about
70% and 17% of the totals in the meteorite respectively, suggesting that their
carrieres) are either spinel or graphite, which are known to resist hot HCIO~. C
isotopic measurements are in progress.
Chemical Resistance of the s-Xe Carrier. In all previous studies (2,5 , 6,7), s-Xe
became visible only after drastic etch treatments that remove the about la~-fold
larger amounts of trapped Xe. Thus it was not possible to assess the loss of s-Xe
in such etch treatments, and hence the original amount of s-Xe of the meteorite .
In the present work, s-Xe is clearly visible in AY4a, which had undergone only
physical separations after HF-HCl treatment, and as HC10~ at 190°C did not
diminish the amount of s-Xe and Ne-E(H), it seems little or no s-Xe was lost in
the weaker oxidation steps of previous studies. If CS is the actual carrier of
s-Xe, then it must be crystalline graphite, which alone can survive hot HCIO~. The
o
1400-1600~ Xe fraction of AY4b is virtually identical to the 700-1000 C fraction
of Murchison CFP in the combustion experiment of Ott et al.(4), being 2x higher in
s-Xe than any previous sample.
Carrier of s-Xe. Ne and Xe were also measured in AV1' (1.25-1.5 g/cc) and AV2'
(1.5-1.7 g/cc) , prepared by density gradient separation and RN03 etching from AV ,
the non-colloidal fraction of 1.25-1.7 g/cc. The samples contained substantial
concentrations of s-Xe, 2000x higher in AV2' than in the bulk meteorite, but they
contained no spinel «0.1% in AV) and far less heavy carbon than expected from the
s-Xe content (9 ppm vs. 700 ppm). (These figures are based on 1.2E-7 cc s_130 Xe/ g
for ca, as calculated from the o13 C and s-Xe data for a set of Murchison separates
(7». An inorganic carrier seems unlikely, judging from the low nominal density
and direct SEM examination, though a minor amount «0.1%) may have slipped
through. Experiments are in progress to determine the nature of this carrier as
well as the role of spinel.
Heavy N Associated with ca? Beside CS, there is another heavy C com8onent, Ca ,
in C2 chondrites (1,6) but with lower release temperature (around 600 C) and
lower o13C value of about 300%0 and was assigned as the carrier of Ne-E(L). Murray
AL and AM, both slightly etched residues(7), were analyzed for C and N isoto~f~
composition. In both samples it was observed that Ca and a N component with Q N
up to 250%owere combusted in the same temperature range.

°

References: 1 . Swart P . K. et al., Science, 220, 406 (1983); 2 . Ott U. et al . , Heteoritics, 20 , 722
(1985); 3 . Niederer F. R.et al., Heteoritics, 20, 716 (1985); 4 . Zinner E.et al., LPS XVII, 967
(1986); 5 . Srinivasan B.& Anders E. , 201, 51 (1978); 6. A1aerts L.et al., GCA 44, 189 (1980);
7. Tang M.et al., Heteoritics, 20, 712 (1985) .
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Ti ISOTOPIC ANOMALIES IN ORGUEIL AND CONSTITUENTS OF CM
AND CV METEORITES; S. Niemeyer, Lawrence Livermore Natl. Lab, Livermore, CA
This study continues the effort to characterize the distribution of isotopically
anomalous Ti in carbonaceous chon~cf.ites (1,2). The demonstration that Allende chondrules
show both deficits and excesses of Ti (2) has been extended here to include a fifth
chondrule, Al-S. The excess of 50, shown in the table below, is about 4 times greater than
the .previous highest excess in a chondrule, and actually falls in the range defined by
CArs in Allende. Electron probe analyses show that Al-5 is made up primarily of pyroxene
grains (Mg#=98), with minor olivine, plus interstitial matter rich in Al and Ca. The
absence of common CAl minerals (e.g. spinel, melilite, Ti-pyx, & perovskite) argues that
this is not a CAl object, but rather is more akin to ferromagnesian chondrules. Thus, AI-5
greatly expands the range of Ti isotopic variations among chondrules.
Samples from Efremovka were analyzed because this CV meteorite's CArs appear to
be less altered than those of Allende (3). Three inclusions of various types are reported
here: E49 is a typical type A, E62 is rich in perovskite, and E14 is spinel-rich with a
negative Ce abundance anomaly. All three inclusions give isotopic patterns which are very
similar to those found in typical Allende CAIs. This indicates that the alteration of
Allende inclusions had no significant effect on the Ti isotopes and the Ti isotopic patterns for Allende inclusions are probably typical for inclusions in CV meteorites. A dark
xenolith was also analyzed as another probe of CV matter which is presumably depleted in
inclusion phases relative to the bulk meteorite. The initial results are consistent with
the typical CV bulk meteorite; the 50 excess is also somewhat higher than the excess found
for two Allende matrix-rich samples (2). As before, this suggests that constituents of CV
meteorites other than those in refractory inclusions or chondrules carry anomalous Ti.
Previous analyses of density separates for Murchison (1) also suggested that CM matrix
carries anomalous Ti. The same separation procedure was applied to Cold Bokkeveld, a no ther CM, and again the 50 excess is indistinguishable from the CM mean value of +2.4 (the
2 new CM whole-rock analyses in the table are in excellent agreement with this CM mean ).
Although chemical data are not available yet for this density separate, the agreement with
the Murchsion result further supports the implication that CM matrix has anomalous Ti.
Finally, the issue of whether or not CI meteorites have Ti anomalies was further
addressed by additional analyses of a different whole-rock sample of Orgueil. The
reproducibility of the 6 analyses is excellent, and the weighted average shows a
significant excess of 50. This is the first clear evidence of a Ti anomaly in a CI
meteorite. Viewing Orgueil as essentially a "matrix" sample, this work suggests that small
excesses of 50 are a common feature of matrix in all the carbonacous chondrite classes.
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LARGE 48Ca ANOMALIES ACCOMPANY sOTi ANOMALIES IN CM
IllBONITES. E. Zinnerl , A. Faheyl, 1. Goswami,2, T. Ireland3, and K. McKeegan l . lMcDonnell
Center for the Space Sciences and Physics Department, Washington University, St Louis, MO 63130
USA, 2Physical Research Laboratory, Navrangpura, Ahmedabad, 380009 India, Yrhe Australian
National University, Canberra ACT 2601, Australia.
We report ion microprobe measurements of Ca isotopes in 8 Murray and Murchison hibonites
which exhibit large positive and negative 050ri values [1,2]. Analyses were performed at a mass
resolving power of 43000 which allowed the measurement of 48Ca+ in the presence of a 48'Ti+ peak of
up to 50 times higher signal. The 48Ti+ interference to 48Ca+ was monitored and corrected for; in all
meteoritic hibonites the correction was less than 10 <00. Results are given in Table 1 as cSCa values
after an exponential mass fractionation correction to 40Ca and 44Ca. Large 048 Ca effects are seen in all
meteoritic hibonites which qualitatively correlate with 050ri (Fig. 1). These results confirm the
previous conclusions concerning the presence of a neutron-rich nuclear statistical equilibrium
nucleosynthetic component [3,4] originally suggested by results from the FUN inclusions EK-I-4-1 and
C-l [5,6] (see Fig. 1). They also point toward a chemical memory [7] origin of the anomalies with
refractory interstellar oxide grains as carriers of the neutron-rich Ca and Ti components. The large
scatter in the ratio of the anomalous 48Ca to 50ri indicates multiple nucleosynthetic sources and/or
chemical fractionation between Ca and Ti from nuclide production to incorporation into the hibonites.
However, the fact that (o48Ca) x (048Ti) > 0 in every case argues for local solar nebula mixing of
carrier grains with a large reservoir of "normal" Ca and Ti.
REFERENCES: [1] Fahey A. et al. (1985) Astrophys. J. 296, LI7-L20, and Geochim. Cosmochim.
Acta, submitted. [2] Ireland T. et al. (1985) Geochim. Cosmochim. Acta 49, 1989-1993. [3]
Cameron A. (1979) Astrophys. 1. 230, L53-L57. [4] Hartmann D. et al. (1985) Astrophys. J. 297,
837-845. [5] Niederer F. et al. (1980) Astrophys. J. 240, L73-L77. [6] Papanastassiou D. and
Wasserburg G. (1986) Lunar Planet. Sci. XVII, 644-645. [7] Clayton D. (1979) Space Sci. Rev. 24,
147-226.

Ca isotopes in standards and CM hibonites.
Sample
Calci!.e
I'No",kile I
Prro'i~kitp 2
PNov,kil~ 3
~Iad. IIib.
~Hm-AI

-.

MUlt-lI i
\1l '1l-118
~lY-II :1

\IY-II1
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\1l ' H-iO
~1l ' H-170
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( o,ffi )

( o,txl )
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1.1·1 ± 2.97
1.21 ± 2.70
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·O.~I

·0.60 ±
0.97 ±
-0.11 ±
0.11 ±
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-~ . O:l
0 . 8~
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ANOMALOUS Ca AND Ti IN A HERCYNITE - HIBONITE INCLUSION
FROM LANCE. Albert Fahey and Ernst Zinner, McDonnell Center for the Space Sciences and
Department of Physics, Washington University, St. Louis, MO 63130 USA; Gero Kurat, Naturhistorisches Museum, A-I014 Vienna, Austria.
An - 160 x 230 ~m inclusion from Lance consists of approximately equal portions of hibonite
and hercynite (27-30 % FeO, 7.5% MgO), the hibonite comprises the center of the inclusion, the hercynite the outer regions. An ,.. 15 ~m thick diopside rim surrounds the inclusion followed by a layer
of less Ca-rich pyroxene. Numerous perovskite grains (~ 5 ~m) are distributed throughout the inclusion. Also present are two ilmenite grains ,.. 5 ~m in diameter.
Ion probe measurements of Ca and Ti isotopes reveal large anomalies in all phases analyzed (see
Table). The Ti isotopic composition is identical in hibonite, perovskite and ilmenite indicating a common origin of these phases. The large negative a 50'fi in hibonite is accompanied by large negative
a48Ca similar to observations in CM hibonites [1] and in the FUN inclusions EK-I-4-1 and C-I [2].
The Ca in the hibonite also exhibits negative a42Ca and a43Ca effects that have previously not been
observed. A gradient in the Ca isotopic composition from the central hibonite to the outer pyroxene
rim suggests either formation of the outer layers from a reservoir that had undergone more mixing with
solar system Ca or back reaction with a reservoir of isotopically normal Ca. Our results extend the
observation of large Ti and Ca anomalies from CM and CV meteorites [1 -5] to CO chondrites. They
also provide evidence for additional complexity with regard to Ca nucleosynthetic components.
We have also measured Mg isotopes in anorthite and pyroxene of a Lance fine grained inclusion.
The anorthite exhibits 2<Mg but the inferred c26 Al/27 Al)o is only 4.6 ± 3.5 (20-) x 10-6 .
REFERENCES: [I] Zinner et al.,This conference. [2] Niederer et al. (1980) Ap. 1. 240, L73-L77 [3]
Fahey et al. (1985) Ap. 1. 269, L17-L20 [4] Ireland et al. (1985) GCA 49, 1989-1993 [5] Hinton et al.
(1986) GCA (submitted)
O

Ti isotopic composition
Sample
Hibonite 1
Hibonite 2
Perovskite 1
Perovskite 2
Ilmenite 1

a47Ti ± 20-1.2 ± 2.9
-5.9 ± 3.9
-3.0 ± 2.7
-1.4 ± 2.0
-3.3±4.1

a ± 20-9.7 ± 2.5
-9.4 ± 3.4
-13.6 ± 2.7
-11.6±2.7
-8.7 ± 3.8

a5~i ± 20-

-57.7
-59.3
-63.2
-61.9
-60.5

±
±
±
±
±

3.4
5.6
3.6
2.9
5.2

Ca isotopic composition
Sample
Hibonite 1
Hibonite 2
Diopside rim
Outer Px rim

a42Ca ± 20-8.0 ± 2.8
-5.7 ± 2.8
-3.5 ± 3.4
1.5 ± 3.0

a 43 Ca ± 20-5.2 ± 3.7
-4.9 ± 2.9
-1.6 ± 3.4
-1.6 ± 4.2

848 Ca ± 20-33.6
-31.8
-21.0
-8.3

±
±
±
±

4.3
3.3
4.0
4.3
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THE DISTRIBUTION OF 13C-RICH CARBON IN CARBONACEOUS CHONDRITES.
David W. McGarvie, I. P. Wright, M. M. Grady and C. T. PiLLinger; PLanetary
Sciences Unit, Department of Earth Sciences, The Open University, MiLton
Keynes, MK7 6AA EngLand, UK.
Carbonaceous
chondrites
are meteorites whose chemicaL composition
approximates soLar eLementaL abundances, despite having suffered vary i ng
degrees of postaccretionaL aLteration. These meteorites are known to conta i n
minute amounts of isotopicaLLy anomaLous carbon-bearing matter, thought to be
of nucLeosynthetic (hence presumabLy presoLar) origin. ALthough recent work
has been directed towards identification of the concentration and Location of
such isotopicaLLy anomaLous materiaLs, surprisingLy LittLe is known with
regard to the overaLL abundance, distribution and isotopic composition of
exotic carbonaceous matter within the carbonaceous chondrite group as a whoLe .
To redress this baLance HCL-resistant residues of a representative suite of
carbonaceous chondrites (types C1 to C6) were anaLysed by stepwise combustion
for their carbon isotopic composition. ResuLts are presented on the figure.
Perhaps the most striking feature of the figure is the seeming monopoL y
which C1 and C2 meteorites have over the presence of 13C-rich materiaLs: no
data point in the profiLes of the C3 to C6 sampLes exceeds +50 0 /00. In
interpreting the apparentLy uneven distribution of 13C-rich materiaL in these
meteorites we conform to the generaL consensus that carbonaceous chondrites
have a common provenance. Therefore, some process must have preferentiaLLy
input 13C-rich (and possibLy other isotopicaLLy anomaLous) materiaL into the
C1 and C2 meteorites. We propose a modeL whereby Late-infaLLing, unprocessed
dust is accumuLated in the regoLiths of the carbonaceous chondrite parent
bodies (occupied by C1 to C2-type materiaLs). ALternativeLy, the 13C-rich
grains may be a component of Late accreting dust.
Thus, the modeL may aLso
to
be
appLicabLe
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A RECORD OF SULPHUR-34 DEPLETIO~ IN C3, C4 AND C5 CHONDRITES
Ray Burgess, I.P.Wright and C.T. Pillinger. Planetary Sciences Unit,
Dept. of Earth Sciences, The Open University, Milton Keynes, U.K.
The consistency of ~34S values for troilite from iron meteorites led to
the adoption of Canyon Diablo troilite as the universal sulphur isot ope
standard . Although individual sulphur phases show small variations, these
average out to give the majority of meteorites a b34 S of 0 +/-1 0 /00. Yet
analysis of sulphur in C4 and C5 chondrites reveals isotopic variations of an
unprecedented 10 0 /00 opposing the view that meteoritic sulphur has a constant
isotopic composition. Without analogous data for 33S or 36S the extreme values
cannot be recognised as anomalous , however such variations suggest that
isotopic fractionation processes were active either during formation of
sulphur minerals in the solar nebular or on parent bodies.
Petrographic examination of carbonaceo us chondrites of petrologic types C3
to C5 have revealed the presence of various iron or iron-nickel sulphides (eg
troilite, pyrrhotite pentlandite etc) . A stepped combustion technique has been
used in an attempt to define the isotopic composit i on of the different
sulphide minerals present in seven appropriate samples (CV3: Allende and
Vigarano; C03: Felix and Ornans; C4: Coolidge and Yamato 6903; C5: Karoonda).
The sulphur release data gives evidence for only one major component of
sulphur in Coolidge. A release occurring between 600 0 and 900 0 C, amounting to
0.3wt% sulphur with ~34S=-2.70/00 is thought to represent troili te because
iron- nickel sulphides have not been observed in this meteorite . Yamato 6903
and Karoonda show similar characteristics, with evidence for two releases of
sulphur; in each case approximately 50% of the sulphur burns below 600 0 C and
has 834 S between -3.7 and 3.9 0 /00, this release is assigned to burning of
troilite on the basis of the known combustion temperature of troilite
hand-picked from the Bella Roca meteorite . A 600 0 to 900 0 C release with
~34S=-2.90/00 (Karoonda) and -1.8 0 /00 (Yamato 6903) is believed to arise from
the burning of pentlandite. Of particular note in the isotopic data for all
these meteorites are the minimum b34 S va lues of -9 0 /00 and -7 0 /00 at 600 0 C
(Karoonda and Coolidge) and -7 0 /00 at 625 0 C in Yamato 6903, correspond ing to
relatively
minor
amounts
of
sulphur
(0.06wt%, 0.04wt% and O. 04wt%
respectively). It seems unlikeLy that low b34 S values can be achieved by
kinetic isotope fractionation during the anaLysis (although such an effect
cannot be discounted), therefore the minima are apparently the consequence of
burning very small amounts of unusual sulphur .
Sulphur in C3 chondrites is liberated from 400 0 to 900 0 C without any clear
evidence for two separate releases; maximum yield occurs between 450 0 and
5S0 0 c accounting for between 60% (Vigarano) and 76% (Allende) of the totaL
sulphur. As before, the sulphur which burns first (400 0-600 0 C, FeS), has lower
S34S values, between -2.70/00 (Felix) and -1.9 0 /00 (Vigarano), than that
combusting over the interval 600 0 to 900 0 C, which ranges from -2. 0 0 /00 (FeLix)
to -0.6 0 /00 (Ornans). Again pronounced isotopic minima down to -5 0 /00 are
encountered at approximately 650 0 C in all C3 sampLes except in Ornans.
Considering only bulk meteorite isotopic compositions and total sulphur
contents for all the samples, it emerges that increasing metamorphic grade is
accompanied by a decrease in sulphur content and a higher relative abundance
of 32S. This is the opposite to what might be expected for a simple mass
fractionation effect accompanying progressive loss of sulphur during thermal
metamorphism,
but
demonstrates the higher proportions of the as yet
unidentified light sulphur component in the C4 and C5 samples .
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ISOTOPIC FRACTIONATION IN METEORITIC CADMIUM REVISITED
K.J.R. ROSMAN and J.R. DE LAETER
Department of Applied Physics
Western Australian Institute of Technology
Bentley, Western Australia, 6102.
The discovery of isotopic anomalies in meteoritic material indicates
that a heterogeneous mix existed in the gas-dust cloud just prior to
collapse. Our understanding of the mechanisms which produced these
anomalies is still incomplete, although mass fractionation is of undoubted
importance in deciphering the isotopic information contained in primitive
meteorites. Chondrules contain information of the fundamental processes
occurring in the early solar system, and the unequilibrated ordinary
chondrites, which are rich in volatile elements, contain a rich repository
of this meteoritic material.
During a survey of 28 meteorites isotopically fractionated Cd in two
H3 chondrites was detected (1,2,3). The Cd in Brownfield and Tieschitz was
enriched in the higher mass isotopes with the chondrules from Tieschitz
showing the highest fractionation of + 3.1%u per mass unit.
We now report measurements on five stones including four unequilibrated
meteorites not previously analysed. Cadmium has eight isotopes spanning the
mass range 106 to 116. The isotopic fractionation was measured using a 106,
111 double spike and the isotopic composition was checked for anomalies at
the critical isotopes 106, 110, 111 and 116.
Meteorite
Orgueil
77299
Bishunpur
77216
Semarkona

Type
C1
H3
L3
L3
LL3

Concentration(ppb)
710
77
365
130
450

Fractionation (rw/mu)
+ 0.06 ± 0.35
- 0.59 ± 0.31
+ 2.67 ± 0.31
- 0.52 ± 0.34
- 2.21 ± 0.35

Except for Orgueil, which was included for reference purposes, all of
the meteorites reported here contain isotopically fractionated Cd. A
negative fractionation, which is particularly pronounced in Semarkona, has
been identified for the first time. The Cd in Bishunpur is fractionated to
the same extent as that previously observed in Brownfield and Tieschitz.
It is apparent that the explanation of these results is more complex than
originally thought, and some possible models will be examined in order to
decipher the mechanisms responsible for this effect.
References
1.

Rosman, K.J.R. and De Laeter, J.R. (1976). Nature, 261, 216-218.

2.

Rosman, K.J.R. and De Laeter, J.R. (1978). J. Geophys. Res., 83,
1279-1287.

3.

Rosman, K.J.R., De Laeter, J.R. and Gorton, M.P. (1980). Earth Planet.
Sci. Lett., 48, 166-170.
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NUMERICAL SIMULATIONS OF STABLE ISOTOPE RESULTS
OBTAINED BY PROGRESSIVE HEATING EXPERIMENTS.
J~rOme HALBOUT 8. Francois ROBERT
(Lab. Geochim. Isotopes Stables, CNRS LTA196, lPG, 7525:1 Paris 05, FRANCE)

Results of stable isotope studies using stepwise or continuous heating e:{periments are
reported in plots of (nan-cumulative) yields and isotopic compositions of the collected gas
against temperature or time. This technique characterizes the isotopic compositions of H,
C, Nand S major carriers in meteorites, and reveals minor components, generally
overlooked by other separation techniques. But problems in the interpretation can ari se
when carriers of dramatically different abundance and isotopic composi ban mi:-:. Applying
a simple release equation to diHerent situations, we tried to state a few general
guidelines for the interpretation of comple>: patterns.
We focussed on the usual case of minor components of e:dreme isotopic compositions
occurring in tails of isotopically "normal" major peaks. Thus, Eq.(1), similar to those used
for gas chromatography, was chosen to descibe the relea.se of each peak because it
provides a good approach to tail effects:
(1)
YeT) = (A.e:<p(1) / B) • X . e>:p (-X / B)
with Y the instantaneous yield, X = (T - To + B), T being the temperature or time (To = T
at which Y reaches its ma>:imum amplitude egal to A), and B being a width parameter such
as the integral of the peak is equal to A.B.e:<p(1). For each 1', a numerical summing of the
contributions of twa or mare peaks (with different A, Band To pa rameters) mimics the
composite release of several components. The correlative mi>:ing of isotopic contributions
is ma·:;s-balance calculated at each step. The isotopic pattern of each of tr:e components
is assumed to be essentially flat ever the whole range of T, in agreement 'with
e>:perimental tests. Severa.l e:-:amples related to actual e::perimental results will be
shawn.
100
C concent.,
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An important genera.l result
appea.rs: the secondary ma.::iml.Jm in
concentration occurs a.t T < 1'02
(here 56::: 0), and the isotopic
ma.>:imum occurs at T :> 1'02 (her·e
644° ). This difference in l' (here ~ T
= 76°), solely due to the tail effect,
persists whatever the equation
adopted to describe asymmetricaJ
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peaks.
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Temperature ee)
Other problems, bearing upon the comparison of patterns obtairled on s.a.mples of diHerent
chemistries (flu:: effects), under different kinetics (va.riations of B, hence A), platted
a.gainst different parameters (temperature, time), with or without steps
(descrete/continuous e:-:periment) will a.lso be mentioned.
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.HISTORIES OF OHDINARY CHONDRITE PARENT BODIES: CLUES FROM
REGOLITH BRECCIAS: C. V. Williams, E. R. D. Scott, G. J. Taylor, K. Keil,
Dept. of Geology, Institute of Meteoritics, University of New Mexico,
Albuquerque, New Mexico 87131; L. Schultz, Max-Planck-Institut fur Chemie,
Postfach 3060, D-6500 lVIainz; R. Wieler, Institut fur Kristnllographie und
Petrographie, ETH-Zentrum, CH-8092 Zurich.
Chondritic regolith breccias are clastic rocks formed by the lithification of
reg'olith, the layer of fragmental material on the surfaces of their parent
bodies.
Here we report on our studies of six chondrite regolith breccias,
Fayetteville (H), Ipiranga (H), Nulles (H), Sete Lagoas (H), Dubrovnik (L),
and Mafra (L), all of which contain solar-wind implanted rare gases. Noble gas
content had not b~en studied previou~w in Ipiranga, Sete Lagoas, Dubrovnik,
and Mafra. The He contents (in 10 ccSTP / g) i~othes~2 breccias are 45,000;
9310; 114,100; and 135,000, respectively.
The
Ne/ Ne ratios for these
regolith breccias are greater than 2.5 (8.61, 8.67, 9.46, and 9.44,
respectively), the nominal value for regolith breccias.
Our previous studies have shown that taenite data for the clastic matrices
of chondrite regolith brecci8.s plot incoherently on metal composition-dimension
diagrams, whereas the data for the equilibrated clasts plot coherently. Matrix
taenites appear to have a wider range in metallographic cooling rates than those
recorded by equilibrated clasts, but this may be a result of poor sampling. In
the current study we determined metallographic cooling rates for a large number
of clasts in each breccia (Fayetteville - 4, Ipiranga - 14, Nulles - 11, Sete
Lagoas - 13, Dubrovnik - 5, and Mafra - 6).
Within each breccia, clasts and matrices are of the same compositional
group, but of different petrologic type. For example, the equilibrated clasts in
Mafra are either types L-4 or L-5 and the matrix is type L-3. The equilihrated
clasts show coherent cooling rates and reflect the cooling rate range of the
matrix. For example, the cooling rates of the equilibrated clasts in Mafra are
either 10-25 or 1000 K/Myr.
The matrix cooling rate is also bimodal, with
some taenites having cooled between 20-50 K/Myr, wheras others cooled at 1000
K/Myr.
Petrolof:,"ic type and cooling rate do not correlate.
Again, Mafra
illustrates the lack of this correlation by having type 4 equilibrated clasts that
cooled at 10-25 and 2000 K/Myr.
These results have implications for the histories of chondrite parent
bodies.
First, the matrices are composed mostly of clast material, but are
clearly from more than one source. For example, since Mafra contains type 4
clasts with two different cooling rates, type 5 clasts with one cooling rate, and
unequilibrated material in its matrix, it must be composed of material from at
least four different sources. Second. the diverse cooling rates of the breccia
components confirm previous observations and support the idea that chondrite
parent bodies were broI{en up and reassembled. Third. the lack of correlation
between cooling rates and petrologic type indicates that if chondrite bodies
originally had onion-shell structures with the most metamorphosed material
deepest. they must have been broken up and then reassembled prior to cooling
through 500°C.
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ACCRETION, METAMORPHISM AND BRECCIATION OF ORDINARY CHONDRITES:
EVIDENCE FROM PETROLOGIC STUDIES OF METEORITES FROM ROOSEVELT
COUNTY ; E.R.D. Scott, G.J. Taylor, K.Keil, S.G. McKinley and I.E . Wilson* ,
Institute of Meteoritics, Dept. of Geology , University of New Mexico ,
Albuquerque, NM 87131; *E. Star Route, Box 182E, Portales, NM 88130
We report the discovery and classification of 30 new meteorites found in
Roosevelt County, New Mexico, including two H3 chondrites and a ureilite; the
others are equilibrated ordinary chondrites. Over 160 meteorites representing
at least 100 different falls have been recovered from this region, mostly from
wind blowout areas. As in Antarctica, small specimens predominate and irons,
achondrites and C and E chondrites are rare. Paired specimens are also very
difficult to identify.
Petrologic studies of these chondrites reveal an L5 chondrite with a unique
ig'neous inclusion and another that is an H3 chondrite, which is rich in solar
wind gases and contains clasts of melt rock and graphite-magnetite-rich
material. Our data and published work show that mean CaO concentrat ions of
low-Ca pyroxene can be used to distinguish petrologic types in H, Land LL
groups. Mean CaO concentrations in olivine show significant variations among
equilibrated chondrites but these are not correlated with petrologic type;
variable cooling rates could be responsible.
The degree of heterogeneity of
FeO concentrations in olivines of types 4-6 is also not correlated with degree of
metamorphism; it may be controlled more by post-metamorphic brecciation and
mixing of material than by metamorphism. Mean FeO concentrations of silicates
show average increases of 3-5% from type 4 to type 6 in each group.
This
increase and the accompanying increase in bulk concentrations of siderophile
elements appear to predate parent body formation.
Correlation of nebular-controlled bulk chemistry and planetary metamorphic
effects could only have been produced under special conditions of accretion.
One possible origin is runaway growth, which allowed accretion of 100-km
asteroids from kilometer-sized planetesimals, accompanied by differential
movement of chemically distinct large and small bodies to produce radially zoned
parent bodies that were subsequently metamorphosed by internal heating.
Alternatively, ordinary chondrites may have been metamorphosed in a variety of
planetesimals each of which had a uniform chemical composition and metamorphic
temperature. Correlations between composition and temperature may have arisen
if both were correlated with another parameter, such as heliocentric distance.
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ASTEROIDAL DEFORMATION: STRAIN ANALYSIS AND MAGNETIC
ANISOTROPY IN ORDINARY CHONDRITES. D.S. Sneyd 1 , H.Y. McSween,
Jr. 1 , N. Sugiura 2 , and D.W. Strangway2.
1Department of Geological Sciences, University of Tennessee,
Knoxville, TN 37996; 2Department of Geology, University of
Toronto, Toronto, Ontario, Canada M5S 1A1
Petrofabric strain and magnetic anisotropy are independent
measurements of deformation. For the first time, we report
results of three-dimensional strain analysis and magnetic
susceptibility on the same ordinary chondritic samples. These
data reveal a direct correlation between shape and orientation of
these two strain indicators.
Employing strain analysis techniques described by Sneyd et
al.(1986), a continuous gradation of strain in chondrules was
discovered in the low petrologic type ordinary chondrites
McKinney, Barratta, Broken Bow, Parnallee, Grady, Faucett, and
Adrian. Values of strain range from a maximum in McKinney of
14.7% flattening and axial ratios (X,Y,Z) of the mean ellipsoid
1.36:1.2:1 to a minimum strain in Adrian of 3.7% flattening and
axial ratios of 1.1:1.02:1. The mean ellipsoids generated from
the samples all maintain an oblate spheroidal or tlpancake tl shape
and are aligned to produce a foliation. A maximum analytical
error of 4.0% flattening was generated when the methods utilized
on the samples above were applied to an unstrained sample. This
error bar suggests that chondrites with low apparent -strain (Le.
Adrian and Faucett) are possibly unstrained.
Magnetic anisotropy was measured using procedures employed
by Sugiura and Strangway (1983) using the same samples on which
strain analysis was applied, and magnitudes of the principle axes
of the susceptibility ellipsoid were determined. Gradation in
magnetic anisotropy was discovered to be directly proportional to
gradation of strain in the same samples. In addition to
correspondence in axial magnitudes, orientation of the Z
(shortened) axis of the strain ellipsoid aligned subparallel to
the Xl (shortened) axis of the magnetic susceptibility ellipsoid
in all samples. These strong correlations are somewhat suprising
because the two strain indicators are only indirectly linked, as
petrofabric strain analysis is based on chondrules and magnetic
anisotropy is controlled by the orientation of metal grains,
which are commonly situated between chondrules.
Quantification and correlation of these two different types
of measurements indicate that strain was due to uniaxial
compaction, possibly resulting from overburden or shock. Olivine
deformation mechanisms may allow us to distinguish between these
alternatives. If compaction resulting from burial is the cause,
as has already been suggested for carbonaceous chondrites, these
data will provide additional P-T constraints on physical
conditions in the interior of ordinary chondrite parent bodies.
References
1) Sneyd, D.S., McSween, H.Y.,Jr., Woodward, N.B., Sugiura, N.,
Strangway, D.W., 1986. Lunar Planet. Sci. XVII, 809-810.
2) Sugiura, N., Strangway D.W., 1983. Geophy. Res. Lett., 10,
83-86.
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A SEARCH FOR CHEMICAL CLUSTERS IN
CHONDRITES
M. Hutson, Lunar and Planetary
University of Arizona, Tucson, AZ 85721

H- AND
LLaboratory,

The ordinary chondrites have been divided into three
distinct groups (H, L, and LL) on the basis of total iron
content and the ratio of metallic to oxidized iron (1). That
bulk chemical variations within each group are small has led
to the belief that each group represents a separate parent
body (2,3) . A recent study (4) suggests that Fe, Ni and S
variations within the L-group, although slight, are systematic
and appear to be discontinuous.
These variations, together
with time of fall data, suggest that L-group meteorites may
sample more than one source region or parent body (4).
Chemical data by four analysts have been examined to
provide evidence for or against distinct clusters in the Land H-groups. As in the previous study (4), Mg is normalized
to the CI Si/Mg ratio (5). Individual chemical analyses were
plotted on Fe/Mg vs. Ni/Mg and Fe/Mg vs. S/Mg diagrams (one
diagram per analyst, where data is available). Four clusters,
with distinct Fe/Mg ranges can be identified in the L-group on
the basis of analyses by E. Jarosewich. The other chemical
data sets provide support for three of these four clusters.
The previously suggested high and low S clusters (4) are not
observed in any of the L-group Fe/Mg vs. S/Mg diagrams. Fewer
chemical data are available for the H-group, but there appears
to be no evidence for clusters in this group.
The L-group chemical data of E. Jarosewich are also
plotted on an oxidized vs. reduced Fe diagram (6). Each of the
four clusters identified in the previous diagrams fallon
individual lines having -45 degree slopes, implying that each
cluster has a distinct total iron content. A mean value of
each cluster, excluding obviously weathered finds, is also
plotted and shows that the decrease in bulk Fe correlates with
an increase in degree of oxidation.
This may indicate that
the clusters in the L-group formed during the same metalsilicate fractionation which produced the three ordinary
chondrite groups (4,5).
References:
(1) Van Schmus, W.R. and Wood, J.A. (1967),
Geochim. Cosmochim. Acta 31, 745-765. (2) Heyse, J.V .
(1978),
Earth Plan. Sci. Lett. 40, 365-381.
(3) Dodd, R.T. (1981),
Meteorites, Cambridge Univ. Press. (4) Dodd, R.T ., Jarosewich,
E. and Ruzicka, A. (1984), LPSC XV, 228-229. (5) Larimer, J.W.
and Anders, E.
(1970), Geochim. Cosmochim. Acta~, 367-387.
(6) Urey, H.C. and Craig, H. (1953), Geochim. Cosmochim. Acta
~, 36-82.
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DISTRIBUTION OF RARE EARTH ELEMENTS IN UNEQUILIBRATED
ORDINARY CHONDRITES. Misuru Ebihara, Department of Chemistry,
Faculties of General Studies, Gunma University, 4-2 Aramaki,
Maebashi, Gunma 371
Distribution of rare earth elements (REEs) among some
component phases of Antarctic unequilibrated ordinary chondrites
(UOCs) was studied.
A selective dissolution method was applied
for phase separation.
REEs were determined by radiochemical
neutron activation analysis.
In Equilibrated ordinary
chondrites (EOCs) of petrological types of 4-6, more than 80% of
the light and middle REEs were confirmed to be located in Caphosphates (apatite and merrillite) (1,2).
The residual part of
the REEs is present in HCI-insoluble phases, most of which are
pyroxene and plagioclase.
These figures, however, seem to be
quite different in UOCs.
In Yamato 74191 (L3), as much as 51%
of the total Sm were observed to reside in HCI-insoluble phases.
ALH78084 (H3) showed the distribution of 30% of the total Sm into
such phases.
The present results for Sm budgets in some
chondrites are summarized in Table 1 including those for the
Allende carbonaceous chondrite (Ebihara and Honda, submitted).
In Cl chondrite-normalized REE abundance patterns of Caphosphates, Bruderheim (L6) shows the high concentrations of the
REEs with a large Eu depletion, whereas the UOCs show relatively
small enrichment and a small Eu depletion.
In fact, no Eu
depletion was confirmed for the Ca-phosphate phase in Y74191.
There also is a large difference in Cl-normalized REE abundance
patterns for HCI-insoluble phases of UOCs and EOCs.
The
relative enrichment and degree of the inclination are apparently
different between them.
These differences between UOCs and
EOCs, and even among UOCs, may reflect the difference in
metamorphic activities on their parent bodies.
Table 1. Approximate Sm budgets (%) in some
meteorites

type

Ca-phosphates

chondrites.

pyroxine

+
plagioclase

.

-

Y74191
ALH78084
Kesen
Richardton
Bruderheim
St.Severin
Allende

L3
H3
H4
H5
L6
LL6
C3

49
70
80
90
82
88
12

51
30
20
10
18
12
55

References:(1) Shima, M. and Honda, M. (1967) Ear.th. Planet. Sci.
Lett. 2, 344-348. (2) ·Ebihara,
M. and Honda,
M.
(1984)
Mete~itics 19, 69-77.
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RELATION BETWEEN MG-VALUE AND AN-CONTENT OF PLAGIOCLASE
COMPOSITION IN CHONDRITIC METEORITES

Mi~ra, y.l), Miura, H.l), and Yanai, K.2)
1) Department of Mineralogical Sciences and Geology, Faculty of
Science, Yamaguchi University, Yoshida, Yamaguchi, 753.
2) National Institute of Polar Research, Itabashi, Tokyo 173.
Different formation condition and process in various E, H,
Land LL chondrites can be discussed by the relation between mg
[=Mg/(Mg+Fe)]-value and An-content of plagioclase composition
[1-3].
Thirty-three chondritic meteorites including twenty-nine
Antarctic and four non-Antarctic chondrites used in this study
consist of three E, nine H, sixteen L and five LL chondrites from
petrologic types 3 to 6 [3].
Eighty-two percent of one-hundred
fifty-three EPMA compositional data are plotted on the area of ca.
Anlo(mole%), as shown in Fig.l.
In the major three regions of
meteoritic plagioclase compositions in the mg-An diagram, almost
all chondritic plagioclase compositions are Na-rich plagioclase,
and progressive compositional trends from E(higher mg and Na-rich)
to LL (higher mg and Ca-rich) are considered to be a relict of the
primordial stage of each chondrite.
The previous result that E
chondrites are formed relatively lower temperature than LL chondrite can be confirmed by the present result that E chondri tic
plagioclase compositions are relatively less An-content than LL
chondrites, if progressive crystallization has been occurred from
Ca-rich to Na-rich plagioclases in the meteoritic formation.
Higher mg value and Ca-rich plagioclases in the type 3 chondrites correspond to diaplectic plagioclases formed rapid quenching of impact process, whereas almost all type 6 plagioclase is a
Na-rich and perfect crystal formed under slower cooling down to
lower temperature.
REFERENCES:
[1] Mi6ra, Y. (1984): Mem. Natl Inst. Polar Res., Spec. Issue, 35,
. / p. 226-242 •
[2] M1ura, Y.(1986): Lunar and Planetary Science XVII (Houston)
p. 557-558.
[3] Mi~ra, Y., Yanai, K. and Abe, T. (1986): In Abstracts for
11th Symposium on Antarctic Meteorite, p. 81-83. Natl
Inst. Polar Res., Tokyo.
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ONION-SHELL STRUCTURE OF THE H-ASTEROID : A CONFIRMATION. Paul Pellas,
Laboratoire de Mineralogie du Museum,61 rue Buffon,75005 Paris, France.
Since the progress report of 1981 (1) more extensive 244pu-cooling rates
have been obtained on a number of - apparently unshocked and homogeneous chondrites belonging to petrologic types 4-6 of the H-group. The samples were
also selected as a function of their exposure ages in the range -4-80 Myr.
The results show that the original structure of the H-asteroid was layered
(onion-shell like), types 6 being located at various depths in the first ~50km
from the center (cooling rates: 6-10 K/Myr through 770 K), types 5 and 4 in
the 10 km external layers (cooling rates: 10-15 and ~ 20 K/Myr, respectively).
The cooling rates show a clear (inverse) correlation with the petrologic
types, thus seemingly discarding recent models proposed to explain incoherent
metallographic cooling rates obtained on secondary-processed H-materials (2, 3
and 4).
The results also strongly suggest that all H chondrites in the exposure
range 4-80 Myr are derived .from the same parent planet. This questions a recent
suggestion that Antarctic and non-Antarctic H chondrites either would differ
in their genetic history or would sample different parent planets (5).
REFERENCES:
(I) Pellas and Storzer (1981), Proc. Roy. Soc. Lond. A374, 253.

(2)
(3)
(4)
(5)

.-

Scott and Rajan (1981), GeoChIffi. ~oChIm. Acta ~53.
Rubin et al. (1982), L.P.I. Tech. Rpt 82-02, L.P.~ Houston, p. 107.
Williams et al. (1985), Meteoritics 20, 331.
Dennison et al. (1986), Nature 319, 390 •
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MOSSBAUER SPECTRUM AND MAGNETIC PROPERTIES OF THE OLIVENZA CHONDRITE
J.DANON, Observat6rio Nacional, Rio de Janeiro, Brazil.
M.FUNAKI, National Institute Polar Res earch, Tokyo, Japan.
T .NAGATA, National Institute Polar Research, Tokyo, Japan.
I.SOUZA AZEVE DO,Centro Brasileiro de Pesquisas Fisicas,Rio de Janeiro,Brazil.
Mossbauer spectrum of separated metal grains of the Olivenza
chondrite
(LL5) shows that the average composition of this phase is kamacite (45%), di~
ordered Taenite (15%) and the ordered phase Tetrataenite (40%) (1).
The followi ng magnetic investigations were performed with this chondrite:
(a) Magnetic hysteresis results
Bulk sample of Olivenza exhi bit very large magnetic coercive force (H C )=
770 Oe and large magnetic remanent coercive force (HRC)=3210 Oe. These values
decrease to HC=10 Oe and HRC=34 Oe by heating to 950 o C. This suggests
that
the chondrite includes tetrataenite as the main magnetic mineral. Extracted
metal grains from Olivenza exhibit the same magnetic characteristics as
the
bulk samp l e.
(b) Thermomagnetic behaviour
Thermomagnetic curves of bulk, metal and silicate samples were obtained
at 10kOe from room temperature up to 950 o C. First run heating curves
shows
the typical thermomagnetic behaviour of tetrataenite, characterized by a steep
o
decrease of the saturation magnetization at 550 C. Kamacite is also present in
these curves. In the cooling curve, only taenite is observed. Probably
dis0
with
ordered taenite resulting from tetrataenite by heating at 950 C mixed
kamacite and consequently the kamacite phase disappears in the cooling curves.
From these basic magnetic analyses we conclude that the magnetic
properties of Olivenza chondrite are domina~ea by the presence of tetrataenite.
(c) Natural remanent magnetization
AF demagnetization curve has been obtained up to 1400 Oe. It can be decomposed into 3 stages; 1st stage is unstable NRM demagnetized completely to
150 Oe; 2nd stage is fairly stable NRM presenting no NRM intensity change rom
150 to 1100 Oe; 3rd stage is uns~ao~ e NRM which may related to breakdown
of
the stable component by the demagnetization field from 1100 to 1400 Oe.The in
tensity of the unstable NRM is about half as compared with
that
of
the
original NRM.
Large differences in NRM properties between samples of different origin
hav e been reported (2). We measured NRM of two samples separated from
same
block of Olivenza. The NRM intensities of the samples were
found
to be
largeij different, as 10- 3 and 10- 5 emu/g. The differences in NRM
properties
distribution
observed with Olivenza can be attributed to the heterogeneous
of tetrataenite in the chondrite.
(1) Danon, J.,et al.(1979), Nature, 281,469.
(2) Collinson, D.W. (1985), 48th. Annual Meeting Meteoritical Society,
Bordeaux.
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Cooling Rates-Recent Advances;
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PA 18017 USA

Metallographic cooling rates of metal particles in iron ,
stony iron and stony meteorites have been available for over 20
years.
The method depends critically on the modeling of the
diffusion process as kamacite grows in a matrix of taenite in an
iron nickel alloy. The major input to the simulation is the mass
transport rate of Ni in a Fe-Ni-P bearing meteorite.
This rate,
recently determined by Dean and Goldstein [1] in the temperature
range from 800 to 500 C, is a factor of 10 larger than the
previously measured values [2] at temperatures which exceed 1000
C. An increase in diffusion rates by a factor of 10 implies a
corresponding increase in meteorite cooling rate.
The critical assumptions made in the simulation are the
amount of undercooling before nucleation, the geometry of the
growing kamacite and impingement which is controlled by the
distance between growing kamacite nuclei. Recent experiments by
Narayan and Goldstein (NG) [3]. using Fe-Ni-P alloys and
controlled cooling rates,have shown that kamacite nucleates only
after the formation of phosphide and that the geometry of the
growing kamacite phase is cylindrical. The nucleation temperature
can be determined directly from the Fe-Ni-P phase diagram using
the bulk Fe, Ni and P content of the meteorite.
The effect of impingement is still not known explicitly. The
band width method used by NG assumes that impingement is
unimportant for
meteorites of all
Ni
contents.
This
simplification may lead to incorrectly calculated cooling rates
in the low Ni iron meteorites where impingement clearly occurs.
Therefore, the NG cooling rates, which are
100x those given by
previous researchers, may be in error for low Ni iron meteorites.
Detailed use of the M profile method [4] or the Ni profi le method
[5]. both of which consider impingement effects, with the new
simulation method of NG and the new diffusion coefficients [1]
have not yet been applied to calculate cooling rates of the iron
meteorites.
The NG simulation may not be applied to metal
particles in chondrites since the P content is very low and the
particles do not have cylindrical geometries.
Unfortunately cooling rates determined by the fission track
method have not been applied to iron meteorites with normal
Widmanstatten pattern except for Toluca IA. For Toluca, the
cooling rate is equal to or exceeds the maximum cooling rate (~
30 C/my) measured by the fission track technique [6] and may
approach that given by NG. In order to deal with the discrepancy
between the metallographic and fission track methods, suitable
meteorites must be selected so that both methods can be applied
to the same sample.
References:
[1] Dean D.C. and Goldstein J. 1. (1986) Met. Trans
-p 55
2] Gold s t e i n J. 1. e t a 1 (1 9 6 5 ) T ran s. Met alL Soc.
AIME 233,
p. 812. [3] Narayan C. and Goldstein J.1. (1985)
Ge 0 c h ietC 0 s m0 chi m. Act a 4 9 , p • 3 9 7. [4] Woo d J. A. (1 9 6 4 )
I car u s 3, p. 4 29. [5] Gold stern J. I. and agil vie R. E • ( '19 6 5 )
Geochim-:- et Cosmochim. Acta 29, p. 893. [6] Pellas P. (1985)
personal communication.
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YOU CAN FIT ALL OF THE METEORITES SOME OF THE TIME: NEW
MODELS OF IRON METEORITE FRACTIONAL CRYSTALLIZATION. Daniel J. Malvin,
John H. Jones and Michael J. Drake, Lunar and Planetary Laboratory, University of Arizona,
Tucson, AZ 85721 USA
Fractional crystallization is believed to be responsible for producing the compositional
variations observed in the magmatic groups of iron meteorites [1]. Experimental determinations of
solid metal/metallic liquid partition coefficients (D) have demonstrated that D values change in
response to the concentrations of non-metals (eg. S, P, C) in the liquid [2, 3,4]. New models of
fractional crystallization using parameterizations of partition coefficients as functions of Sand P
[5] and chosen starting liquid compositions show good fits for Ni versus Au and Ni vs. P,
however we find that in general we can fit either Ni vs. Ir or Ni vs. Ge trends, but not both at the
same time. As a rule we find that a S-rich composition is required to reproduce the nonlinear or
flat Ge trends observed in many groups, but then Ir decreases too rapidly compared to the
meteorite data. Conversely, a low-S composition may fit the linear Ir trend but is not able to
reproduce the Ge trend. For this study we choose to neglect the difficulty in matching exactly the
Ni vs. Ir trends because the fits are at least in the proper direction, and instead we focus on
reproducing the observed Ni vs. Ge trends for the ten groups of magmatic iron meteorites.
Because D(S) is near zero the initial S-content of the metallic liquid parental to an iron
meteorite group is constrained poorly. All other element concentrations are constrained by the
observed compositions of the meteorites themselves. For purposes of modeling the data the low
Ni members of a group are assumed to represent the initial solids from the fractional crystallization
of the liquid, and the starting concentrations of Ni, P, Ge, Ga, Au and Ir are selected so that the
first solid has the appropriate composition. The final solid (and the fraction crystallized) are
determined by the high Ni members of each meteorite group. The S-content is selected in order to
reproduce the Ni vs. Ge trend.
Initial metallic liquid compositions for the magmatic iron meteorite groups are compiled in
Table 1. These compositions give good fits to the elements under scrutiny (save Ir), however it is
probable that small relative deviations (10%) from the tabulated values would also provide
a.cceptable fits to the data. Most of the magmas contain more S than has been considered by
previous investigations of fractional crystallization. The initial S contents, normalized to Ni, are
within a factor of 1.5 of various chondritic meteorites. Most of the iron meteorite group
compositional trends are reproduced at fairly low degrees of crystallization. This result implies
that the major portions of most" cores" are not in our meteorite collections.
This research has been supported by NASA grant NAG 9-39.
REFERENCES: [1] Scott, E.R.D. (1972) Geochim. Cosmochim. Acta 36, 1205-1236. [2]
Narayan, C. and 1.1. Goldstein (1981) Met. Trans. 12A, 1883-1890. [3] Willis, J. and 1.1.
Goldstein (1982) Proc. Lunar Planet. Sci. Con! 13th, in 1. Geophys. Res. 87, A435-A445. [4]
Jones, J.H. and M.l Drake (1983) Geochim. Cosmochim. Acta 47, 1199-1209. [5] Jones J.H.
and D.J. Malvin (1986) Meteoritics (this volume).
TABLE 1. Initial liquid compositions and fraction crystallized (g) and final liquid S
concentration (Sf) needed to produce reasonable fits to the elemental trends in
magmatic iron meteorite groups. In most cases Ir is poorly modeled. Sulfur, Ni
and P in weight per cent. Gallium, Ge, Au and Ir in ppm.
Group

S

IC

20
19
15
12
9
12
20
15
7.0
2

nAB
nc

llD
IIF
IIIAB
IIIE
IIIP
NA
NB

Ni

P

Ga

Ge

Ir

Au

g

Sf

5.3
4.8
9.0
10. 1
11.2
7.2
7.1
6.8
8.0
17.4

0.45
0.5
1.2
1.2
0.58
0.35
0.45
0.72
0.16
0.48

16
20
16
42
6.8
11
5.3
3.1
1.6
0.18

67
57
39
47
85
22
9.8
0.48
0.08
0.048

0.1
2.5
1.0
2.8
6.0
3.0
0.04
1.0
1.3
18

0.55
0.44
0.95
0.7
1.0
0.7
0.6
0.38
1.0
0.14

0.19
0.29
0.22
0.37
0.55
0.52
0.17
0.37
0.71
0.68

26
29
20
20
22
29
25
26
28
6.5
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A NONMET AL-AVOIDANCE MODEL FOR METAL-NONMETAL INTERACTIONS IN METALLIC
LIQUIDS; J.H. Jones and D.J. Malvin. Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ
85721.
An understanding of the effects of nonmetals upon metallic systems is of importance in meteoritics and
planetary science. In particular, metal-nonmetal interactions may have played important roles during the complex
crystallization history of magmatic iron meteorite groups [1], during core formation on the terrestrial planets [2],
and during the genesis of ureilites [3]. We present here an internally consistent model for understanding changes in
trace element (metallic solid/metallic liquid) partition coefficients (D's) as a function of changes in nonmetal
concentrations in the metallic liquid. The model we prefer is one of nonmetal-avoidance by the siderophile tracer.
This nonstandard thermodynamic model can be related to more traditional metallurgical measurements. Further, the
nonmetal-avoidance model for the Fe-Ni-S and Fe-Ni-P systems can be modified to predict behavior in the more
complex Fe-Ni-S-P system. We tentatively take these successes as a posteriori confIrmation that our many
simplifying assumptions are justifIed. The model can account for the partitioning behavior of several elements -Au, Ge, Ga, Jr, Ni and P -- with distinctly different geochemical behaviors in metallic systems.
The Model. We assume for simplicity that the D values which we, and others, measure [4,5,6] are very weak
functions of temperature and are instead strong functions of the composition of the metallic liquid. The
justification for this approach is empirical. Measured D values are more easily parameterized in terms of
composition than temperature. For example, the value of D(Ge) increases from 0.58 to -300 as S in the metallic
liquid increases from 0 to -31 wt % and this change cannot be ascribed simply to temperature. We therefore
assume that D increases because the tracer tends to avoid S in the metallic liquid and that the activity coeffIcient (y)
of the tracer may be modeled as lny = -~ In(1 - aXN ). The ~ term is found to be a measure of the tracer-nonmetal
species interaction; a is apparently a property of the metallic liquid, is constant for all elements, and is close to
unity (a = 1.09); and XN is the mole fraction of the nonmetal species. In the Fe-Ni-S system the nonmetal species
is taken to be FeS [7], and in the Fe-Ni-P system the nonmetal species is assumed to be Fe3P' In the Fe-S
system, for example, the tracer is presumed to behave ideally in the liquid when Xs = 0, but at Xs - 0.5, where
nearly all Fe is combined with S as FeS species [7], y approaches +00. The model does not serve to predict D values
in the nonmetal-free system, but, rather, models changes in D as S or P is added to the system.
Results. The values of ~ for several elements in the Fe-Ni-S and Fe-Ni-P systems are given in the Table.
Weighted values of ~ and -In(l-a(2X S + 4Xp» functions were used to predict D values of P, Ge and Ni in
experiments performed near the immiscible liquid solvus in the Fe-Ni-S-P system. Predicted D values were
typically within 15% of the measured value and were more accurate than those of our earlier predictive models [1].
At very low nonmetal contents, (lny/XS) approaches 2a~S which may be compared to ES = (alny/aXS ) reported for
Fe-rich melts at 1600·C [8]. The agreement between 2a~S and ES is good for Ge and P and the agreement for other
elements such as Ni and Au may be acceptable. Contrary to our original contention [1] we cannot reconcile the
present model with any strictly regular solution model. The very large enthalpies of mixing required to produce the
observed variation in D values do not translate into commensurately large activity coefficients, implying that excess
entropies are also very large -- a violation of the assumptions of strictly regular models.

Element
Au
Ga
Ge
Jr
Ni
P

6

Fe-Ni-S system
0.932
1.296
1.685
2.633
0.365
1.493

6

Fe-Ni-P system
0.789
0.670
1.158
1.536
0.0
0.0

2a6 S----E'"'-S (rer.
2.0
2.8
3.7
5.7
0.8
3.26

[8])

0.9
4.0
-0.1
4.1

This research has been supported by NASA grant NAG 9-39. Computing facilities for portions of this
project were provided by the Asteroidal Geochemistry Section of the Spacewatch Computer facility.
REFERENCES: [1] Malvin et al. (1986) Geochim. Cosmochim. Acta 50, in press. [2] Jones and Drake
(1986) Nature, in press. [3] Berkley and Jones (1982) Proc. Lunar Planet. Sci. Con! 13th., A353-A364. [4] Jones
and Drake (1983) Geochim. Cosmochim. Acta 47, 1199-1209. [5] Narayan and Goldstein (1981) Met. Trans.
12A, 1883-1890. [6] Willis and Goldstein (1982) Proc. Lunar Planet. Sci. Con! 13th., A435-A445. [7] Sharma
and Chang (1979) Met. Trans., lOB, 103-108. [8] Lupis (1983) Chemical Thermodynamics of Materials,
North-Holland, pp. 581.
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FORMATION OF IRON METEORITES:
MELTING AND SEGEGATION OF METAL IN
PARENT BODIES.
J. W. Larimer and E. R. Rambaldi
Center For
Meteorite Studies Arizona State UnIversity Tempe, AZ 85287
Two events in the post-accretion history of iron meteorite
parent bodies signiFicantly change the composition of the metal
(I).
The more recent, and more extensively studied, event
occurTed dUT" i ng coo I i I"l~=.l ""hen frscti ona 1 crysta IIi zati on produced
the elemental correlations observed in most iron meteorite groups
(2).
The more PI i rni t. i ve event occur-eel cklt' i n9 heat i nq wI-len
pal-- t j a 1 nle 1ti ng and 9ravi ta tiona 1 segl-e<;:)at i c'n pr-oduced the parent
Inelt s 01, which the frac:tional cr- ystal] iza -tion pr-oce5~;es operated.
T~ l is event has been 1 ittle studied though it i s the more
i rnpor·t,::lnt in the ccmte><t of pI anet-ary eva 1 ut i em.
Fr:Jr-tunate 1y,
many of t.hee><:per- i mentd 1 data that have been co 1 I ectecJ and used
to interpret the crystallization process can also be used to
interpret the partial melting process.
A key Factor in modelling the melting event is the amount of
S i nthe p.cHf:'nt body, which determines the amount of metal that
file Its at the F e-F e::. eu t:ect: i c . The amount of 5 pl-esent a 1 so plays
an important role in control I in9 the 1 iquid/sol id distribution
coefFicients of other elements during Freezing and melting
(3,4).
C and P similarly aFFect both the eutectic temperature
and distributior) coeFFicents, but S is the most important of the
minor elements owing to its greater abundance.
The role of 5 during melting can be model led by varying the
amount present within 1 imits set by its cosmochemistry and the
ctlsmistry of iron meteorites. The First step was to consider the
lAB meteorites which contain chondritic inclusions and
fraction,3tion patterns suggestive of partial "nelting.
Some
ufll::Jub I I stled data on the trace element content.s c)f- meta lin tIle
s iIi cc:':lte inc I us ions pr-clveci u::.eFu 1.
These gr-a i rv::; ci.'lnnat be
del' i ved Fr'orn the meta 1 that sur rounds tt-v:? inc 1 u~;i ons becBu-::;e
t~leir trace element contents increase with decreasing grain size,
d
patter-n simi lar to that ot)~;ervedirl equi I ibrated ordinary
chondrites (5).
Yet in bulk analyses al I the siderophile
elemenTS c:;we present in their- ~.01;_':l1" proportions, simi lar- to the
metal which surrounds the sil icate inclusions.
There is one
important difFerence in the compositiorl, however: the
concentrations in the metal From the inclusions is nearly twice
that of the sl.wround i ng meta 1.
ThE" on 1y way to increase the
concentrations of all siderophlles is to decrease the Fe content
by converting it t .O FeO or FeS.
~:;jnce the FeO content of the
5il icates in lAB meteorites is less than in H-group chondrites
whi Ie the elemental cOnCen1J : ions are l;;Jf-eater, this irnj::JI ies
s i gni F i cant 1y mor e F eS in tIlt' 1AS parent body than I n the
chondrites.
The Fe/FeS ratio must be close to, or perhaps to the
FeS rich side of, the eutectic composition.
This explains the
observation that many lAB meteorites contain al I the siderophile
elements in 501ar proportions.
1. Kelly and Lat-' imer (1977) GCA 41, 93-111
2.Scott (1972) GCA
36 , 1205-36 3. Jones and Drake (1983) GCA 47,1199-1209 4.
5el lamuthu and Goldstein (1985) Met Trans 15A 1677-85 5.
RarnbalcJi (1977) EPSL 36, 347-·58
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CHALCOPHILE AND SIDEROPHILE BEHAVIOR OF CU AND ITS EFFECT
ON THE COMPOSITION OF IRON METEORITES.
Jeremy S. Delaneyl, S. Sutton 2,3, M. Prinzl , J.V. Smith 2,3, (1)American Museum
Natural History, New York, NY 10024 (2)Brookhaven Natl Lab., Upton, NY
ll973
(3)U. Chicago, Chicago, IL 60637

Microanalysis using electron, PIXE, and synchrotron XRF probes show that Cu and
Ni concentrations in taenite lamellae from lAB, lIB, IIIAB, I1ICD, IVA and
mesosiderites are correlated [l] and lie very close to the Cu-Ni trend of IAB-IIICD
meteorites [2] (Figure 1). The development of lamellae reflects the subsolidus history
of the metal and since the observed correlation is common to all iron meteorite
groups, suggests that Cu partitioning between kamacite and taenite is controlled by
the Ni content of the system at subsolidus temperatures. In magmatic systems, Cu is
chalcophilic and its partitioning, in experimental studies, between solid and liquid
metal appears to be independent of Ni [3], whereas at subsolidus temperatures it
becomes increasingly siderophilic with increasing Ni [l]. The remarkable similarity of
both slope and magnitude between the IAB-IIICD trend and the subsolidus Cu-Ni trend
for taenite inversion suggests that the IAB-IIICD trend may reflect subsolidus
equilibration, at least for Cu and Ni.
Subsolidus equilibration cannot, however,
explain the inverse correlation of Ga, Ge and Ir with Ni concentrations in IAB-IIICD
meteorites [4J. Ga is positively correlated with Ni concentrations in lamellae during
subsolidus equilibration of metal [2].
The slope differences between trends for Ge, Ga and Ir and those for Cu (+ Sb,
As, Au?) plotted against Ni content [5] reflect differences in geochemical behavior.
Ge, Ga and Ir are all siderophile and their abundances, therefore, reflect only
processes influencing the metal phase.
Cu, Sb, As and possibly Au, are all
chalcophile to varying degrees so that they are enriched in magmatic troilite. If, as
the Cu data indicate [l], they become siderophile in the presence of subsolidus, Nirich metal, then their positive correlation with Ni in IAB-IIICD meteorites is
consistent with sulfide exchange reactions [5,6]. The similarities of IAB-IIICD, lIB,
IIIAB and IVA Cu-Ni trends suggest, however, that these trends were produced by
subsolidus equilibration between previously formed troilite and exsolving Ni-rich metal
lamellae rather than magmatic metal-troilite equilibration as previously suggested
[5,6] . Separation of troilite-rich magmas from crystallizing iron systems must play
the fundamental role in determining the absolute abundances of the chalcophilesiderophile elements like Cu, As, Sb and Au in various iron groups, but
microanalytical study using a wavelength spectrometer coupled to a wiggler X-ray
source on the synchrotron will permit study of these subsolidus effects for the suite
of elements discussed.
Acknowledgements; NASA NAG9-32 (M. Prinz); NAG9-106 (J.V. Smith); NSF, EAR8313682 (J.V .S.); DOE (DE-AC02-76CHOO0l6) (BNL, JVS)
-'
0.4

,..--.--.---,----r---,--,.---...---,-;---r---,

[l] Sutton et a!., (1986) G.C.A., submitted.

[2] Wasson, (1970) Icarus 12, 407-423.
[3] Sellamathu, Goldstein;11985) PLPSC,
15, C677-C688.
[4T Reed, Enright, (1981) Proc. R. Soc.
Lond., A374, 195-205.
[5] Wasson et a!., (1980) Z. Naturforsch
35a, 781-795.
[sr-Kracher, (1985) PLPSC, 15, C689-C698.
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COMPOSITIONAL RELATIONSHIPS BETWEEN IRON METEORITE
GROUPS lAB AND IIICD. Xinwei Ouyang, Jian~in Wang and John T.
Wasson, University of California, Los Angeles, CA 90024
Iron meteori te groups lAB and I I ICD are very closely related:
both span the same wide ranges in Ni concentrations, both contain
amounts of C and silicates much higher than tho se in other iron
groups, and both formed "nonmagmatic a lly " under conditions that
produced less steep Ir-Ni slop~s than are observed in groups other
than these and lIE. The groups are resolved ch ief ly on the basis
of their Ga, Ge andlr contents, which at Ni > 100 mg/g are distinctly higher in lAB than in IIICD.
In 1980 Wasson and coworkers extended group IIICD to lower
Ni contents by transferring irons having low·lr, Ge and Ga contents from lAB to IIICD. Element-Ni diagrams bas ed on then available data showed that lAB and IIICD trends converged at the low-Ni
extremes of the groups at ~62 mg/g Ni. Wasson et al. assigned 6
irons having 62-71 mg/g Ni to IIICD because, with the exception
of one Ga, all Ir, Ge and Ga values were distinctly below regression lines fitted to log-log plats of the remaining lAB irons.
However, other irons were low for Ir but not low in. Ga and Ge.
The limited data available suggested that As was higher in
IIICD than lAB at all Ni concentrations . We therefore used neutron activation to determine As and 10 other elements in lAB and
IIICD irons. To date we have studied 79 lAB and nICD irons, almost entirely from the densely populated (Ni < 90 mg/g) parts of the field.
Both As and Au tend to be high in irons having low Ir; we
have divided the combined populationon the basis of As/lr with minimal overlap and Au/lr with a narrow unpopulated band separating
the two groups. The center of the latter band is given by the
equation: log Ati/lr = 1.85 log Ni - 3.50; for a given Ni content
Au/ I r above the 1 ine . indicates, tha t the iron is I II'CD, be low the
band indicates lAB. With few ~xceptions the groups are also resolved on As/Ga-Ni and Au/Ga"7Ni diagrams.
Because the hiatus is
marginal, we cannot be sure that the division is correctly placed.
Even if we accept the above resolution of the irons into two
populations, we cannot state unequivocally that we are truly dealing with two groups in the sense that they formed on separate pa~
rent bodies. Since Ir preferen tially parti tions into the solid but
As and Au into the liquid, even the nonmagmatic, shock-pool, rapidcrystallization model of Wasson could yield some high-Ir irons
that dominantly consist of early-crystallized solids, and low-Ir
that formed later.
In this case we would expect low-Ir irons to
have contained larger fractions of trapped mel t, and thus larger
fractions of graphi te- troili te inclusions. We would also expect that
large showers would show Ir concentration ranges > a factor of 2.
Our tentative reclassification of irons havTng Ni <90 mg/g
shows 58 lAB members and 12 rIICD members.
Our recent studies have
resulted in the addition of a new high-Ni member to each group .
With 342 mg/g Ni Yamat079l694 is the lAB with the second highest
Ni content after Oktibbeha. The IIICD iron Egvekinot has a Ni
content of 143 mg/g and a composition similar to that of Carlton.
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THERMAL MIGRATION II: SMALL TEMPERATURE GRADIENl'S.

Peter Gundel, V.F.Buchwald, T.Kjer & K.A.Thorsen
Dept. of Metallurgy, Technical University, 2800 Lyngby, Denmark.
Studies of Cape York suggest that individual meteorite fragments do not have
the same frequency, size and morphology of the troilite nodules, the Agpalilik
fragment being the richest. This fact is contrary to our common understanding
of iron meteorites, after which meteorites are rather homogeneous in their bulk
analytical compos ition. A characteristic of Agpalilik is furthermore the elongated and parallel troilite nodules which we take as an indication of movement
in a temperature gradient: Thermal migration.
Apparently no studies of thermal migration have been concerned with the Fe-S or
Fe-Ni-S system 1). But as we have shawn previously 2), these systems will, if
exposed to a temperature gradient, show pronounced migration, the bulk of the
sulfur moving as a sulfur-rich liquid towards the hbt end of the system, due
to the difference in equilibrium content of iron in the melt.
The previous experiments 1) demonstrated that sulfide-rich melts moved over
distances of mm when Fe-S and Fe-Ni-S alloys were subjected to rather large
temperature gradients of about 400°C/mm.
In the present series of experiments we have continued the hot-stage experiments with varying parameters, such as temperature gradients, time and alloy
. composition,and augmented the previous results. More important is a new experimental technique which allows larger test specimens and swaller temperature
gradients, extending the range of observations a factor of 102 •
For example,
a cast specimen of 91 Fe - 8 Ni - 1 S was held for 120 hours at 1025°to 1080°C,
corresponding to a gradient of 0.7°C/mm. Pronounced migration of the sulfides
resulted, leaving much of the sample sulfide-free, while the hot end obtained
a significant concentration. Many of the sulfides were elongated and parallel
and, although much swaller in linear dimensions, corresponded very well in
morphology with the troilite nodules of Cape York. They were monocrystalline,
pure FeS «0.1% Nil, and were often located in the y-FeNi grain boundaries.
Due to the movement of molten sulfides the metallic watrix had stepwise remelted
and solidified as large, parallel, columnar grains, typically 1x10 mm in size.
In experiments where the direction of the temperature gradients were not linear,
but curved, for example due to test specimen geometry, it was observed that the
sulfide-rich melts followed the gradient directions rigorously.
-'

In a new experimental technique the migration of FeS through pure iron is being examined in order to determine important parameters such as migration rate.
In addition samples have been prepared by sintering, allowing the introduction
of chromite and olivine in order to study the behaviour of these components
under thermal migration conditions.
1. V.N.Lozovskii & V.R.Popov: Temperature gradient zone melting. Prog.Crystal

Growth Charact. 1983 6:1-23.
2. V.F.Buchwald, T.Kjer & K~A.Thorsen: Thermal Migration. Meteoritics 1985 20:
617-18
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THE INVERSE PERITECTIC PHASE TRANSFORMATION IN THE FE-S SYSTEM:
EVIDENCE FOR THE REMELTING OF TROILITE DURING COOLING
By P.Z.Budka, Technical Communications Unlimited, Schenectady,NY
12307, and F.F.Milillo, Dept. of Mechanical Engineering, Union
College, Schenectady, NY, 12308
In many nickel-iron meteorites, the troilite phase is
characterized as shock melted, and it is typically found
adjacent to annealed kamacite, which shows no signs of being
shocked. This apparent variance in microstructural features
between shocked troilite and annealed kamacite may be explained
by an inverse peritectic transformation.
This unusual transformation is well established within the Fe-S binary phase
diagram, and in the analysis of weld microstructures.
The solidification and subsequent cooling of an alloy
system containing Fe and S in excess of 0.01 weight percent
(on a local scale) can be influenced by the inverse peritectic
transformation.
This reaction is defined as follows:
--~
SOlid + Liquid.
1
2
In the Fe-S system, this transformation occurs at 1365C for
sulfur contents between 00065 and 0.14 weight percent. Assuming
slow cooling through 1365C, the reaction is as follows:

SOlid

Body-centered cubic delta iron (kamacite)

---~

Face-centered cubic gamma iron {taenite} + Liquid (FeS).
Therefore, the single phase which was solid at higher temperatures now slightly remelts at a lower temperature.
This new
sulfur-rich liquid finally solidifies as the eutectic FeS or
troilite at 988C·
Many nickel-iron meteorites share similar compositions with
low alloy steels.
If the bulk sulfur content is above 0.01
weight percent, such steels experience the inverse peritectic
transformation during welding and subsequent cooling. Sulfurenriched interdendritic areas are solid at high temperatures,
but remelt on cooling causing a loss of cohesion between dendrites.
It is the commonality of composition between these low
alloys steels and many nickel-iron meteorites which leads to
a common response during cooling: the remelting of sulfur-enriched areas due to the inverse peritectic reaction.
A discussion of the role of the inverse peritectic transformation in troilite formation will be presented. Microstructural
evidence of remelting in sulfur-enriched plessite areas, not
previously considered in the literature of meteoritics,will be
shown.
It is postulated that the inverse peritectic transformation is responsible for the microstructural feature commonly
characterized as "shock melted" troilite.
This phenomenon of
remelting during solid state cooling should be considered ln
the microstructural analysis of extraterrestrial material
containing iron and sulfur.
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THE Fe-Ni PHASE DIAGRAM BELOW 350°C; K.B. Reuter. D.B. Williams .
and J.I. Goldstein. Department of Materials Science and Engineering. Lehigh
University. Bethlehem. PA 18015 USA
The metallic phases in meteorites exhibit the Widmanstatten structure
which formed as the meteorite cooled below 900°C. The structure is composed
of kamacite (a) which precipitated on the {Ill} planes of taenite (y). On
cooling below 350°C. taenite decomposed into five microstructural regions:
clear taenite 1 (CT1). cloudy zone (CZ). clear taenite 2 (CT2). martensite
(a2) and duplex (a + y). The objective of this research was to determine the
Fe-Ni phase diagram below 350°C to aid in understanding how these regions
formed. Two approaches were taken: analytical electron microscopy (AEM) of
meteorites and high voltage electron microscopy (HVEM) of Fe-Ni alloys.
AEM - The structure and Ni content of each phase in CT1. CZ. and CT2
were obtained using electron diffraction and AEM. The data were obtained
from the irons Dayton and Tazewell and the mesosiderite Estherville. CT1 had
the ordered L10 structure (y') and its composition varied from 52 ± 4 wt% Ni
at the kamacite interface to 46 ± 4 wt% Ni next to the CZ. The CZ had a bulk
Ni composition of 45 ± 4 wt% Ni next to CT1. to 28 ± 3 wt% Ni next to CT2.
The CZ consisted of a globular phase surrounded by a honeycomb structure.
The globular phase had the L10 structure with a composition of 51 ± 4 wt% Ni
(y') while the surrounding honeycomb was a BCC phase with a Ni composition
of 11 ± 2 wt% consistent with a martensitic strucure. CT2 contained 26-27 ±
3 wt% Ni and was also ordered. This ordered structure may be either L12
Fe3Ni or simply a fine scale extension of the CZ. with the ordered structure
corresponding to y' . The AEM data are shown on the proposed phase diagram
(below) at the final equilibration temperature of 150°C where Ni diffusion
does not occur even over geologic time.
HVEM - 1 MeV irradiation was
used to study the critical ordering
EOUILIBRIUM
temperature of the y-y+y' reaction
---- PROPOSED METASTABLE
700
as a function of composition.
<> AEM
• HVEM
Because Ni diffusion in Fe-Ni is so
sluggish below 350°C. the ordering
600
transformation can only be studied
by enhancing diffusion. The results
are also plotted in the Figure.
u ~oo
Fe-Ni Phase Diagram - The CZ
a
probably arose from a spinodal phase ~
separation which is calculated to
~ 400
occur in Fe-Ni [1]. The AEM data
~
II:
from the two phases in the CZ are
~
used to define the extremes of the
~ 300
miscibility gap. On the high Ni
~
side of the miscibility gap. Y
orders to y' below 320°C. On the
200
low Ni side there is evidence of
either L10 or L12 ordering. This
phase diagram can now be used to
60
50
30
40
10
20
o
understand how CT1. the CZ and CT2
Wt%
Ni
are formed.
The support of NASA grant NAG 9-45 is gratefully acknowledged.
REFERENCES: [1]Chuang. Y-Y et al. 1986. Met. Trans. (in press).
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COMPARISON OF THE LAMELLAR PLESSITE STRUCTURE IN TWO
GROUPS OF IRON METEORITES - ARE THEY RELATED? ;J.A.KOWALIK,
J.I. GOLDSTEIN, D.B. WILLIAMS; Lehigh University, Bethlehem
PA 18015

A study of the structure and chemistry of the lamellar
plessite structure in iron meteorite groups IA and IIID has
been carried out. The purpose of this research was to
determine if the transformation mechanism in the two groups is
the same. The representative meteorites studied from group IA
along with the bulk weight % Ni and P contents, are
respectively: a) Canyon Diablo, 7.1, 0.26; b) Odessa 7.35,
0.25; and c) Toluca 8.14, 0.16. The Dayton meteorite,
containing 17.6 wt % Ni and 0.4 wt% P, is the only group IIID
meteorite studied thus far which exhibits the lamellar
morphology. The major similarity between the IA and IIID
chemical groups is the presence of carbon . In group I, the
carbides cohenite and haxonite have been identified as major
minerals. The Dayton meteorite contains graphite but as yet,
no carbides have been identified (1).
The lamellar morphology of group I irons contains fine
lamellae of kamacite and taenite (width of lamellae < l~m) in
the plessite field. No formational relation to carbide or
phosphide inclusions is apparent. In contrast, the lamellar
morphology of group IIID Dayton contains coarse lamellae of
kamacite and taenite phases (width of lamellae > 5~m). The
lamellae occur only in areas near large, (~lcm) phosphides and
abut directly on the Widmanstatten structure .
Analytical electron microscopy (AEM) of plessite regions
was performed on both groups of meteorites to identify and
chemically characterize phases in the lamellar structure.
Ni composition profiles across the fine lamellar morphology of
group I plessite using AEM, reveal kamacite with 4 wt% Ni and
taenite with 50 wt% Ni. Concentration gradients across the
lamellae in Dayton (group IIID) reveal kamacite with 4 wt% Ni,
and taenite consisting of clear taenite I containing
45 -52 wt% Ni and a cloudy zone containing ~ 38 wt % Ni.
The bulk chemistry of the meteorites containing the
lamellar structure range from 7.1 wt% Ni in Canyon Diablo, to
17.6 wt% Ni in Dayton. The location of the lamellar field also
varies from inside a typical plessite area (group I), to a
large lamellar field dependent on the presence of phosphide
inclusions (group IIID). The phases in the fine and coarse
lamellar structures are similar, but the size of the lamellae
and the presence of the cloudy zone varies from group I to
group IIID. These preliminary results suggest that the
transformation responsible for the lamellar phase varies for
group I and for group IIID.
REFERENCE
1) Buchwald, V.F.(1975) Handbook of Iron Meteorites, University
of CA Press.
The authors acknowledge the support of NASA Grant NAG9-45.
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M~SSBAUER STUDY OF SCHREIBERSITE FROM BOCAIUVA IRON METEORITE

R.B.SCORZELLI and J.DANON
CENTRO BRASILEIRO DE PESQUISAS FIsICAS, Rio de Janeiro,Brazil
The compositional variation of the nickel content in Schrei
bersite from the Bocaiuva meteorite has been reported to be in
the range of 22.2 to 39.5 wt%(l). Samples of this meteorite
after magnetic separation from the silicates and dissolution
from the kamacite with HC1, yield a fraction which has been
investigated by

M~ssbauer

Spectroscopy.

The spectrum at room temperature and 4.2K

is extremely

complex and the hyperfine parameters are calculated using a
least square fit method. The lines of the 4.2K spectra are
better resolved and constitute an overlap of a broadned sixline pattern, typical of a disordered iron-nickel alloy with
35-36%Ni (2) and six different magnetic patterns corresponding
to schreibersite. The crystal structure of schreibersite is
similar to , the ferromagnetic compound Fe P with three crysta3
llographic sites for th~ transition metal atoms. Crystallogr~
phic results of schreibersite from the Buei Muerto meteorite(3)
showed that nickel prefers the metal sites M(2) and M(3) avoiding M(l) . Magnetic structure of Fe P (4)indicate that the
3
splitting of the magnetic moments for the atoms on each iron
site, in number of three, contribute with two hyperfine fields
for each site. On this basis the following magnetic hyperfine
fields were obtained for the Bocaiuva schreibersite: 290 KOe
and 271 KOe for Fe I ,236 KOe and 194 KOe for Fell, 162 KOe and
110 KOe for FellI at liquid helium temperature. These results
are similar to that obtained for the schreibersite of the Sta
Luzia meteorite (5).
(1)
(2)
(3)
(4)
(5)

-

C.Desnoyers et al(1985) Meteoritics 20,113.
S.I.Araujo et al(1984) Meteoritics 18,261.
V.Fritz-Dieter Doenitz(1970) -Z.Kristallogr. 131,222.
E.J.Lisher et al (1974) - J.Phys.C:Solid State Phys.7,1344
N.G.Souza et al(1981)-Proc.lnt.Conf.Appl. of M~ssbauer
Effect Srinagar, India, pg. 318.
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IMPLICATIONS OF SAMPLING FOR THE ORIGIN OF NOBLE GASES IN THE
WASHINGTON COUNTY IRON METEORITE. Carl A. Fr ancis , Cur at or , Mineralogical
Museum, Harvard University, and Ursula B. Marvin , Harvard- Smithsonian Center
for Astrophysics, Cambridge, Massachusetts , 02138.
Washington County is a unique iron of anomalous chemical composition with
no near relatives (1). It contains about 9.9 Wt. % Ni, as do many octahedrites, but, as it shows no trace of Widmanst~tten str uctures , it is cl as sed as
aNi- rich ataxite. A striking excess of noble gas es, differing from thoti€
produced by cosmic ray spallation, was f irst repor ted in the meteorite in 1959
(2), and has been confirmed by several groups of investi gators (e.g. 3-5).
The gases are believed to be a trapped primordi al component, although both the
siting of the gases in the metal and the trapping mechanism remain mysterious.
An alternative explanation recently proposed (6), is that they are solar
flare-implanted gases. These would be measureable only in the outer few
millimeters of unablated surfaces. To test this hypothesis, and to better
understand the distribution of gases in Washington County , it is of cruci al
importance to locate the area from which each analyzed sample was taken. To
this end, we have examined the meteorite itself and all available records of
its sampling. We can account for the major pieces and ind i cate the general
sampling sites. We would appreciate receiving more precise information from
any scientist possessing it.
Washington County is an elongated metal disk, 20 x 15 cm acr oss and 6 cm
thick in the center. One surface is flatter than the other and marked by a
pattern of regmaglypts, indicating that it was the leading , ablating face
during stable flight through the atmosphere. The specimen, which was plowed
up from a depth of 30 cm in a Colorado wheat field, was purchased in 1927 by
Charles Palache, of Harvard University, who had the central portion of the
domed surface planed down about 5 mm to produce material for analysis. In
1959 a vertical cut was made through the meteorite and a slab removed, about
3-mm thick and weighing 85 grams. One end-piece of that slab (35 g) resides in
Copenhagen, and a 13-g piece of the other end is in the American Museum of
Natural History. The remaining 37 grams were distributed for gas analyses.
Their exact location within the mass is not known, but the geometry of the
slab indicates that the most central portions lay 3 cm from a surface.
A recent analysis was performed on a sample of the shavings originally
planed from the rear surface of the meteorite. It yielded several times as
much of the trapped noble gases as previously reported, with values of He, Ne,
Ar, and N much like those of the present day solar wind (7). Inasmuch as this
result confirms earlier ones taken from the slab, it appears that the gas
measured is a trapped primordial component. However, the possibility of
cutting another slice from Washington County might be considered if a
compelling case were made for the scientific value of gas analyses on a
documented piece from the interior.
(1) Buchwald, V.F. (1975) Handbook of Iron Meteorites~, Univ. Calif. Press,
Berkeley and L. A., 1284-1288. (2) Schaeffer, O.E. and Fisher, D.E. (1959)
Nature JJU., 660-661. (3) Signer, P. and Nier, A.O.C. (1962), in Researches on
Meteorites, C.B. Moore, ed., John Wiley & Sons, N.Y., 7-35. (4) Tilles D.
(1962) b.Geophys. Res.il, 1687-1689. (5) Hintenberger, H. , Schultz, L.,
Wanke, H., and Weber, H. « 1967) z.... Naturforsch. 22A, 780-787.
(6) P. Pellas, (personal communication, 1986). (7) Becker, R.H. and Pepin,
R.O. (1984) Earth Planet. Sci. Lett. lQ, 1-10.
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PLAlfHIBG A SAMPLE-RETURN MISSIOII TO A COMET IWCLEUS: John A. Wood.
Harvard-Smithsonian Center for Astrophysics, Cambridge MA 02138, U.S.A.

Comets remain the most enigmatic objects in the solar system, and proposals have been made repeatedly to send spacecraft to study them. The logical
progression of missions is recognized to be, first, a flyby (now an accomplishment, by GIOTTO); then a rendezvous (CRAF, for Comet Rendezvous Asteroid
Flyby, is a candidate NASA mission); and finally a mission that would make
contact with a comet nucleus, collect samples, and bring them back to earth
in a state of preservation suitable for laboratory analysis. A sample-return
mission would be challenging and difficult, therefore expensive: the estimated cost is roughly a billion dollars. An obvious way to make such a
mission more affordable is by international cost-sharing. To this end, a
joint NASA-ESA Science Definition Team (SDT) for a hypothetical Comet Nucleus
Sample Return Mission was set up a year ago. Four meetings have been held,
and the group's report is nearing completion. Some highlights of the report
are discussed.
Target comet. This should be a short-period comet with a relatively
high perihelion, and with evidence from its orbit and activity of a relatively short residence time in the inner solar system. No particular comet is
singled out; an evolving "stable" of candidate comets should be maintained to
draw from at whatever time the mission becomes possible.
Mission profile. A variety of mission profiles are being examined, some
of which depend upon a new source of reaction thrust, solar-electric propulsion. The mission duration for most options is 6-8 years.

.'

Sampling. In the absence of any real knowledge of the physical consistency of nuclear material (solid ice? fluffy snow?), this is hard to plan.
The SDT has attempted to keep the sampling plan simple and realistic. Three
samples should be taken: (1) 1-5 kg collected from the surface of the nucleus; it is anticipated that this will be ice-depleted mantle material, i.e.,
aggregated cometary dust. (2) A -10 kg core sample of ice plus dust, one to
two meters in length, with at least large-scale stratigraphy preserved. This
should be stored in a vented container, to prevent rupture by pressure built
up by outgassing of the most volatile ice components. (3) A 10-100 g ice and
dust sample tightly sealed in a container large and strong enough to contain
and preserve whatever vapors outgas from it. The samples should be maintained at <-160 K after collection. (Passive radiative cooling can do this
fairly easily on the trip home, but active refrigeration will be necessary
near the earth.) It should be noted that since a short-period comet is to be
sampled, its interior will have been warmed by the sun to something like 160
K, and regrettably some volatiles that were present in the -20 K nucleus in
the Oort cloud will have outgassed already.
Time frame. Here there is a major mismatch between NASA and ESA. ESA
has formulated a "Horizon 2000" program, which defines four major "Cornerstone" missions to be flown by the end of the century. One of them is a
Comet Nucleus Sample Return. ESA effectively has allocated approximately
$400 million to this mission. NASA's plan is to fly CRAF before a samplereturn mission; however, CRAF is not yet an approved mission. Because of
this and the U.S. loss of launch capability, it could be well after 2000
before NASA is able to participate in a Comet Nucleus Sample Return mission.
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AN INVESTIGATION OF THE UNUSUAL CARBONACEOUS CHONDRITE YAMATO 82042
BY TRANSMISSION ELECTRON MICROSCOPY
D.J. Barber* and K. Yanait
*Physics Dept., University of Essex, Colchester, U.K.
tNational Institute of Polar Research, Tokyo, Japan
The carbonaceous chondrite Yamato 82042 is unusual because the
phyllosilicate matrix appears to contain no CAI's, pyroxenes, or true
chondrules but instead has sub-rounded aggregates of phyllosilicates and
both calcite and dolomite as carbonate. Analysis of major and minor elements,
together with oxygen isotopic data place Yamato 82042 in the CM group but the
petrography has led to a suggestion by Grady et al (1) that it may merit a
CMl classification.
TEM/EDS investigation of the meteorite has established that most of the
phyllosilicates are serpentines with basal spacings in the range 7.15 to
7.35~. Electron diffraction data shows that one of the most common phases is
an orthorhombic phyllosilicate with typical interplanar spacings d(OOl) =
7.l7~, d(020) = 4.60~, d(200) = 2.67~. Its composition is usually in the
ranges MgO:25-39 wt%j Si0 :37-4l wt%j FeO:17-30 wt%j A1 0 :l-3 wt%, with
2
2 3
minor MnO and cr 0 • The phyllosilicates within the sub-rounded aggregates
2 3
are structurally and compositionally similar to those in the matrix, but are
generally larger in size. Fibrous PCP (2,3) occurs in both matrix and
aggregates but it is not extensive, nor morphologically well developed. Both
the 10.8~ and l7.9~ tochilinite basal layer spacings (4) have been observed.
The calcite grains are low in Fe but many of the dolomites are Fe- and Mn-rich
(typically 6 wt% FeO, 3.5 wt% MnO). Two unusual apatite-structured minerals
have also been identified: carbonate fluorapatite and calcium silicate
sulphate hydrate.
The sub-rounded aggregates have well-defined and intact boundaries,
although infilled submicron features appear to indicate minor impact damage.
Matrix immediately adjacent to the aggregates is porous and it is enriched
with Fe,Ni sulphides but the majority of these sulphides is in finely
dispersed form. This 'rim' material is being further investigated and the
results will be reported. The integrity of delicate matrix microstructures
is preserved and it is concluded that the majority of the phyllosilicates
formed prior to assembly of the meteorite, which is consistent with gentle
compaction, perhaps cemented by means of further minor serpentinization.
1. Grady, M.M., Barber, D., Graham, A., Kurat, G., Natflos, T ., Palme, H.
and Yanai, K. (1985). Yamato 82042: an unusual carbonaceous chondrite
with CM affinities. In Abstracts for the 11th Symposium on Antartic
Meteorites, p.134-l36. Nat. Inst. of Polar Research, Tokyo.
2. Fuchs, L.H., Olsen, E. and Jensen, K.J. (1973) Smithson. Contrib . Earth
Sci. 10, 39pp.
3. Bunch, T.E. and Chang, S. (1980) Geochim. Cosmochim. Acta 44, 1543.
4. Mackinnon, I.D.R. and Zolensky, M.E. (1984) Nature 309, 240.
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SPECTRAL CHARACTERISTICS OF SERPENTINEStAND CHLORITES USIN~ HIGH RESOLUTION
REFLECTANCE SPECTROSCOPY. T.V.V. King
* and R . N. Clark - t University of

*

Hawaii at Manoa

U.S.G.S., Denver, Colorado

The presence of phyllosilicates has been reported in three of the four
groups of carbonaceous chondrites.
Recent investigations of the matrix
material of these chondrites by high resolution transmission electron microscopy have begun to chemically and structurally characterize the phyllosilicates . The presence of phyllosilicates and carbonaceous material has been
recognized in meteorites and C-type asteroids using spectral reflectance techniques. However, to date, it has only been possible to spectrally distinguish
chemical and structural differences on a gross scale. The present laboratory
study has used high resolution reflectance spectroscopy to focus on two of the
primary phyllosilicate groups, serpentines and chlorites, found in the CI(l)
and CM(2) carbonaceous chondrites. All spectral data were gathered using the
modified Beckman 5270 in the Branch of Geophysics, U.S.G.S., Denver Colorado.
The results show that it is possible to spectrally distinguish between isochemical end-members of the serpentine group and to recognize spectral variations in chlorites as a function of Fe/Mg ratio.
The serpentines used in this study include the Fe-rich endmember cronstedtite and the isochemical Mg-rich endmembers, chrysotile, antigorite and
lizardite. The crystal morphologies and the structure of the Mg-rich endmember serpentines range from planar (lizardite) to alternating waves (antigorite) to cylindrical rolls (chrysotile) . These differences have been attributed to the degree of fit between the lateral dimensions of the octahedral
and tetrahedral sheets. Structural differences which result in variation in
distance between cations and hydroxyls, and produce different environments for
the hydroxyls, are spectrally distinct (Figure 1).
The trioctahedral chlorites studied have a structure which consists of
negatively charged 2:1 layers that alternate with positively charged interlayer sheets. Four trioctahedral chlorites, Fe?03 content ranging from 8.34
wt .% to 35.1 wt.%, and one di, trioctahedraI chlorite were included in the
study. Spectral differences are distinguishable between the chlorites of
similar structure and varying Fe content, but are not as great as those
between the two structural types of chlorites.
From the literature it is evident that phyllosilicates are dominant
mineral phases in the CI and C2 carbonaceous chondrites. Although it is
likely that several mineralogical and structural types of phyllosilicates are
present in the matrices of these meteorites, it is clear that the serpentinelike and chlorite-like phases dominate.
For these reasons we believe that the
materials included in this study will serve as a basic calibrations needed for
future interpretations of meteorite and asteroid reflectance spectra.
2X RESOll1T1ON

...

2X RESOlIJ11ON

CIflYSOTLE

(cylindrical lalllce)

~
~

Mg SI 0 (oH)10
a 4 a

it;'>r
..
:0

UZARDfTE

1

(rectilinear la lllce)

j

t.........J....,--'--'-':-:,~'~I~'
l.l lI
I. "
J.~'
1.42
1. "4

WAVELENGTH

(pm)

1

ANTlGOAlTE (corrugaled reclilineA'
laillce)

I.U

I. ...

WAVElENGTH

Figure 1

1.'2

(pm)

I.U

E-3

PRELIMINARY STUDY ON TRANSPORT OF HYDROGEN AND WATER IN CHONDRITE
PARENT BODIES; N. Sugiura, J. Arkani -Hamed and D. W. Strangway, EPS, Room
3023, Erindale College, Mississauga, Ontario, Canada, L5L IC6.
Carbonaceous chondrites have been altered either by aqueous activity
or by mild heating. The presence of water is the main factor to determine
the degree of hydrothermal alteration.
It is like ly that the degree of
oxidation which varies among CM, CO chondrites was also determined by the
reaction of water. In this study, the transport of H20 and H2 in meteorite
parent bodies is examined by computer simulation.
The maximum temperature during metamorphism was assumed to be about
100°C for CM chondrites.
26A1 is the main source of energy for heating.
The thermal conductivity of 0.5 W/M/I< was assumed throughout the parent
body.
Water (5 wt. %) was present as hydrous minerals (serpentine and
brucite). Presence of metallic iron was also assumed. As the temperature
in the parent body rises, hydrous minerals react to produce H20 (vapour)
and forsterite.
Metallic iron reacts with the H20 to produce H2 which
becomes the main gas phase.
The heat of react ion for these reactions is
the important part of the heat budget, and tend to surpress the temperature
of the interior of parent bodies.
The gas permeability of the Allende
meteorite (1) was used for that of parent bodies.
Fig. 1 shows a typical result for a 40 km parent body with 26 Al /27 AI =
1.2E-6, and a surface temperature of 180 1<.
The temperature of the
interior rises above freezing in 0.5 m.y..
The near surface region stays
above freezing for about 2 m.y •• The interior becomes dehydrated in 8 m.y.,
producing C3-like materials. Neither ice nor liquid water was produced in
this system. If there are not enough silicates which can be hydrated (such
as in CI chondr i tes), ice coul d be produced in the near surf ace regi on.
But we have not found a cond i ti on in wh ich liqu id water can be produced.
Since the presence of liquid water seems to be required to form CI and CM
chondrites (2), if the present model is correct, the water has to be
generated metastably.
Impacts at 0.5 < t < 2.5 m.y. could generate water
and keep it from freezing in the near surface region.
References (1) Sugiura N., Arkani-Hamed J. and Strangway, D. W. (1984)
Proc. Lunar Planet. Sci. Conf. 14th, in J. Geophys. Res. 89, p. B 641-B
644. (2) Bunch T.E. and Chang S. (1980) Geochim. Cosmochim. Acta. 44,
1543-1577.
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Sulfur Mobilization In Artificially Heated Allende. T. M. Primus
and C. B. Moore, Dept. of Chemistry, Arizona State Univ., Tempe, AZi E. K.
Gibson, Jr., Experimental Planetology, NASA Johnson Space Center, Houston, TX.
The depletion of volatile trace elements in ordinary chondrites is still
a controversial issue. Sulfur is a key element because it is only slighty
depleted, but is considered volatile. Depletion due to in complete condensation from the solar nebula is probable but difficult to demonstrate experimentally. Using primitive meteorites and reheating them under the approp riate conditions is more feasible experimentally to prove or disprove volatile
element depletion due to metamorphism.
A vacuum system developed to heat samples under static or dynamic conditions has been constructed.
It has the capability to heat samples under
various gas phase compositions. The gas phase can be sampled and analyzed
using a gas chromatograph to determine the outgassed molecules from the
samples and to monitor for leaks in the vacuum system~5
Allende samples have been heated in a dynamic 10
atm hydrogen vacuum
at various temperatures and times.
Allende samples begin to exhibit s ulfur
0
loss at 650 C in this dynamic vacuum.
Cadmium and thallium are mobilized
0
below 400 C in the Allende samples. Sulfur mobilization in this dynamic
vacuum occurs at a lower temperature then reported by Gibson (1) and at a
higher temperature then reported by Cripe (2) .
Thermodynamically the reaction of troilite and oxygen is very spontaneous
at all temperatures above room temperature. Whereas the reaction of troilite
and hydrogen is not spontaneous until higher temperatures are ~18ieved.
If
the oxygen partial pressure is sufficiently large enough (> 10
atm) then
sulfur will be mobilized at a lower t emperat ure then in a hydrogen vac uum at a
higher pressure.
Thus, if a vacuum system has a leak the sulfur will be mobilized at a lower temperature than anticipated.
Currently, heating experiments are being carried out to study the effect
of varying the hydrogen pressure on sulfur mobilization. Static heating
experiments are also presently being attempted.
1.

Gibson, Jr., E. K.

(1976) Meteoritics, 11(4), p. 286-287.

2.

Cripe, J. D. and Larimer, J. W.

(1976) Meteoritics, 11(4), p. 266-267.

E-5

ALLENDE IN ANTARCTICA: TEMPERATURES IN ANTARCTIC METEORITES.
Ludolf Schultz, Max-Planck-Institut fuer Chemie, 65 Mainz FRG
Meteorites are effected by physical and chemical weathering.
The rate of weathering under Antarctic conditions is slower
than in temperate climates because it depends mainly on water.
To study the availability of liquid water under Antarctic
conditions
the
temperature
within a meteorite and its
dependency on climatic parameters has been measured.
During two Antarctic field seasons a 310 g piece of the
Allende meteorite (dimensions about 4x6x8 cm; fusion crust
about 80%) was exposed at the Elephant Moraine and Allan Hills
Far
Western
Icefields,
respectively.
The meteorite was
equipped with a temperature dependent resistor (PT100) located
two cm within the meteorite. Temperature within th,e meteorite,
air temperature, degree of cloudiness and wind speed were
recorded at least once per day.
The results of a 21-day exposure at the Allan Hills Far
Western Icefield during the 1985/86 season is shown in FiS.1.
The temperature within the meteorite is influenced by the
air temperature and the wind force.
In spite of low air
temperatures
meteorites can reach temperatures above the
freezing point of water during calm periods. Such situations
occur at the Polar Plateau for a few days per year only. If
the rate of physical weathering (destruction) is proportional
to the availability of water then this rate should be one or
two orders of magnitude smaller under Antarctic climatic
conditions compared to more temperate climates.
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A COMPOSITIONAL STUDY OF THE UNGROUPED '1793495 CARBONACEOUS
CHONDRITE AND SEVERAL CM CHONDRITES FROM ANTARCTICA.
GregorY W.
Kallemeyn~ Institute of Geophysics and Planetary Physics, University of Ct3lTifornia~
Los Angeles, CA 90024.
Composition81 8n81yses by INAA ore currently underwey on she CM
carbonaceous chondrites (Allan Hins 83100, Allen Hills 63102, AHan Hills 84029,
aelgic~ 7904, Elephtmt Mor81ne 63226 and YamtAto 793321) end one ungrouped
CarnOntlCeOUS chondrite (Yamato 793495) from Aniafctlcfi. V~n81 (1982) reports
'1793495 is texturelly simi1ar to the Ranazzo carbonaceous ChOndrite having large
metel-beering chondruJes. The other samples appear texturally to 6e typical eM
chondri tes.
K811emeyn and Wasson (1982) found th6t Ranazzo and the textureHy similar
Al Rots have very similar refractory and common element CI-norme1ized t2bundance
ratios, but that "Renazzo has much lower Y018Ule elemel,}! abundftnce ratios, eyen
lower them typical CV yalues for the more volot11e elements. A comparison of
abundance raflos for Y793495 with those those in Al Rats and RentAzzo shows that
it more closely resembles the volatile poor Renezzo but with a few notable
exceptions. Abundances of C8 and Na are severely dep1eled, while Br 15 enriched in
'1793495. These abundance deviations are s1mi1er to those noted 1n other smoll,
extensively weathered Antarctic chondrites sucta 65 Y193495 that we have
analyzed in the post. A positive abundance 'anomaly' for Br in the yoleatile element
pattern is also typical of CM chondrite falls and A1 R8jS. Refractory llthophile
element (Sc, LB, Sm) abundances in '1793495 6re somewhat hlgh, f8THng in the
range of the CM-CO clan, rather then the CI clan as Ranazzo end A1 Rais. If true,
this would place the formation of Y793495 in a nebul~r location different from
that of Renazzo. Abundances were calculated based on Cr normalization rather
than Mg normalization since we haye not yet determined Mg in V793495. A low
Cr/Ng fettio in '1793495 relatiYe to those 1n Al RalS and Renallo (which tire yery
similar) could be the cause of the apparent enrichment of refrectory llthophiJes.
Vet to be determined refractory elements Al and V should 81so shed some light on
the placement of V793495 in its proper clan, end thus 11s proper relctionshlp to
Renaz20.
The six eM chondrites show variable effects of wecthenng on their
compositions in relation to their total masses. The smallest chondrite EET83226
(33 g) shows severe depletions of Co, NG~ K, Nt end Zn. The )6rgest chondrites
ALHB3100 (860 g), ALH83102 (1240 g) and 87904 (1230 g) si'iow only minor
weathering effecfs t • mostly some depletion of Co. The remclnlng chondrlfes~ ALH
84029 (120 g) and y793321 (200 g) show signific8nt depletions, but less S9yerve
than EET63226. Weathering effects aside, ffye of the six chondrites appear to be
compostlonal1y typical CM chondrites. Belg1c6 7904 is notebly different in seYer'll
ospects. The abundance roUos of Sc 8nd K 1n 67904 are about 1.6x and 1.3>< those of
mean CM, respectiyely. The abundance of refractory Ca is near the nonna) CM
leyel but it may be that it was origjnolly 6S high as tfiot of Sc, but wos reduced by
weathering. It will be interesting to see 1f otfler refractory l1thophlles yet to be
determjneti (Al, \I) foJ1ow the trend of Sc or foll in the normol CM range. Volat11e
element abundance ratios in 87904 are .Qeneral1y lower them those 1n CM; Zn 1S
nearly 8 factor of 2 lower. Gibson i1!it (1984) noted that 87904 has anomalously
low L and high 5 concentrations for aLM. They speculated a loss of -..,301 of the
totft1 C due to leaching, but the present data suggest only minor leaching effects.
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CATHODOLUMINESCENCE OF THE CO CHONDRITES. Bradly D. Keck
and Derek \1.G. Sears, Department of Chemistry, University of
Arkansas, Fayetteville, AR 72701.

-'

Mineralogical and petrological data are consistent with the CO
chondrites constituting a metamorphic sequence (1). In many
respects the properties displayed are similar to those of type 3
ordinary chondrites which show a 1000 fold increase in TL sensitivity with increasing metamorphism experienced (2). The TL data
for CO chondrites differ from those of the type 3 ordinary
chondrites and have been interpreted in terms of the TL phosphor
being feldpsar of two types; a metamorphism-produced type with a TL
peak at 1300C (which we identify with low-temperature ,ordered,
feldspar associated with chondrule glass) and a primary,
metamorphism-independent type with a TL peak at 2500C (which we
identify with high-temperature, disordered, feldspar in the
refractory inclusions) (3). Additionally, Colony and ALHA77307 have
different TL properties from the CO chondrites which suggests that
feldspar is not the major phosphor in these meteorites. To further
explore these ideas, we have examined the CL of 3 CO chondrites:
Isna, which has the highest TL sensitivity and a very strong 1300C
peak; Lance, which has intermediate TL sensitivity and peaks at
both 130 and 250°C; and Colony, which has extremely low TL and a
peak at 3500C. Photomosaics of >1 sq. cm were prepared using a
Nuclide Corporation luminoscope operated at 7+/-1 rnA with Kodak
ASA400 film and 2-4 minute exposures.
The differences in the CL between Colony and the others is
striking, Colony consists overwhelmingly of objects with red CL
with only an occassional yellow object. There is extremely little
blue CL in Colony. On the other hand, Isna consists of a
non-luminescent matrix in which there are a great many small (about
0.5mm) inclusions and chondrules with blue CL.
Overall its CL is
more intense than the others. Lance has similar CL properties to
Isna, but in some senses is intermediate between Isna and Colony .
It has numerous small blue inclusions, several conspicuous red
chondrule-like objects and many areas of matrix with touches of red
CL similar to that of Colony.
The CL data are consistent with our interpretation of the TL
data for CO chondrites. The 3 CO chondrites form a sequence with
Isna at one end and Colony at the other, with Lance intermediate.
Meteorites which are thought to have feldspar as their dominant
phosphor have predominantly blue CL. As expected from our
interpretation of TL data, the CL is located in both chondrule
mesostasis and inclusions in Lance, while chondrules are, proportionally, a greater contributoi to the CL of Isna. Colony is unique
in not having blue phosphors as it major CL material. If our
understanding of the TL of CO chondrites is correct, and Colony is
a true CO chondrite, then Colony has suffered meteorite-wide
alteration which destroyed primary and secondary feldspar; the
process has also had a marginal effect on Lance matrix. By analogy
with our CL and TL data for the type 3 ordinary chondrites, we
think that extraterrestrial aqueous alteration is possible (4,5).
References. (1) H.Y. McSween (1977) GCA 41, 477-491. (2) D.W.
Sears et al. (1980) Nature 287, 791-795. (3) B.D. Keck and O.W.G
Sears (1986) LPS XVII, 412-413. (4) J. DeHart and D.W.G. Sears
(1986) LPS XVII, 160-161. (5) R.K. Guimon, D.W.G. Sears and G.E.
Lofgren (1986) 49th Mtg. Met. Soc., (sbmtd).
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AQUEOUS
ALTERATION
ON CARBONACEOUS-CHONDRITE PARENT BODIES AS
INFERRED FROM WEATHERING OF METEORITES IN ANTARCTICA.
M. E. Zolensky and
J. L. Gooding, SN2/Planetary Materials Branch, NASA Johnson Space Center,
Houston, TX 77058
It is likely that alteration by unfrozen water (at temperatures near or
below freezing) can have a major effect on meteorites in or on Antarctic
glacial ice [1,2]. Similarly, many workers believe that some chondrites show
the effects of pervasive pre-terrestrial aqueous alteration in this same
temperature range [2-4].
Therefore, it is necessary to examine alteration
products in meteorites returned from the Antarctic ice cap so that we may (1)
determine the extent and nature of terrestrial alteration by unfrozen water,
(2) document changes in bulk chemistry and mineralogy during this terrestrial
alteration, and (3) separate terrestr~al from pre-terrestrial alteration,
while evaluating the usefulness of Antarctic weathering as an analogue for
low-temperature aqueous processes on meteorite parent bodies.
We examined weathering products in ALHA77003, a C3 chondrite from the
Allan Hills, employing
petrographic
techniques,
X-ray
and
electron
diffraction,
energy-dispersive X-ray spectrometry, and differential scanning
calorimetry.
In ALHA77003, weathering products are present in layered
assemblages
that permit the sequence of alteration to be determined.
Initially, troilite oxidizes and the resulting S-rich solutions (pH-O) migrate
along cracks to the fusion-crust/ice interface where hydronium jarosite
precipitates. Hydronium jarosite is only stable at high fO~ and low pH «0.5)
[5].
Gradually, mineral precipitation proceeds inwara from the fusioncrust/ice interface, and tends to seal the meteorite with respect to further
mass exchange with the environment. As the unfrozen water equilibrates with
silicates (by hydrolysis) within the meteorite, f02 drops and pH rises.
At
pH-l goethite begins to precipitate.
As f0
continues to drop, and pH
2
proceeds in the opposite direction, the solubility of Fe(2+,3+) plunges, and
an Fe-oxide gel containing finely-dispersed magnetite precipitates. This gel
contains a relative enrichment in Cl.
Under equilibrium conditions,
the
maximum p02 of this final step would be _10- 58 , and the minimum pH is -9 [5].
A
parallel study of Murchison (C2) and Allende (C3) carbonaceous
chondrites (both falls with little or no terrestrial alteration) failed to
reveal the type of alteration observed in ALHA77003.
In a broad sense,
Fe-oxide formation during weathering of carbonaceous chondrites in Antarctica
might be analogous to tochilinite formation on parent bodies of C2 chondrites
[4] but with differences in Eh-pH conditions. Aqueous alteration on the C2
chondrite parent body apparently was characterized by lower f02 than that
obtained during Antarctic weathering in ALHA77003.
Differences might have
resulted from (1) intrinsically lower initial f0 2 in solutions on the parent
body or (2) similar initial f0 , but subsequent f02 depression by equili2
bration of solutions with carbonaceous material with greater time.
REFERENCES:
[1] Gooding, J . L. (1981) Proc. Lunar Planet. Sci. l2B, 1105-1122.
(1986) In J. 0. Annexstad, L. Schultz, and H. Wanke (Eds.)
[ 2] Gooding, J.L.
Workshop on Antarctic Meteorites, LPI Tech. Rept. 86-01, LPI, Houston,
48-54.
[3] Clayton, R.N. and Mayeda, T.K.
(1984) Earth Planet. Sci. Lett., 67,
151-161.
[4] Zolensky, M.E. (1984) Meteoritics, 19, 346-347.
[5 ] Brown, J.B. (1971) Mineral Deposita, Q, 245-252.
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MINERALOGICAL EVIDENCE FOR HYDRATION AND OXIDATION OF OLIVINE IN THE MOKOIA
CV3 METEORITE MATRIX
Kazushige Tomeoka and Peter R. Buseck, Departments of Geology and Chemistry,
Arizona State University, Tempe, Arizona 85287
The matrices of CV3 carbonaceous chondrites consist in large part of
fine grains «0.1 to 10 ~m in diameter) of olivine that show a wide range of
Fe/Mg ratios. In the matrix of the Mokoia CV3 meteorite, saponite (Mg-rich
smectite) coexists with olivine [1,2]. Saponite (corresponding to LAP [1]) is
commonly associated with fine grains «0.5 ~m in diameter) of Fe-rich oxides,
mostly magnetite, and Fe-Ni sulfides. Our previous work indicates that
saponite is formed by alteration of fayalitic olivine [2]. Saponite is absent
or extremely rare in the CI and CM meteorites; in these meteorites, Fe-rich
serpentines that resulted from alteration of olivine and pyroxene are common.
Questions then arise: what kind of conditions were responsible for the
formation of the Mokoia phyllosilicates? In what ways are they different from
those that produced the CI and CM phyllosilicates?
We present here the results of transmission electron microscope (TEM)
study of the Fe-rich olivines and phyllosilicates in the Mokoia CV3 meteorite
matrix. We found evidence suggesting that oxidizing conditions must have
played a significant role in the formation of the matrix minerals in Mokoia.
Fe-rich olivines in Mokoia commonly show complex deformation features
that include cracks, dislocations, non-crystalline material, and strain
contrast. Many of these olivines contain extremely thin «20 A thick), dark,
planar zones parallel to (100) and display diffuse streaks along a* in their
diffraction patterns . The planar zones resemble the Fe-rich planar precipitates observed in some terrestrial Fe-rich olivines [3]. Saponite is particularly abundant in the regions where the planar zones are concentrated. In
such regions, saponite forms roughly parallel to (100) of olivine, exhibiting
a topotactic relationship. As the alteration proceeds, olivine begins to part
along (100), leaving many elongated olivine blocks having (100) "cleavage"
surfaces.
The most common phyllosilicate that is produced by terrestrial aqueous
alteration of olivine is serpentine. However, oxidation and hydration at low
temperature (deuteric alteration) produces interstratified smectite and mica
as well as Fe oxides and/or goethite; such a mineral assemblage is called
iddingsite [4]. Recent TEM study of Eggleton [5] showed that the smectite in
iddingsite is saponite. He also showed that saponite and olivine generally
exhibit a topotactic relationship, similar to that observed in the present
study.
W~ propose that the formation of saponite in the Mokoia meteorite
matrix is probably related to iddingsitization. Olivines in the matrix must
have cooled under relatively oxidizing conditions, and Fe was preferentially
segregated from olivine as Fe oxides. Such oxidizing conditions must have
continued to low temperatures, and olivine broke down to a more Si- and Mgrich phase and Fe-rich oxides, resulting in the formation of saponite,
magnetite, chromite and other Fe rich oxides.
References: [1] R.E.Cohen,A.S.Kornacki & J.A.Wood (1983) Geochim. Cosmochim.
Acta 47, 1739. [2] K. Tomeoka & P.R. Buseck (1986) Lunar Planet. Sci. XVII
899. [3] D.L. Kohlstedt & J.B. Vander Sande (1975) Contr.Miner.Petrol. 53,
13. [4] I. Baker & S.E. Haggerty (1967) Contr.Miner.Petrol. 16, 258. [5] R.
A. Eggleton (1984) Clays & Clay Minerals 32, 1.
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PHYLLOSILICATE INSIDE AMOEBOID OLIVINE AGGREGATES IN ALLENDE;
L. trossmanl,2, A. Hashimoto l and R.W. Hinton 2 ,lDept. of Geophysical Sciences
and Enrico Fermi Institute, University of Chicago, Chicago, IL 60637.
In an SEM study of AI-rich inclusions inside amoeboid olivine aggregates
in Allende, Hashimoto and Grossman (1) demonstrated increasing alteration intensity from those inclusions with cavity-free, melilite-bearing cores to
cavity-rich , fine-grained inclusions and determined the relative resistance to
secondary alteration of primary phases.
Since then, we have found evid ence
for an additional alteration reaction, conversion of fassaite into a finegrained, ragged material.
Viewed in backscattered electrons, the ragged material is porous a nd frequently has the appearance of a bundled haystack in which sub-parallel strands
are each 0.1-0 . 3 ~m thick and 1-2 ~m long.
It occurs in the inner fassaite
layer of the clinopyroxene rims of relatively lightly altered AI-rich inclusions and in place of that layer in relatively heavily altered inclusions.
In
the cores of some inclusions, the ragged material fills interstices between
spinel grains often attached to fassaite grains with highly irregular surfaces
on their other sides. The cores of other inclusions are composed entirely of
islands of highly irregular spinel embedded in a matrix of the ragged material.
These observations suggest that fassaite and, in some cases, spinel are replaced by this material .
Ion microprobe analyses of the ragged material show 1-2 wt % H20. X-ray
diffraction of samples relatively enriched in this material indicates the presence of olivine, diopside, feldspathoids and spinel and yields several unidentified lines, one of which, at 10 A, suggests the presence of mica.
The ragged material is rich in Mg, Al and Si, always contains ~ 1 wt %
each of Na20 and K20, and is highly variable in Fe and Ti contents. The latter feature is due to variable amounts of finely disseminated ilmenite.
Subtracting the maximum possible ilmenite contribution from the FeO and Ti02 contents and assuming the presence of 1.5% H20, the average of 47 spot analyses
gives the following formula on the basis of 24 (O+OH) ions : (Nal.2Ko.sCaO.2)
(Mgs.4FeO.2All.l)(A12.4Sis.6)022.3(OH)1.7. The ragged phase is thus very similar to a phlogopite solid solution except that its atomic Na/Na+K+Ca ratio
ranges f r om 0 .4 to 0.85, in contrast to its terrestrial counterparts, in which
this ratio seldom exceeds 0.4.
The ragged phase has a very similar composition
to that of HAP from Mokoia (2), a phase that also has a 10 A interlayer spacing
(3).
The relative proportions of Ca+Mg+Fe:Al:Si span the same range in the
ragged phase and the fassaite of AI-rich inclusions, again suggesting replacement of the latter by the former.
Addition of Na20, K20, H20 and FeO was accompanied by replacement of CaO by MgO to transform fassaite into the ragged
phase + ilmenite.
The presence of a phyllosilicate alteration product in AI-rich inclusions
encased in thick, massive olivine mantles that are free of phyllosilicate poses
a significant problem for the origin of amoeboid olivine aggregates.
It seems
unlikely that a fluid phase that penetrated through sparse pores and cracks in
the olivine mantles could have caused hydration of interior pyroxene without
also converting the surrounding olivine to a phyllosilicate. On the other
hand, if alteration of fassaite preceded precipitation of olivine around Alrich inclusions, survival of phyllosilicate under the solar nebular conditions
required for olivine condensation is unlikely, unless the latter process was
very fast.
Refs : 1 . Hashimoto, A. & Grossman, L. (1984) Meteoritics 19, 234.
2. Cohen,
R.E. et al. (1983) GCA 41, 1739. 3. Tomeoka, K. & Buseck, P.R. (1986) LPSXVI~
899 .
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MASS BALANCE CONSTRAINTS ON THE MATRIX MINERALOGY OF
CARBONACEOUS CHONDRITES. Harry Y. McSween, Jr., Department of Geologica l
Sciences, University of Tennessee , Knoxville, TN 37996 .
Reactions with aqueous fluids at low temperatures have altered CM(C2) and
CI(Cl) chondrites to varying degrees and are probably responsible for
their matrix mineralogies. Progress has been made in identifying these
complex hydrated phases, but we know very little about their modal
abundances. Such quantitative information is useful in modelling the role
of fluids in asteroidal parent bodies. Microprobe defocused-beam analyses
of CM matrices define a pronounced linear trend in Fe-Mg-Si composition
space. When the compositional ranges of matrix serpentine and PCP
(Tomeoka and Buseck, 1985) are plotted on the same diagram, this trend
intercepts both ranges. Application of the lever rule to the intercept
points indicates that, on average, bulk PCP consists of 1/4 Fe-Ni - S-O
phase (tochilinite?) and 3/4 cronstedtite by weight, and bulk serpentine
consists of 2/3 Mg-rich (chrysotile?) and 1/3 Fe-bearing end membe r s.
Average bulk matrix compositions for 14 CM meteorites indicate
PCP/serpentine ratios ranging from 0.57 (Murchison) to 0.18 (Bells).
Using these proportions and the analyzed compositions of the phases, we
can test these results by calculating the contents of Sand Al in bulk
matrices. When these estimated values are compared to analyzed
concentrations, S is consistenly too low and Al too high, suggesting that
matrices also must contain small amounts of an additional phase with S but
no Al (probably iron sulfides, which have been observed in mineralogic
studies). If we assume that the mineralogical and chemical composition of
Allende matrix provides an approximate model for the material from which
altered matrices were formed, mass balance suggests that alteration was
isochemical except for depletion of Ca and enrichment of Na, K, and S.
In an earlier paper (McSween, 1979), I proposed an alteration
sequence for CM chondrites based on optical determination of matrix
proportions. If this sequence is correct, progressive alteration leads to
increased modal serpentine and sulfides and decreased PCP in matrix . This
would account for the Fe-Mg-Si trend noted above. Similar changes were
suggested by Tomeoka and Buseck, based on their TEM observations of the
progressive sequence of reactions in matrix. During more advanced
alteration, the proportion of ferroan serpentine increases further and PCP
may disappear altogether, as inferred from CI matrix compositions.
Differences in matrix homogeneity, indicated by standard deviation of
Fe/Si, do not correlate with the proposed alteration index. Matrix
heterogeneity may result from regolith mixing of samples that experienced
different degrees of alteration, rather than from the alteration process
itself.
McSween, H.Y. Jr. (1979) Geochim. Cosmochim. Acta 43, 1761-1770 .
Tomeoka K. and Buseck P.R. (1985) Geochim. Cosmochim. Acta 49, 2149-2163.
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HYDROUS PHASES AND HYDROUS ALTERATION IN U.O.C.s
C. Alexander •• D.J. Barber$. R. Hutchison ••
*Univ. of Essex. U.K. ··Brit.Mus.Nat.Hist •• London U.K.
Hydrous alteration in carbaceous chondrites is well documented
(McSween(I» but has been largely discounted in the ordinary chondrites.
However. based on petrologic and microprobe studies. Hutchison et al (2)
suggested that Semarkona(LL3) bore signs of alteration and may in fact be on
the border between types 2 and 3. We present here TEM studies of Semarkona.
Bishunpur. Chainpur. Krymka. Sharps and Tieschitz. These studies show that
hydrous alteration is indeed present. more so than anticipated. and may have
profound implications for our understanding of metamorphism/metasomatism in
ordinary chondrite parent bodies.
Semarkona shows the greatest alteration and priruarily in its matrix. The
matrix largely consists of an Na. Fe-smectite {indentified mainly by electron
diffraction (see Table». It generally contains little CaO«0.25wt%). Most
Ca is present as calcite. The other major phase in the matrix is twinned
maghemite which contains little or no Ni. Most of the Ni is present in a
pentlandite-like sulphide (Ni 20wt%). Unaltered olivine and striated low-Ca
pyroxene left in the matrix are highly magnesian (Fal0 but many grains.
particularly the pyroxenes. show signs of incipient alteration. An Fe-rich
mineral may be a non-stoichiometric olivine produced by oxidation and is
often associated with a Zn-bearing Fe-Si-S phase(s). Most metal/sulphide
inclusions have altered to magnetite. pentlandite and taenite. The taenite
in the one case detailed has up to 65%Ni but is strained and in its
disordered form. Cohenite 'veins' are present in the matrix and are
something of an enigma in this otherwise highly-oxidised assemblage.
Fe-sulphate may also be present.
Bishunpur also contains smectite. It is less common. more Ca-rich and is
found with several morphologies. as alterions of the amorphous interstitial
material in the matrix. Phyllosilicates have not yet been identified in
Tieschitz or Krymka. However. in Krymka there is much fibrous 'Fe oxide' and
coarser olivines have become so altered that they have up to 60% porosity.
The Tieschitz white matrix that we have sampled is a layered intergrowth of
two minerals. The major phase is rich in Na.Al and Si and undergoes rapid
beam damage. It is neither a feldspar nor nepheline. and has some
resemblance to zeolite. The less abundant phase is more stable and may be an
Na-amphibole. Studies of Sharps and Chainpur are in progress.
The mineral assemblages observed are the result of in situ alteration
under variable but relatively high P(02) and P(H20) conditions. The
considerable redistribution of elements in Semarkona suggests the presence of
a grain boundary fluid and must call into question conclusions based on the
bulk chemistries of the matrix and even chondrules. These studies support
the contention that Semarkona is of the type 2/3. (1) McSween. Rev. Geoph.
and Sp. Phys. 17. 1059 (1979). (2) Hutchison et al. Meteoritics 20. 669 (1985)
Smectite range of
Semarkona
Bishunpur
non basal spacings
range
range
4.51-4.61 A
4.51-4.62
4.47-4.53
2.55-2.66
2.53-2.65
2.50-2.64
1.69-1.75
1.73-1.76
1.74
1.49-1.52
1.52-1.55
1.47-1.53
1.29-1.32
1.30-1.32
1.31-1.33
0.97-0.99
0.99
0.86-0.88
0.88
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MfI'AMORPHISM VE1}SUS AQUEOOS ALTERATION IN TYPE 3.0-3.3 OFDINARY CHONDRITES.
R.K.Guimon , D.W.G.Sears and G.E.IDfgren+. Department of Chemistry, University of
Arkansas, Fayetteville, AR 72701. +NASA Johnson Space Center, Houston, TX 77058.
There is considerable evidence that the type 3.0-3.2 ordinary chondrites differ
in some fundamental way from the higher petrologic types. Since the properties that
distinquish the type 3.3 from the higher types is due to different levels of
metamorphisIlI, it has been corrmonly assumed that the types 3.0-3.2 are the least
metamorphosed ordinary chondrites known, and thus the "most primitive" (1). Type
3.0-3.2 chondrites have the lowest TL sensitivities and do not lie on the TL
sensitivity vs. peak temperature and peak width trends displayed by the higher types
(2,3). They also have unique cathodoluminescence (CL) properties as minerals other
than feldspar, which is the dominant phosphor in type >3.3, are the major sources of
CL, and 'I'L, in these lower petrologic type meteorites (4). Semarkona shows much
evidence for aqueous alteration (5); stepwise heating releases water of unusual
isotopic composition (6), the matrix contains lines of calcite and some chondrules
have been attacked to produce a material which give low sums upon electron
microprobe analysis. We report here on a series of hydrothermal annealing
experiments which demonstrate that the type <3.3 ordinary chondrites may have been
subject to aqueous alteration, while the higher types have suffered only
metrnorphism.
Sernarkona (3.0) Allan Hills A77214 (3.4), Sharps (3.4) and Dhajala (3.8) were
annealed at 450-9006C for 10-500 h, at pressures of 0.77-1.0 kbar (7-10). Various
amounts of water and sodium disilicate were added to catalyze the devitrification
process thought to be responsible for the metamorphism-induced TL increase. we found
that low temperatures and short annealing times produced a decrease in TL
sensitivity, while longer annealing times and higher temperatures produced an
increase in TL sensitivity. The decrease occurred in samples with no sodium
disilicate added, and we assume that it is due solely to the presence of water and
the heating. The tin~s and temperatures at which these changes occurred varied from
sample to sample, but the decrease was greater for the samples with higher
pre-annealing TL sensitivities. We suggest that two processes are occurring in our
experimental charges; at low temperatures destruction of the phosphor is occurring
by aqueous processes, while at high temperatures the phosphor is being created by
the devitrification of chondrule glass. The glow curves produced by low temperature
annealing of the type 3.4 samples resemble those of the Semarkona meteorite. The
data indicate that it is possible that the truly "primitive" meteorites are type
3.3, and that higher types have suffered metamorphism, while lower type have
suffered aqueous alteration. Anders and Zadnick (11) have pointed out that several
type 3.4 chondrites have more CI-like contents of volatile elements than several
type 3.0 chondrites, consistent with a more "primitive" nature.
1. D.W. Sears et al. (1980) Nature 287, 791-795. 2. D.W.G. Sears et al., (1982)
Geochim. Cosmochim. Acta 46, 2471-2481. 3. D.W.G. Sears and K.S. Weeks (1983) Proc.
14th Lunar Planet. Sci. B301-B311. 4. J. DeHart and D.W.G. Sears (1986) Lunar
Planetary Sci. XVII 160-161. 5. R. Hutchison et al., (1985) Bordeaux mtg Met.SOC.
6. N.J. McNaughton et al., (1983) Proc. 13th Lunar Planet. Sci. Conf. A297-A302.
7. G.E. IDfgren (1971) Bull. Geol. soc. Amer. 82, 111-124. 8. G.E. IDfgren et al.,
(1985) Lunar Planet. Sci. XVI 497-498. 9. R.K. Guimon et al., (1986) Lunar and
Planet. Sci. XVIII 295-297. 10. R.K. Guimon et al., (1986) Lunar Planet. Sci. XVIII,
297-298. 11. E. Anders and M.G. Zadnik (1985) Geochim. Cosmochim. Acta 49,1281-1891.
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ION MICROPROBE STUDY OF RUt AND CORE PEROVSKITE IN AN ALLENDE
INCLUSION; J. R. Laughlin l , R. W. Hinton 2 , A. M. Davis 3 , L. Grossman 2 ,4.
lDept. of Chemistry; 2Enrico Fermi Institute; 3James Franck Institute; 4Dept.
of the Geophysical Sciences, University of Chicago, Chicago, IL 60637.
The mecha nism of rim formation on CAl is not fully understood but can be
constrained by analysis of rim and core materials. Neutron activation analysis [1] has shown that bulk rim material is more refractory than core material; in particular, Yb and Eu are depleted relative t o neighboring REE. Ion
microprobe analyses of individual perovskite grains in the core and rim, however, showed no similar depletions [2]. We have used the ion microprobe to
determine REE concentrations in a number of perovskite grains in the core and
rim of the Allende group I type A ~oarse - gmined inclusion TS12Fl [3].
Results of the REE analyses of perovskite are shown in Fig. 1. Rim perovskite is depleted in Yb and possibly Eu but is otherwise unfractionated
relative to inner core perovskite. The absolu te concentrations for all REE,
e xcept Yb, are remarkably alike. This seems to support the hypothesis that
rims are refractory residues of core materials; however, the marked difference between rim and outer core perovskite comuli cates this picture.
Some interior perovskite grains show large LREE enrichments. The degree
of LREE enrichment is correlated with position of the perovskite in the inclusion. Perovskite grains nearer the rim are most enriched. Ba, La, Ce and
Pr concentra tions were measured in interior melilit e along a line perpendicular to the rim. The Ba and LREE concentrations were found to vary systematically as shown in Fig. 2. Differences in REE concentrations among the
perovskites and melilites can be attribu t e d to part i tioning bE.tween the two
as the inclusion solidified.
Mg isotopi c measurements were made on interior melilite and on an
AI-rich area in the rim. Significantly, both had radiogenic 26Mg excesses
consistent with the canonical [26Al/27Al]i = 5 x 10- 5 . The melilite was also
found to be mass fractionated in favoT of the heavy isotopes by 11 ± 2 permil
/amu.
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References:
[1] Boynton and Wark (1985) Meteoritics 20, 613; [2] Fahey e t
aZ . (1985) Meteoritics 20, 643; [ 3] Grossman (1975) eCA E, 433; Grossman
and Ganapathy (1976) e~40, 331.
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RIMS REVEALED--ION MICROPROBE ANAL YSIS OF INDNIDUAL RIM
LAYERS IN A VIGARANO TYPE A INCLUSION; Andrew M. Davis§, Glenn J. MacPherson* and Richard W. Hinton**; §J ames Franck Institute, **Enrico Fermi Institute, University of Chicago, Chicago, IL 60637; *Dept. of J'vIineral Sciences, National Museum of Natural History, Smithsonian Institution, Washingto n, D.C. 20560.
Among the theories proposed to explain the multilayered Wark-Lovering (W-L)
rim sequences that form around refractory inclusions in carbonaceous chondrites
are: successive condensation of individual layers [1] ; growth of some layers as a
result of chemical gradients set up during alteration of the interiors of inclusions
[2]; volatilization of inclusions, leaving refractory residues [3] ; and a combination
of several of these mechanisms [4]. The virtually unaltered Vigarano fluffy Type
A inclusion 477-5-1 [5] has thick W-L rims. Although the individual rim laye rs are
only 1-20jJm thick, the convoluted nature of the inclusion coupled with fortuitous
sectioning locally exposes each rim layer in areas 10-30jJm across. Since this is
larger than the area of our ion microprobe beam spot, we have initiated a co mprehensive isotopic and trace element study of all individual rim layers to constrain the origin of W-L rims. The rim sequence of 477-5-1 is similar to that
seen in thickly rimmed Allende inclusions, except that there is little evidence for
alkali- and iron-rich alteration. The sequence, proceeding outwards, is: 10-20jJm
of spinel + Ti-fassaite ± perovskite; 2-4jJm of gAhlenite partially replaced by anorthite; 2-5 jJm of clinopyroxene, grading outwards from Ti -f assai te to diopside; 1-5].J11
of forsterite; and 1 jJm of diopside. Within the spinel layer, symplectic intergrowths of 80-90% Ti-fassaite and 10-20% spinel frequently occur. About half of
the boundary of the spinel-rich layer next to the gehlenite-anorthite layer is covered with a 1-4jJm band of Ti-fassaite. Roughly half of the Ti in Ti-fassaite in
rims and interiors is trivalent, indicating very redu ci ng conditions. Analyses of
phases in a rimmed single crystal of melilite with reverse zoning have shown that
interior spinel contains Mg with 625Mg=+13.2±l.5%0/amu, while rim spinel has a
value of only +2.7±1.7%0/amu (2o) . Mg in central melilite C!..k8.8} is also "'1 0 0/
amu heavier than that in melilite next to the rim C.&.k 1. 7}. Both melilites lie on a
6AI/ 27 AI}0=4.4x10- 5. Two perovskite grains,
26AI_26Mg isochron corresponding to
one each in rim and interior elsewhere in 477-5-1, have similar REE patterns:
they are relatively uniformly enriched in all REE except Eu by 400-800xCl. No
Yb anomaly was found in either grain. Ti-fassaite in the clinopyroxene rim layer
has a smooth REE pattern with enrichments (relative to Cl) increasing by 3x from
La to Sm and dropping again by 3x from Oy to Lu. It has a lOx negati ve Eu anomaly, but no Yb anomaly. We draw several conclusions from these results. (l)
Formation of W-L rims predates alteration of the interior, because the unaltered inclusion 477-5-1 has complete, well-developed rims. The alkali- and iron-rich phases
seen in W-L rims on Allende inclusions must form later, probably during alteration
of the interiors of those inclusions. (2) The symplectic intergrowths in the spinelrich layer suggest that this layer may once have been molten, yet there is no evidence for melting of the interior. This supports models involving flash heating of
solid inclusions. (3) Volatilization of Mg is expected to mass fracti onate the residue in favor of the heavy isotopes, yet rim spinel is isotopically light compared
with interior spinel. Rim formation must have involved isotopic exchange with a
reservoir of near-normal Mg isotopic composition. (4) The negative Yb anomalies
in rim/core REE patterns reported by Boynton and Wark [3] have not been found
in either of the two most REE-rich rim phases in 477-5-1.
References: l. D. A. Wark and J. F. Lovering (1977) PLSC 8th, 95 . 2. G.
J. ivlacPherson et al. (198l) PLPSC 12th, 1079. 3. W. V. Boynton and D. A. Wark
(1985) Meteoritics 20, 613. 4. M. T. ~/lurrell and D. S. Burnett (1986) LPS XVII,
589. 5. G. J. MacPherson (1985) Meteoritics 20, 703.
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INTRINSIC OXYGEN FUGACITIES OF ALLENDE CAl'S; J.Kozul,
Geol. Dept., Temple Univ., Phila., PA 19122; R.H.He wins, Dept. of
Geol. Sci., Rutgers Univ. , New Brunswick, NJ 08903; G.C.Ulmer,
Geol. Dept., Temple Univ., Phila ., PA 19144.
Components of Allende C~Is show a range of oxidation states.
- Stolper (1982) calculated Ti +\ Ti4+ of fassait
wh?ch indicate
fO 's compatible with a reduced nebular gas (10 -10
times more
re~uced than the iron-wustitie buffer,(IW)). Fegley and Pal~e
(1285) found Mo and W depletions in CAls to indicate f0 2 's 10 10 times more oxidized than the calculated nebular gas . Through
experimental work, Stolper and Ihinger (1983) de)ermined that
orange and colorless hibonite indicate f0 2 's 10
times more
oxidizing than the nebular gas. Using the Gouble cell, solid
electrolyte system designed by Sato and modified by Ulmer, we
measured the intrinsic oxygen fugacity, (IOF), of 2 Allende Type
B CAls: NMNH 3529-41 and
NMNH 3529-Z at 1 atm in 30 0 increments
from 800 0 C to 1150 0 C.
IOF measurements of whole rock CAl 41 fallon a line
1.5
log units f0 2 above (IW),ca 10 7 times
more oxidiz ed than the
nebular gas.IOF measurements of whole rock CAl Z fallon a line
1 log unit f0 2 above (IW). Both samples displayed an autoreduction trend at ca 1050 0 C caused by re-equilibration at 1 atm and
at high temperarure.
IOF measurements of Allende CAl 41 meJilite separates plot
on a line 2.2 log units f0 2 above (IW),ca 10
times more oxidized
than the nebular gas. At 961 0 C this sample shows a sharp autoreduction trend due to high temp. re-equilibration . 10F measurements of CAl Z melilite separates fallon a line 1.6 to 2.2
log
units f0 2 above (IW). At 937 0 C, a sharp autoreduction trend
occurs which reverses up-temperature so that by 1135 0 C IOF data
plot 2.2 log units above (IW) again. This unusual data pattern,
we think, is due to equilibration reactions among melilite and
its spinel and alteration mineral inclusions at high temp.
Dark, opaque clumps of low-temperature alteration minerals
in CAl 41 show IOF results that cannot be described by a single
equation. The complicated nature of the data seems to indi cate
reactions of high temp. re-equilibration that could involve the
melting of phases, the presence of fluid inclusions in the
alteration minerals - similar to what Ulmer et al. (In press)
found in 10F data patterns of San Carlos OTlvines, or the
presence of sulfer, which is likely. During this experiment the
highest IOF recorded was 1.6 log units above (IW). Chemical
analyses of run products and further IOF testing of dark alteration minerals needs to be done to determine what reactions have
taken place during re-equi1ibration and what the unusual IOF data
patterns mean.
We think that the oxidized IOF measurements of Allende CAls
41 and Z reflect high f0 2 's of alteration. Interestingly, 10F
measurements of melilite separates are higher than those of dark
alteration minerals. This may mean that altered melilite separates free of secondary alteration minerals may have f0 2 's even
higher. Our results support Fegley and Palme's (1985) contention
that components of Allende CAls can show a range of f0 2 's in
disequilibrium.
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A ZOO OF REE PATTERNS IN MURCmSON IllBONITES. T. Ireland, l A.
Fahey,2 K. McKeegan,2 and E. Zinner.2 IThe National Australian University, Canberra ACT 2601,
Australia; 2McDonnell Center for the Space Sciences and Physics Department, Washington University,
St. Louis, MO 63130 USA.
In an attempt to elucidate the formation history of hibonites and to find a connection between
formation conditions and the Mg and Ti isotopic records, we have measured rare earth elements (REE)
and selected trace elements in 34 hibonite and 3 perovskite grains from Murchison. Mg and Ti
isotopic data of the hibonites have been reported previously [1-3]. The REE and trace element patterns
exhibit a variability not seen before [4-8]. Eleven hibonites have a group III pattern with Yb being
lower than Eu. Six. hibonites show group II patterns with substantial variations, three show group I
patterns, with a Yb deficit, Ce and Yb deficits, and Ce and Yb excesses, respectively. The others
exhibit patterns different from any established groups. Four of these are shown in the figures. The
first pattern has excesses in the volatile elements Ce, Eu, and Yb. It is the complement of the superrefractory pattern of core hibonite in GR-l [7] indicating that some hibonites formed from a reservoir
remaining after condensation of the super-refractory component. Two of the perovskites also have this
pattern. The third perovskite has a strongly fractionated igneous pattern very similar to terrestrial
perovskite. Figure 2 shows a pattern with a pronounced maximum of Tm, Fig. 3 a fractionated pattern
with a large Ce depletion, and Fig. 4 a pattern similar to the rim of HAL but with Eu and Yb
depletions. Common are combinations of the pattern of Fig. 1 with a group II pattern with varying
amounts of Tm and Yb which resemble the pattern termed IIA by Davis and Grossman [9].
REFERENCES: [1] Ireland T. et al. (1985) Geochim. Cosmochim. Acta 49, 1989-1993. [2] Ireland T .
et al. (1986a) Lunar Planet. Sci . XVll, 380-381. [3] Ireland T. et al. (1986b) Geochim. Cosmochim.
Acta, (in press). [4] Ekambaram V. et al. (1984) Geochim. Cosmochim. Acta 48, 2089-2105. [5]
Hinton R. et al. (1985a) Lunar Planet. Sci. XVI, 352-353. [6] Davis A. and Hinton R. (1986) Lunar
Planet. Sci. XVll, 154-155. [7] Hinton R. and Davis A. (1986) Lunar Planet. Sci. XVll, 344-345.
[8] Fahey A. et al. (1986) Geochim. Cosmochim. Acta, submitted. [9] Davis A. M. and Grossman L.
(1979) Geochim. Cosmochim. Acta 43, 1611-1632.

MUR-753

Ijv\
-I

.

.... ,

.... .

,

F-5

PAR TITIONING OF REE BETWEEN HIBONITE AND MEL T AND
IMPLICATIONS FOR NEBULAR CONDENSATION OF THE REE. Michael J. Drake and
William V. Boynton, Lunar and Planetary Laboratory, University of Arizona, Tucson, Arizona
85721.
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Hibonite is a refractory mineral predicted in thermodynamic calculations to be an early
condensing phase from a gas of solar composition (Grossman, 1972). It is present in igneous
assemblages in Ca-rich inclusions in carbonaceous chondrites. It may also be a principal host of
the REE during condensation. Details of REE condensation are uncertain, however, in the
absence of information about interphase partitioning and activity - composition relations.
Previous studies are limited to an experimental investigation of the partitioning of Sm between
hibonite and melt (Drake, 1981) and to estimates of relative activity coefficients (Boynton, 1975).
This study reports on the partitioning of the REE between hibonite and melt as a function of
oxygen fugacity, and permits the estimation of the activi.ty coefficient ratio of Eu 2 +/Eu 3 +
appropriate to nebular condensation of the REE.
Experiments were conducted at 1480DC in the system CaTs90DilO (Stolper, 1982) with
addition of approximately 1 wt. % of each relevant rare earth oxide and of srC0 3 . Analysis of
run products was by electron microprobe. The experiments of Drake (1981 ) demonstrated that
Henry's law is obeyed from low to microprobe level concentrations. Experiments under
reducing conditions are in progress, but at 1 bar in air, hibonite/melt partition coefficients are as
follows: La=7.15±1.40; Sm=2.15±0.24; Eu 3 +=1.5 (by interpolation); Eu2+=0.58±0.1O (by
analogy with sr2+); and Yb=0.10±0.07.
The experiments run under a variety of redox states will delineate the change in the Eu
partition coefficient with changes in the Eu 2 +/Eu 3 + ratio. From the bulk Eu concentrations in
hibonite and i~ coexistin~ melt, and t~e Eu2+ and Eu3+ partition coefficien~s inferred as abov~,
the concentratIons of Eu + and Eu 3 + In each phase may be calculated (phllpotts, 1970). ThIS
technique has been used successfully for experimental samples by Drake (1975). The Eu 2+lEu3 +
activity coefficient ratio for solution in hibonite may then be calculated by dividing the ratio of
activities calculated from thermodynamic data by the ratio of concentrations. Although one
would like to know absolute activity coefficients for solar nebular condensation calculations, this
ratio is useful in arriving at relative estimates of individual activity coefficients, and in evaluating
the common, but almost certainly incorrect, assumption of ideal solid solution (activity
coefficients equal unity). For example, Boynton (1978) calculated Ce3+ICe4+ activity coefficient
ratios by this method, found that the ratio varied from 620 to 9400 between 13000C and 10ooDC,
and used these data to calculate the nebular volatilities of Pu, Th, and U relative to the REE.
REFERENCES
Boynton W.V. (1975) Geochim. Cosmochim. Acta 39,569-584.
Boynton W.V. (1978) Earth Planet. Sci. Lett. 40,63-70.
Drake M.J. (1975) Geochim. Cosmochim. Acta 39, 55-64.
Drake M.J.(1981) Lunar Planet.Sci. 12,235-236.
Grossman L.A. (1972) Geochim. Cosmochim. Acta 36,597-619.
Philpotts J.A. (1970) Earth Planet. Sci. Lett. 9, 257-268.
Stolper E.M. (1982) Geochim. Cosmochim. Acta 46, 2159-2180.
Supported by NASA Grants NAG 9-39 and NAG 9-37.
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PETROLOGY. CHEMISTRY AND MAGNESIUM ISOTOPE SYSTEMATICS
OF A UNIQUE ALLENDE INCLUSION; Glenn J. rviacPherson§, Richard W. Hinton*
and Andrew J'vI. Davis**; §Department of Mineral SCiences, National Museum of
Natural History, Smithsonian Institution, Washington, D.C. 20560; *Enrico Fermi
Institute, ** J ames Franck Institute, University of Chicago, Chicago, IL 60637.
USNlvI 3529-42 is a spinel-, hibonite-rich, melilite-bearing Allende inclusion
with a group III REE pattern [1] and evidence for the in si tu decay of 26 Al [2].
It is structurally composite: most of the inclusion (lithology "SR", spinel-rich) is a
dense intergrowth of spinel, hibonite and melilite, with minor metal beads [2], fassaite and secondary anorthite that embays and apparently replaces melilite. Secondary phases such as grossular, nepheline and sodalite are virtually absent. Attached to one side of SR is a highly altered melilite-rich region (lithology liSP",
spinel-poor) that resembles normal Allende fluffy Type A (FTA) inclusions [3]. SR
and SP are joined by a dense band of intergrown hibonite and spinel . Neither lithology shows petrographic gradations near the interface, nor are there intervening
rim layers, alteration phases or microfaults. SR and SP are both enclosed in a
Wark-Lovering rim sequence, but the portion of the rim overlying SP is much
richer in perovskite. The outer lOOw m of SR, just inside the rim, consists of hibonite and melilite (.$..k2-7) with little spinel. Inwards from this zone, spinel becomes so abundant that grains are often in contact and melilite is slightly more
Mg-rich, f\k4-9. The texture of SR suggests crystallization from a melt, in the
order hibonite, spinel, melilite. SP consists of hibonite-free, spinel-poor melilite
(Ak3-5) having a polygonal-granular texture suggestive of solid state recrystallization [4]. Hibonite and spinel are found in an altered zone separating melilite from
the rim sequence. Although SR and SP are petrologically dissimilar, the primary
phases in the interiors of both contain iVig that is mass fractionated in favor of
the heavy isotopes by '" 11 ° / oo/amu. Phases near the rim of SR are enriched by
only "'4%o/amu. The 6 25 Mg values, in %o/amu (±20) ,are: SP mel, 1!'9±2.5; SR
mel, 10.8±3.0; SR hib, l!.l±!.l; SR spin, 10.B±!.1; SR rim mel, 3.5±3.0; SR rim
spin, 4.6± 1.8. Phases in the rim and core of SR and SP show Al/l\;lg-correlated excess 26Mg, but the phases do not lie along a single isochron. Anorthite has the
same amount of excess 26 Mg as the melilite it replaces, but has a much higher
Al/i'vlg ratio. This indicates that the replacement took place after 26 AI decay, but
without Mg isotopic exchange. Hibonite near the rim of SR is strongly enriched in
light REE. Enrichment factors drop fairly smoothly from 110xCl for La to 6xCl
for Tm. In contrast, hibonite in the core of SR is enriched in all REE by only 24xCl. These patterns are consistent with inward-proceeding fractional crystallization of hibonite. The composite nature of 3529-42 presents a dilemma. SR appears to have crystallized from a melt and SP shows no evidence of having been
molten, but the primary phases in both lithologies have the same mass fractionated
Mg isotopic composition. If 3529-42 resulted from a collision between molten SR
and a cold FTA (SP), then complete J\Ilg isotopic exchange occurred or both objects
coincidentally had the same initial i'vig isotopic composition. The isotopically
lighter Mg in rim compared to interior SR does not support formation of the
spinel-perovskite rim as a volatilization residue [5]. If volatilization was responsible for this layer, it must have been accompanied by exchange with a gas of
near-normal isotopic composition. [6,7] have also reached this conclusion.
References: 1. B. i\!lason and S. R. Taylor (1982) Smithson. Contrib. Earth
Sci. 25, 30. 2. J. c. Lorin and i'vi. Christophe Michel-LEwy (1978) LPS IX, 660.
3.
G. J~V1acPherson and L. Grossman (1984) GCA 48, 29. 4. G. J. lvlacPherson
(1985) Meteoritics 20, 703. 5. W. V. Boynton and D. A. Wark (1985) Meteoritics
20, 613. 6. A. Fahey et a1. (1985) Meteoritics 20, 643. 7. A. M. Davis et a1.
(1986) this volume.
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PARTITIONING OF THE RARE EARTH ELEMENTS AMONG THE
PHASES OF A COARSE-GRAINED ALLENDE INCLUSION; Richard W. Hinton§ and
Andrew J'v1. Davi s*; §Enrico Fermi Institute, *James Franck Institute, University of
Chicago, 5640 South Ellis Avenue, Chicago, IL 60537.
Partitioning of the rare earth elements (REE) between individual mineral
phases can provide significant information on the fo r ma t ion of refractory inclusions.
Physically and chemically separated minerals from refractory inclusions have been
analyzed previously [1,2], but there are several problems \vith this approach. (1) It
is difficult to obtain uncontaminated monomineralic samples. (2) REE concentrations can vary by at least lOX within sinele phases in refractory inclusions (3,4J.
(3) Heavy liquid separation of crushed inclusions does not distinguish between primary and secondary occurrences of the same mineral. The ion microprobe technique allows analyses of individual minerals in their original petrographic context
and permits analyses of grains in physical contact with one anot her. Analyses of
mineral pairs th at are in equilibrium with one another are thus more likely. In
this preliminary study, pyroxene, melilite, anorthite and spinel have been analyzed
in the Allende Type 81 coarse-grained inclusion EGG-3 [5J.
The Ce concentration in pyroxene was determined at low ion energy, usi ng ion
yields relative to Ca measured in borosilicate glass. Matrix effects on relati ve ion
yields are generally diminished at high ion energies. Ce concentrations in the
other minerals were determined at high ion energy, assuming that all phases had
the same Ce ion yield and using pyroxene as a standard. The concentrations of the
remaining RE E were determined at high energy, assuming that the REE/Ce ion
yields measured in hibonite are applicable to all phases analyzed here. Molecular
interferences were corrected for using an iterative procedure. Absolute concentrations are believed to be accurate to within a factor of two and relative concentrations to within 50%. The C 1 chondrite-normalized REE patterns (Figure) are similar to those me asured in mineral separates from other inclusions [1], except that
spinel is significantly lower in all REE. The concentrations of REE in spinel are
near background leve ls and must be regarded as upper limits. Both melilite and
anorthite have dis tinct Eu excesses and are slightly enriched in light relative to
heavy REE. Pyroxene favors the heavy REE. In inclusions where pyroxene is
abundant , anal ys is of this phase allows classification by REE pattern. Th e Yb anomaly characteristic of gro up III patterns and the heavy REE depletions and positive
Tm anomal y characteristic of group II patterns can easily be distinguished from the
uniform heavy REE enrichments in group I patterns. EGG-3 has a small Yb depletion and thus is a group III inclusion . The REE patterns in individual minerals in
. - - - - - - - - - - - - - - , EGG-3 are consistent with experimentally determined
REE partition coeffiCients, indicating that the primary phases are in equilibrium. It has been suggested
[5] that much of the melilite within coarse....
grained inclusions, such as EGG-3, formed by metaf! 10
~
morphic replacement of pyroxene. Unless there is
o
G
exchange of REE with an external reservoir, the REE
....o
pa tte rn of metamorphic :tlelilite should be the same
:
I
SPINEL
as that of the pyroxene it replaced. Further anafA"
yses of REE should resolve the origin of the melilite.
....
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A fARGE Ca,Al-fICH INCLUSION FRO~ TH t ARCH (C3V) -METEORITE.
B. Spettel , ~. Palme and A. Bischoff, Max-Planck-Institut fUr Chemie,
0-6500 Mainz, Institut fUr Mineralogie, D-4400 MUnster, F.R.Germany.
A large, irregularily shaped inclusion (length'" 1.5 cm , width
0 . 5 cm)
was separated from the Arch meteorite. Arch is a find (1972), very similar in
texture and composition to Leoville . A chemical analysis of part of the inclusion with adhering matrix and metal is given in Table 1, together with results of bulk analysis of Arch .
The inclusion consists of two major lithologies: a center of fassaite
(2 mm diameter) , containing euhedral spinel grains (rJ 50 ~). A melilite
mantle (1 -1. 5 mm) encloses the fassaite spinel assemblage . The melilites contain only few spinels , most of them close to the fassaite border . The whole
inclusion is surrounded by a Wark-Lovering rim .
Melilites are strongly zoned, with nearly pure gehlenite on the outside .
The bulk composition of the inclusion is similar to that of many Allende inclusions . Na is low in the inclusion and in the bulk meteorite (Table) . Similar observations were made in Leoville . The REE-pattern is relatively flat
( "" 15xCl), with a positive Eu anomaly , probably due to an excess of melilite
in the sample ( high Ca). Ti, Hf, and Sc have higher enrichment factors suggesting a super-refractory component. Refractory siderophiles are enriched to
about 15xCl, with characteristic Wand Mo anomalies (Fegley and Palme , 1985).
Separate analyses of melilite and fassaite show complementary REE-pattern
of the two phases. The flat pattern of the bulk suggests that melilite and
fassaite crystallized from a single liquid droplet. According to texture and
mineralogy the inclusions should be classified as an idealized B1 - type (Wark
and Lovering, 1982). There is no Allende inclusion with such a perfect separation of melilite and fassaite. Wark and Lovering (1982) have tried to explain
the obvious lack of spinel in the melilite mantle of B1 inclusions, a problem
also faced here.
The Arch inclusion is so important, because it demonstrates more clearly
the effects of slow coo 1 i ng and perfect separat i on of phases on crysta 11 i zation than any of the Allende inclusions found so far .
Siderophile elements are concentrated in tiny metal alloys and occasionally in Fremdlinge . Two relatively large Fremdlinge are concentric objects
with several layers of FeNi and SiOz- rich phases enclosing refractory metal
rich cores . Refractory metals are also found in the outermost layer of one
Fremdling .
Ref .: Fegley & Palme 1985, EPSL 1I, 311 ; Wark & Lovering 1982 , GCA 46 , 2581 .
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ARC H
Ca .Al-rich bulk stand.
inclusion
dev.
%

73.23 mg

285 mg

6.44*
13.85
19.5
0.89
3.47
0.495

13.82
1. 92
1.39*
0.11 *
24 . 2
1.15

4
3
5
8
3
3

264
183
197
940

624
194
12 . 9
112

5

%

Mg
Al
Ca
Ti
Fe
Ni
ppm
Na
K

Sc
V

*

ARC H
Ca.Al-tOich bulk stand .
dev .
inclusion

3
3
5

73.23 mg

ppm
Cr
Mn
Co
Cu
Zn
Ga
As
Se
Br
Sr
Mo
Ru

525
166
128
<50
<100
1.0*
0.44
<1
<0.5
155
6.3
12

accuracy reduced by a factor of two

ARC H
Ca.Al-rich bulk stand .
inclusion
dev.

%

285 mg
3510
1390
533
100
106
5.8
1.85
5.46
1.40
<60

3
3
3
10
10
6
6
10
7
5
10

10

ppm
Sb
Ba
La
Ce
Nd
Sm
Eu
Tb
Dy
Ho
Vb

%

73 . 23 mg

285 mg

<0.05
169**
3.51
9.2
6.9
2.21
1.03
0.61
4.16
0.88
2.40

0. 11
703**
2.83
2.2
1.65
0.52
0. 14
0.09*
0. 60*
0.14*
0.37*

ARC H
Ca.Al-rich bulk stand .
inclusion
dev.
73.23 mg

15
4
5
15
15
4
3
10
5

7
5

ppm
Lu 0.37
Hf 2.70
Ta <0 .2
W
1.00
Re 0.45
Os 8.21
lr 7.22
Pt 12
Au 0.01 2*
Th 0.6
U
0.12

%

285 mg
0.057*
0.24 *
0.035
0. 2*
0.039
1.04
0.99
1. 9*
0.137
<0. 1
0.15**

** probably introduced during terrestrial weathering

5
7
30
10
10
5
3
10
3
20
20
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ORIGIN OF Ti 3+- BEARING RHONITE IN Ca-, AI-RICH INCLUSIONS: AN
EXPERIMENTAL STUDY; J.R. Beckett l ,3, S.E. Haggerty2 and L. Grossman l • IDept.
of Geophysical Sciences, Univ. of Chicago, Chicago, IL 60637. 2Dept. of Geology
& Geography, Univ. of Massachusetts, Amherst, MA 01003. 3present address: Div.
of Geology, Caltech, Pasadena, CA 91125.
Rhonite (Rhon) is a rare, Ti-rich silicate that occurs interstitial to or
around spinel grains included within melilite (Mel) in Allende compact type A
inclusions (CTA's). It is often associated with fassaite (Fass), perovskite
(Pv) and/or spinel (Sp). In order to determine the T-f 02 conditions under
which Rhon formed, we have conducted crystallization experiments as in (1) at
f 02 's 1.5 log units more reducing than those of a solar gas. A V-, Fe-free
analogue, FR7l (wt % CaO, MgO, A1203, Si02, Ti02 = 17.8, 16.6, 26.4, 21.5,
17.7), of the Rhon composition given in (2) was used.
The crystallization sequence for FR71 at low f0 's is Sp ( >1356°C), Pv
2
(1344-56), Rhon (1319-44) and Fass (1262-90). Ti 3+/Ti 4+ is 1/3-2/3 in FR7l
Fass and 2/3-3/2, based on R28040 stoichiometry, in FR7l Rhon.

Rhon composi-

tions, mostly T4R (Ca4Mg6Al12Ti\+040)-T3R (Ca4Mg6Ti3i2 Si6040) - MgR (Ca4Mg12
Si12040), are similar to those in CTA's, but synthetic Fass is Mg-, Ti 4+-rich
compared to Fass in CTA's.
Four reactions involving Sp, Pv, T3R, T4R, MgR, CaTi3+AlSi06(T3P) and Di
(CaMgSi206) are:
5/6 MgR + 4 T3P

=

5/3 T4R + 1/6 MgR

.'

1/3 T3R + 6 Di + 2 Sp

(A)

=

(B)

1/3 T3R + 10 Sp + 6 Pv + 02

5/3 T4R + 6/5 Di = 4/5 T3P + 4/15 T3R + 48/5 Sp + 6 Pv + 02

(C)

5/3 T4R + 6 Di = 2/3 MgR + 4 T3P + 8 Sp + 6 Pv + 02

(D)

Reaction (A) is a potential thermometer and reactions (B-D) oxygen barometers.
The equilibrium constant for each of these reactions was determined from electron microprobe analyses of coexisting Fass and Rhon in experimental run products and from measured f0 's. Free energies of reaction for (A-D) computed
2
from these data are: -11.9 ± 0.9, +129.4 ± 0.4, +131.4 ± 0.7 and +140.5 ± 1.2
kcal/mol, respectively, at 1520K.
FR7l liquids coexisting with Rhon have very high Ti02 concentrations (1016 wt %). In CTA's, such liquids could only be produced after 85-97% fractional crystallization. Application of reaction (A) to four literature (2,3,4)
Fass-Rhon-Pv-Sp assemblages from Allende and to analyses of Rhon and Fass
phenocrysts from a CTA in USNM 3878 yields temperatures of l416-1474K, consistent with late-stage crystallization from a melt. A Fass-Pv-Sp symplectite in
contact with Rhon in the CTA in USNM 3878 yields a temperature of 1448K, suggesting that it also crystallized from a melt. The oxygen barometers (B-D)
give f0 's ranging from -17.8 to -18.3 at l500K for these assemblages, consis2
tent with those of a solar gas (-18.1 ± 0.4) and of fO estimates for eTA's
(1) based on Fass-Mel-Sp equilibria (-17.8 ± 0.3). CTi's equilibrated with a
gas 1.5 ± 0.8 log units more oxidizing than did type B inclusions (1) from Allende and about two orders of magnitude more reducing than did hibonite from
Murchison (5).
Refs: 1. Beckett, J.R. & Grossman, L. (1986) LPS XVII, 36. 2. Fuchs, L.H.
(1971) Am. Mineral. 56, 2053. 3. Fuchs, L.H. (1978) Meteoritics 13, 73.
4. Mason, B. & Taylor, S.R. (1982) Smithson. Contrib. Earth Sciences 25.
5. Live, D. et al. (1986) LPS XVII, 488.
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ENHANCED VOLATILITY OF CaO I N H20-RI CH GAS ENVIRONMENTS AS A FACTOR
I N THE ALTERATION OF Ca, AI - RICH I NCLUSIONS:
A. Hashimoto and J. A. Wood,
Harvard-Smithsonian Center for Astrophysics , Cambridge MA 02138
Petrographic studies (~ [1]) have shown that t he alteration of
melilite in Ca,Al - rich inclusions in C3 chondrites involved element exohange
between the inclusions and a coexisting material reservoir : t he inclusions
lost Ca and gained Si, Fe, and alkalis. Another alteration mode was noted by
(2] : fassaite to a phlogopite-like phyllosilicate , where an exchange of Ca
with Mg is required as well as introduction of Fe, alkalis and H20 into the
fassaite . For various reasons (1-3] have concluded that the coexisti ng
rese r voir was a gas phase. I f so , Ca evaporated from the inclusions while
Si, Mg, Fe , alkalis , and H20 condensed into them during the alteration. This
patter n of volatilities is inconsistent with the classic condensation sequence [4], calculated for system pressures of 10- 3 atm , t emperatures )1125K,
and solar abundances of the elements. In this case , Ca i s the most refractory of the elements named above .
The key to this discrepancy may lie in local deviati ons of the nebular
composition , specifically the HIO ratio , from the solar abundance pattern,
and also in reactions that occur at <1125K. In a gas of s olar composition,
alkaline earths evaporate at high temperatures via the dissociation of their
oxides, forming metal vapor and a gaseous oxide. In a gas enriched in
(hence also H2 0) , however , evaporation occurs via the formation of stable
gaseous alkaline earth hydroxides (~ (5]). The volatilities of alkaline
earth elements are greatly enhanced in this circumstance.

°

Thermodynamic calculations have been made of the volatilities (vapor
pressures) of vapor species of Ca , Al, Si, and Mg in equilibrium with pure
solid oxides, over a range of values of H/O. A total pressure of 10- 3 atm
and temperatures of 800 and 1000K were assumed; C/O was taken to be 0.5. No
Si hydroxide species was included in the calculations ; an extensive survey of
the chemical literature indicates that there is no stable gaseous hydroxide
of Si.
The results indicate that at 1000K, the increasing predominance of
Ca(OH)2 as the Ca vapor species with decreasing HIO causes the partial pressures of the Ca vapor species to exceed those of the Si and Mg vapor species
for HIO < -0 .1 of the solar value: in other words , where the a content of the
nebula is enhanced by more than a factor of 10 , Ca is more volatile than Si
and Mg. At 800K, the effect is even more pronounced : Ca is the more volatile
element even at HIO = solar.
Uncertainties in the thermodynamic data (±8 kcallmol for free energies
of formation) translate into uncertainties in the calculated vapor pressures
of ± 1.5 orders of magnitude. These prevent detai led conclusions from being
drawn, but the calculations indicate that at <1000K Ca and Al are as volatile
as Mg and Si , even in a nebula having the solar elemen t al abundances .
References : (1] Wark , D. A. (1981) LPS XII. 1145 . [2] Grossman, L. I I ruu..
(1986) These abstracts. (3] Tomeoka, K. and Buseck , P. R. (1986) LPS XVII.
899. [4] Grossman. L. (1912) GCA.3..2. . 591 . [5] Alexander , C. A. et al.
(1963) ~ Chem . Phys . .12.. 3051.
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THERMOLUMINESCENCE AND METAMORPHISM OF ALLENDE AND ITS CAl. R.K. Guirnon
and DoW.G. Sears, Dept. of Chemistry, Univ. of Arkansas, Fayetteville, AR 72701
The TL sensitivity of ordinary chondrites shows a metamorphism-dependent
lOS-fold range (1); this reflects the production of feldspar, the TL phosphor, by
crystallization of chondrule glass (2). Since several CAl from Allende may also
constitute a metamorphic series (3), and contain nurrerous potential phosphors, we
have examined the TL properties of Allende and several CAl. The major reaction
occurring during metamorphism is the production of melilite from pyroxene and
possibly plagioclase (3); rnelilite and plagioclase are TL phosphors (with different
glow curves) , Fe-bearing pyroxenes are not.
Samples of bulk po\\der vlere ground, hOIOOgenized, 30-40 rng aliquants placed in
quartz vials and annealed in wire-wound tube furnaces at the temperatures and for
the times indicated in Fig .1. The CAl, Egg 4, Egg 3, Egg 6, Big Al and Pink Angel,
were provided by G. Wasserburg y who also provided density separates. Ref . 3
suggested that Egg 4 has experienced metamorphism throughout, while Egg 3 and Egg 6
contain altered mantles and pristine cores.
At low annealing temperatures there is a peak at 120°C and at higher annealing
temperatures there is a peak at 190-2000C; the TL peak for low-temperature
feldspar, type 3.2-3.4 ordinary and CO chondrites moves from ~120 to -200°C as the
feldspar disorders (2,S). The peaks at 250°C and 340°C may also be associated with
feldspar; a 2S00C peak in the glow curves of CO chondrites was identified with
amoeboid inclusions by ref. 4. Melilite from Egg 3 has a peak at 400°C, and peaks
at 400°C in the annealing data are probably due to this mineral. The CAl (Fig.2)
tend to have peaks at 400°C (Egg 4 interior and Egg 3 melilite), 220-2500C (Big Al
rim, Big ~~ interior, and density separates - anorthite and possibly melilite- from
Egg 3 and Egg 6), and 1lOoC (Pink Angel rim). We suggest that the data reflect the
relative amounts of melilite and its precursor (probably anorthite), consistent
with the observations of ref. 3. rrhis being so, Big Al appears to have escaped
metamorphism throughout, as the interior yields a similar curve to the rim and
neither are dominated by a major 4000 C peak. The Pink Angel sample appears to have
low temperature feldspar as its dominant phosphor, in which case our sample may
have contained a significant quantity of Allende matrix. Our data suggest that the
meteorite-wide metamorphism suffered by Allende was comparable to that experienced
by type 3.2-3.S ordinary chondrites.
1) Sears et al. (1980) Nature 287, 791. 2) GuiInOn et al. (198S) GCA 49, ISIS.
3) Meeker et ala (1984) GCA 47, 707. 4) Keck & Sears (1986) LPS XVII 412. S) Keck &
Sears (1986) GCA sbmtd.
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FRACTIONATED LITHOPHILE AND SIDEROPHILE REFRACTORY TRACE-ELEMENT
PATTERNS IN CAl'S: IMPLICATIONS FOR GRAIN TRANSPORT IN THE SOLAR NEBULA.
Alan S. Kornacki, Shell Development Company, Bellaire Research Center, P.O.
Box 481, Houston, TX 77001 and Bruce Fegley, Jr., Department of Earth , Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology,
Cambridge, MA 02139.
The refractory trace-element patterns in Ca,A1-rich inclusions (CAl's)
provide valuable information about physical and chemical processes in the
primitive solar nebula (1). Recently it has been shown that Mo and Wdepletions in CAl's relative to other refractory siderophiles of similar volatility
indicate that these metals were processed under relatively oxidizing conditions at high temperatures in the solar nebula . But the REE patterns in CAl's
indicate that this oxidation generally did not effect the refractory lithophile trace elements (2,3). This is evidence that the siderophile refractory
trace elements (SRTE) and lithophile refractory trace elements (LRTE) last
equilibrated with nebular gas at different times and/or places.
We have analyzed SRTE and LRTE enrichment and fractionation patterns in
the various chemical classes of CAl's, using recent trace-element condensation
calculations to establish a volatility sequence among these trace elements (24) . We find that significantly different enrichment factors and fractionation
patterns between SRTE and LRTE of similar volatility are common in the various
chemical classes of CAl's (5). For example, in 40% of Group V CAl's there are
large negative Pt and Rh anomalies while Yb and Eu (which are approximately as
volatile as Pt and Rh, respectively) are not relatively depleted. Group I
CAl's also show this effect. In Group II inclusions, Pt/Rh and Yb/Eu ratios
are opposite those observed in Group III CAl's, or predicted by the simple
two-stage partial condensation model of the origin of Group II inclusions (6).
The different enrichment factors and the different oxidation states found
in SRTE and LRTE in CAl's both indicate that primitive metal grains and silicate grains were processed under different conditions in the solar nebula. We
believe that the most plausible model to explain these observations is the
physical fractionation and transport of metal and silicate grains over a wide
range of temperatures in the primitive solar nebula before and while they were
processed into CAl's ultimately at high temperatures (7). Acknowledgments: We
thank H. Pa1me for sharing unpublished data, and Shell Oil Company for technical support. B.F. was supported by NASA Grant NAG 9-108 to R. Prinn, MIT.
REFERENCES: (1) B. Mason and S. R. Taylor (1982) Smithson. Contrib . Earth Sci.
25. (2) B. Fegley, Jr. and H. Palme (1985) EPSL 72, 311-326. (3) B. Fegley,
Jr. (1986) LPS XVII, 220-221. (4) A.S . Kornacki and B. Fegley, Jr. (1986)
EPSL , in press.-----rs) A.S. Kornacki and B. Fegley, Jr . (1986) LPS XVII ,- 436-437.
T6JW . V. Boynton (1975) GCA 39,569-584. (7) B. Fegley , Jr. and A.S . Kornacki
(1984) EPSL 68,181-197.--
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GAS-DUST FRACTIONATI ON: OXIDATION STATE AND SIDEROPHILE ELEMENT
FRACTIONATION
J. W. Larime r
Der:' t. o f Geol oDY ariel Center'
Few Meter i te ~:,t ud i es
Ar' i zona Sta te Un i i ver' s i ty Temp e, AZ 85287

Fegley and Palme (I) ha ve noted that se vera! C3AI-ric h
inclusions display a Fracti ona ted reFractory s iderophile pattern
in wit i c h Mo and W ar e strong I y dep I eted r'e I at i ve to I r ,Os et c.
T h f! Y ~:; uggest that these i ne I us ions or i (~i natecJ in i3 region of the
.te h u I a wi'll c h was hi gt 11 Y ():.: i d i zecl, whe re Mo anel W W()U I d Form
stab I e ()Elseous 0)< i d(:.'s.
Interest i ng 1 y Pt is a 150 dep 1 ete(j i n
these i ncl u s i o n~; . wh i ctl trley attr i bute to its greateT'
volatil ity.
This is qual itati ve ly correct but there i s a more
comp let e and satisFying e xplanatiofl .
In the c~lcul3ti o n s
repor ' ted b y Fegley and Palme it was assummed that 0 was en r' i ched
in the For m of water and 5i l reate grains.
However, iF l ocal dust
en)' i ehments dre i nvokeel then a 1 I condens i b! e e l ement 5 inc 1 ud i nl)
Mo, W, Pt. J r' et c . along with t .he assoc i at.ed s i I cates and meta 15
shou ld be enr~ichecl too.
With this possitJi I ity in mind the
ca 1 eu 1 at i ons lepor~tecj b y Feg 1 ey and Pa 1 rne were r' edone with a 1 I
the condensible elements enriched by the Factors necess ary to
a cco unt For the inFerred ox i dat, ion st.ate.
Under the~'. e
conditions not only Mo and W but Pt as well become much vo l ati Ie
relative to other reFractory siderophilcs.
The more volatile
nature of Pt is due to its higher heat of vaporization which
makes it relatively more volatile in a system where al I the
metals are enriched.
The selective depletion of Mo, Pt and W i s not unique to
A simi lal ~ pattern is Found in the rVB i n:.n
met eo )' i tes wh i c h i,:JI-e a I so thought to ha ve or i ~:;lj n ated at high
temperatures (2).
Thi s similarity s ugge sts a c ommon cause:
Formation and accretion in 3 dust enriched system.
Could it be
that comparatively larg e inclusions and even a Few parent bodies
accreted rapidly at high ternperi3tur' es be ca use they o T'iginated i n
dU5t enriched regions of the nebula?
CaAl-inclusjon,,~.

I. Feg l ey and Palma (1985) EPS L 72.
2. Scott (1972) GCA 36. 1205-36
-'
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OBLIQUE IMPACT: PROJECTILE RICOCHET, CONCOMITANT EJECTA,
AND MOM ENTUM TRANSFER; Donald E.
Gault, Murphys Ce nter of
Planet ology, Box 833, Murphys, CA 952 47 and Peter H. Schultz
Dr·,pt:. GpC) 1 C)q " ::;;; c:i. (-'.·:· n CE:'S, By" Ol.t.l n Un i VEl'" r::;. i. t Y '.1' FiY"C) \1 i d(':':"n CP ~ PI (il?():I. 2
E x perimen tal studies of obliqu Q impact (1) indicate that
proje ctile ricochet occur s for trajectory angles less than 30
and that the ricocheted projectile (fr agment s ), accompanied by
some target material, are ejected at velocities that are a
large fraction of the impact velocity. Becau s e the probability
of occurance of oblique impacts less than 3~ on a planetary
i:)oc:ly i'=':' Eii:::'c)I...lt c<ne oU.t o'f E?\/€0 ·i,·t.:/ fOLlY" iITIPE:'ICt f2\iE'n-!.:· s;., Db:!. :i.q :.. ie
impact s would SE?em to bE? a potE?ntial mechanism to provide a
sourCE? of meteorites from even the large s t atmosphere-free
planetary bodies (Ceres , Moon, Mars?).
:F.f'> c <,':'\ U ~;::·E t: h f·:; c~ ITi c<u n t o'r" "Y" icc) C h E' t to" d " "i:: i:,:, 'I'" q f,:' t rnC'\ t: F!! 'j'" i i:':\ 1 c i:'\'n n L) t
bE·:' tiEd: f.·2·(·:Ti i TH" cI f Y" C)JTI 'j'" F~ S U :I. '1:: ",. :i. n
( :I.),
E~ d d :i, '1': i c;n Ell E·' >: Pf.:'';'·· :i I'I'IE'' ' i t S
the A m e ~ VE?rt i cal Gun ha ve bee n undertak ~ n toward th< ~ t purpo s e
u s ing pendul um s, one to measure momentum of the ricocheted projectile and concomitant target ejecta, and a s econd to measure
the mo mentum transfered from projectile to target .
Witness
plates downrange from the point of impact provide a basis for
e s timat ing the velocities of the projectile fragmen t(s). The
current result s are lim ited to targets of #24 s and, aluminum
.1. 1 ,

~~~ r~~~~t S~~:~~:'f~~~h 7:~I?~i!~~sp~~~~18~ ~~~TD~~ =r! ;e~o~~~~
on hi c.:) h ·r J'" i"nIE:· ....·Y'· (:':'. t: p. \/:i. deo (:?kl 0 f ps:.) F.ln d mn ····i f." i {i ('1,(,;', 'f P'''' 'i CE,l'!'i!'''''!,,'':-, ':::.•
indicate
that il ~I<: ~:~,).I ·':',
:" '"· 'I.!I.I:..li.: ·",;,:,~,;'.,:L:~, .' ~.-i. !~.,..i:. (I,~,I,~ .·l:I~lt(I.:.I,rl~(.....
I.:.
~,
iITlPC:<.ctThe
tl";(':'2current
ITI":""::·"'· cd:'results
"'j"':i, cuc:het(,,,c:I"
tE'Y"(3(:'~t:
,-~
but the ejEction velocity decrE?a s es. For impact at 7.5 0 the
F.llumin u m projectile fragment s ricocheted with a mean velocity
of 0.8 2 Vi and were accompanied with target mat e rial In exce s s
D f
,j" 27' c) 'f t: h (':2 P'i'" D j E' C t :i. :I. 0:' lTi a : ·';', " (-~; t: 1. ::::;0 ,::'~'n d :':;;C)O i::'\'I"1 fJ :I. E·:":::· , \i E' J c, c::i t y
and target ma s s fractions are 0.55 and }0,,65, and 0.2 and }2. 0,
respe ctively. Target masses with pyrex projectiles may be even
grEater . T he s e preliminary re s ults s upport oblique impacts as a
source of meteo ritic material, but the physical condition 11"e.
.•

,E",::":.,:""" " ",_,,
,,,
? __

~~~~~ s:~~tE~fg:et~~yeJT~!f ~g~~tC~i~~sug~~r~~i~~~c~~~~.must

or

be
The momen tum transfer effici e ncy, as noted in (2,3), is
significantly less than the 50 -100% commonly believed. For
a luminum s phere s the efficiency decr ~ a 5 es with increasing velo cit y and increases with increasing impact angle; from 12% at
k ITI ./ s t (J H:,,; E:'! t (; k ITI ./ ,,,. f' DI" 1 '::," i iTI P €~ ct <=;:. ; I" y. C' ITI :::::? ',:~ ,::, t :::::" :::~ k ITI ./
'1:: Co
17'~/: i::tt: ~:5 1f:3 klTl./~; f'C)',r, ~3(~, o !j
~:t'nd :3 i ;,:>: c;tt: ~::I M:::1 k rri/ s 're)Y" ll'~:::iO "
/;'n
intriguing observation is that aft ~ r impact
(:l.0 m'.) ther p 1S
consistently a VEry small uprange displacement of the targ ~ t
pendu lum before the initiation of the large, final downrange
mo v ement that Dccurs during the time for compl e ting crater
·r·O Y··ITidi:i()n
<:1.(;;)1;1 ITI"")' It i,,:., S p(:,'c:ul<::\i::;;:. d thE:\t -1::1":1':' UP';'··i:':")";','.')i,:? rr; ()t' ic,n
i s trigg e red by the momentum tran sf ered during the time inter
val of projectile impact and ricochet which is then cancelled
by a much larger down-range momentum component during crater
formation and the rE? tur n of the main ma 3 S of ejecta to the
t (':':'\ '{" q E~ t: ~:':· L\ Y" f E:\ c: E?" 'r j", i !:::' :::,Lt I::J '';3 E-:? ~:. t: 5 t J-! ,::':\ '1:: f ClY" C) b J :i. CI, LI, (,::! i ITi F'Et c: t -, 'f Cill'· 1.i.1i"~ :i. ( : I" ,
mo s t or all ejecta es~apes from the planetdry body the momenti..lffi
transfer i s negati ve ~l.e., uprange direction ) and would Teno
-I::c< c:: au.':::·e -I::hf'1 body tu Y··C)tE:'<.'i::e ;!aqi:~:i.n s 'l::" "i::hE' C!:i, ':'··i:~ct: ·i.c) ·n c)'f "i::h p
tY"i:~jpctc)I" " '::I c;;f
thf2 imFi ac:t::i.nr;3 PY··D.jec::t:i.lE'. F·u.Y··'i::hE·Y·· :·:' · ~i·'>:~' i.rr;E'nt:"o. i,(Y"F:'
)l'o (.:,?'=t 1...\ i '1'" f?::' d
t Ci c:::I. ~'::\ Y" :i. 'f' ~::J thE: .~:; (~ f...· E~ S i...t 1 t: s:. c\ on d '1.': C) {,:,:~ :.~ (::'~ IT; i r'! E·:' E:\ 'n ::.:; F: f f E~ { : t (..-. C) f
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LARGE FORMAT CAMERA IMAGING OF TERRESTRIAL IMPACT FEATURES
Garvin J. B., NASA/Godda rd, Geophysics Branch, Greenbelt, MD 20771
The investigation of terrestrial impact features (craters , astroblemes) by means of spaceborne
remote sensing methods has received little attention, mostly due to the poor state of preservation
and limited number (117) of these landforms . The best exposed and preserved impact craters are
simple, bowl-shaped features (e .g. Wolf Creek, Barringer, Lonar, New Quebec), most of which are too
small to be adequately observed from space. Extensive field exploration, drilling, and laboratory
analyses have obviated the need for remote sensing approaches f or studying impact craters, except as
an aid to their discovery [1]. With over 100 confirmed me t eorite impact features now recognized on
Earth [2], the synoptic remote sensing perspective makes possible the application of planetary geomorphic techniques to fundamental problems associated with these exogenetic features. Investigation
of target property controls on crater morphology, degradation state , and degree of tectonic deformation can be pursued from suitable imaging datasets . With the advent of the Large Format Camera
(LFC) , better than 10 m resolution images of a variety of impact features are available in stereo.
The French SPOT system has evidently obtained similar resolution coverage of several impact craters
[R. Lees, pers . comm. 1986]. These 10 m-class stereo imaging datasets perm i t, for the first time,
adequate recognition of definitive structural and erosional feature s for impact craters from a
spaceborne perspective . For instance, craters smaller than 1 km in diameter can be reliably observed in the LFC dataset, whereas Landsat data i s of inadequate r esolution [3]. Thi s bri ef re por t
summarizes the inv estiga tions underway using LFC data for well-exposed Australian impact features.
The LFC was first flown on Space Shuttle mission 41-G in October 1984, and acquired over 2000
images of unprecedented resolution (8-20 m) and me tr ic calibration (60 to 80% stereo overlap). Some
of the most dramatic coverage includes large parts of Western Australia , and 5 major impact structures in this region were photographed by the LFC [4]. As LFC frames are over 400 km in length and
150 km wide , large areas are covered in a single image (i.e., approx . 3 Landsat frames or 27 SPOT
frames per LFC image), so that regions in which several craters are exposed (such as the Kimberley
Plateau in \oJ.A . ) are ideal for investigation. The LFC imaged 7 hyperve10city impact craters in
Australia, as we ll as two proven meteorite craters (Henbury and Veevers) . LFC frames of the 900 m
diameter Wolf Creek crater in the Great Sandy Desert of \oJ.A. show sufficient detail to permit mapping
of eolian modification and faulting of the crater. Reverse faults can be identified at both Wolf
Creek and nearby Goat Paddock, a 5 km diameter complex crater in a mobile belt zone. Other suspiciou s circular features can be identified in this general area of \oJ.A., including an enigmatic depression which has been offset by a strike-slip fault. LFC imagery of the Connolly Basin, an impact
feature recently discovered by Shoemaker [5], demonstrates how suitable 10 m resolution stereo data
are for mapping even poorly expressed craters . Highly eroded impact features such as Spider, Piccaninny, Gosses 81uff, and Acraman can al so be wel l -characterized in LFC imagery, and useful geomorphic maps of these st ructures made from LFC images are of similar quality to existing 1:2 50,000
maps [6] . The LFC coverage of Gosses Bluff has an information content similar to high resolution
aircraft radar imagery obtained using state-of-the-art systems such as the INTERA STAR X-band SLAR.
Comparisons of complex craters in W.A. as a function of target lithology, tectonic history, age, and
local erosion rates are in progress; Goat Paddock, Connolly Basin , Piccaninny and Spider are the
focus of this effort.
The LFC obtained high-resolution stereo images for less well-exposed craters all across the
Earth. Coverage of a series of partially-buried Ukrainian impact features, including Il'inets, Boltysh, and Ternovka is especia ll y complete, although it is difficult to recognize the craters due to
regional land -u se patterns. Canadian craters imaged by the LFC include Deep Bay and Gow Lake in
Sask. Another interesting Soviet crater, Karla (10 km, 10 Ma old) , was also photographed by the LFC.
Smaller impact features such as the Bee Bluff and Odessa craters in Texas can be recognized in LFC
frames, as can several North African structures including Ouarkziz. Several suspected (not yet confirmed) impact features were imaged by the LFC, including Ramgarh (India), Dampier (VJ.A.), and a
few curious circular depressions in southeastern Egypt.
In summary, with the availability of high-resolution LFC (and SPOT) stereo imagery of a good
number of terrestrial impact structures, the possibility of gaining new, synoptic insights into the
cratering process on Earth is at hand. It is concluded that 10 m or better resolution imagery (in
stereo) is the minimal requirement for mapping critical features associated with exposed terrestrial
craters, in contrast with the 100 m resolution requirement for craters on other terrestrial planets.
This disparity is evidently the result of rapid erosion (obliteration) rates and tectonic activity
on Earth relative to the other planets. It is hoped that future flights of the LFC will add to the
database of high-quality imagery of terrestrial impact features. Discoveries of new craters using
LFC data is predicted to be highly likely .
REFERENCES: [1] Dietz R. and J . McHone (1974) Meteoritics 9, 329-333. [2J Grieve R. and P. Robertson (1986) Meteorite Impact Craters, lUGS Com. on Camp . Planet. Report . [3] Groller M. (1 985)
NASA m-87567, 540 pp. [4] Garvin J. (1986) ~, .ruL........6., p. 300. [5] Shoemaker E.r~. and Shoemaker C. (1986) NASA TM-88383 , p. 482-484. [6] Roberts H. et al. (1968) BMR Geol. & Geophys.
1 :250,000 Series Sheet SE/52-9, Mount Ramsay, W.A. with Explan. Notes.

** This work was made possible with the assistance of B. Moll berg (PI for the LFC experiment) and
B. Schardt (L FC Program Scientist).
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SHATTER CONES IN ILLINOIS: EVIDENCE FOR METEORITIC IMPACTS AT
GLASFORD AND DES PLAINES; John F. McHone*, Michael L. Sargent**, and W. John
Nelson**, *Geology PSF, Arizona State Univ., Tempe AZ 85287, ** III inois
State Geological Survey, 615 E. Peabody, Champaign, IL 61820
Shatter cone fragments have been recovered from rock cores at two
previously suspected, but heretofore unverified, impact structures in
Illinois. Both sites are buried features known from geophysical surveys
and drill holes.
0
0
The Glasford Structure (4 km dia., Lat. 40 36.1 1 N; Long. 089 47.1 1 W)
is a domal feature centered about 16 km WSW of Peoria, III inois. Deep wells
reveal a normal sequence of about 350 m of undisturbed Quaternary and
Paleozoic strata overlying more than 400 m (depth of penetration) of
intensely disturbed and brecciated sedimentary rocks (Buschbach and Ryan,
1963). Oldest undisturbed rocks are an anomalously thick, atypical,
originally flat (now slightly domed) shale of Cincinnatian (upper Ordovician)
Maquoketa Group which are in abrupt contact with randomly oriented cm-scale
breccia clasts of simi lar appearance. Deeper rocks are mostly chaotic blocks
of severely brecciated doiomites with some lower units of autochtonous
sandstone breccia and strongly contorted shales. Rare but weI I-developed
shatter cones occur in fractured blocks of unidentified massive brittle
dolomite and also as dolomite clasts within breccia veins bounded by
fractured and contorted sandstones .
0
The Des Plaines Disturbance (8 km dia., Lat. 42 02.7'N; Long. 087°52.4'W)
underl ies the Chicago suburb of Des Plaines (Emrich and Bergstrom, 1962).
A central core of brecciated Champlainian (middle Ordovician) St. Peter
Sandstone is upl if ted more than 250 m above normal elevation. Individual
quartz grains commonly have well-developed percussion fractures, strain
lamellae, and occasional sets of crystallographically oriented planar
microfractures. Shales of the Maquoketa Group surround this central upl ift
in moderately to steeply tilted beds in which numerous faults cause repeated
sections and layers of severe fracturing. Occasional beds of brittle dolomite contain distinct, weakly developed shatter
cones between layers of otherwise thoroughly
*
crushed shales.
Plaines
Shatter cones are accepted ~idely 2S field
Disturbance
criteria of meteoritic impact (Dietz, 1960).
Detection of these shock indicators in both the
....
Glasford Structure and the Des Plaines DisturGlasford
bance upgrades thes e sites in Earth's inventory
of known and suspected impact structures from
possible impact sites with compatible structure
and morphology to probable impact structures
which possess also evidence of shock metamorphism.
References: Buschbach and Ryan, Bull. Am. Assoc.
Petrol. Geo1., v. 47, no. 12, p. 2015-2022,
(1963); Dietz, Science, v. 131, p. 50-58 (1960);
Emrich and Bergstrom, Geol. Soc. Am. Bull.,
v. 73, p. 959-968, (1962).
SHATTER CONE LOCALITIES
IN ILLINOIS
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MONTAGNAIS; THE FIRST DISCOVERY OF A SUBMARINE IMPACT
STRUCTURE.
L. Jansa, Geological Survey of Canada, Box 1006,
Dart.mout.h, N.S., B. Robert.son, Geological Survey of Canada, 1
Observat.ory Cres., Ot.t.awa, Ont.., G. Pe--Piper, Dept.. of Geology,
St.. Mary's Universit.y, Halifax, N.S.
The Mont.agnais complex impact. st.ruct.ure, 28 x 32km, elongat.ed
NNW-SSE,
and
cont.aining
a
cent.t."al
slruct.ural
'high' ,
was
re.cognized on sei.smic records.
It. is locat.ed some 200km sout.h of
Ha 1 ifax on the Scot. ian Shelf.
A single explorat.ory well cent.ered
on t.he 'high' at. 42°53'N, 64°13'W, in 115m of wat.er, revealed
shocked and uplift.ed Meguma (Cambro - Ordovician) basement., overlain
by a mixed breccia approximately SOOm in t.hickness, surmounted by
a 540m, undist.urbed sequence of Early Eocene t.o Recent. mudst.ones.
Drill core is available for only a 10m int.erval in t.he basement..
Observations on the rest of lhe basement. sequence and t.he breccias
are from drill cuttings, which limit.s det.ailed slt"uct.ural and
compositional interpret.at.ions.
The abundant evidence of shock metamorphism in t.he breccia
includes planar deformation features in quart.z and plagioclase,
and a suite of impact. glasses ranging ft."om inhomogeneous variet.ies
with flow t.extures and shocked mineral clasts, through highly
vesicular
and
altered examples,
t.o micro-cryst.alline
i.mpact
melts.
The
freshest
glasses
are
concentrat.ed
in
a
30m
suevite -- like
zone
t.hat.
caps
t.he
breccias,
while t.he more
cryst.alline variet.ies occur in two melt- rich zones near t.he bottom
of the breccia sequence.
The average major, trace and rare earth
element. composit.ions of the melt variet.ies from all t.hree zones
are
rhyolit.ic
(70-77%
Si0 2 ,
11- 13.5%
Al 2 0 3 )
are
similar
t.o
t.hose
of
lhe Meguma greywackes
(70% Si0 2
14%
Al 2 0 3 )
of t.he basement..
Iridium shows a slight enrichment.
in the melts (0.24 ppb) over t.he Meguma metasediment.s (0.01 - 0.04
ppb) .
K-Ar
whole
rock
analysis
of
t.he
fresh
glasses
from
two
laborat.ories give ages of 49.9 i 2.1 and 55.8 ± 0.9m.y. for
the impact event., consist.ent. wit.h t.he Early t.o Middle Eocene
biostrat.igraphic age.
A virt.ually cont.inuous, Mid-Jurassic t.o
Recent. sediment.at.ion record preserved off - st.ruct.ure indicat.es a
marine
impact.,
probably onto
a
mid-shelf
environment. under
100--200m of wat.er.
These circumst.ances and cons tt"a int.s will
provide
a
unique
opport.unit.y
t.o
invest.igat.e
t.he
uneroded
morphology and deposit.s of a major, marine impact. struct.ure, t.he
chemical effect.s of sea wat.er on impact. melt.s and relat.ed
mat.erials, and possible disrupt.ion of t.he marine deposit. ional and
biological records.
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PETRCCRAPHY, SHOCK METAMJRPHISM, EXCAVATION AND UPLIFT OF THE 1700M DEEP CRYSTALLINE BASEMENT
OF HAUGHTON DOME CRATER, CANADA. A. Ferling -Metzler, H.-J. Redeker, and D. Stoffler,
Institute of Planetology, University of MUnster, Corrensstrasse 24, D-4400 MUnster , Germany
The Haughton Dome impact structure , a complex 20 krn diameter crater, is located in a stratified
target Which consists of about 1700 m of Cambrium to Silurian sedimentary rocks on top of a
Proterozoic crystalline basement (I, 2). Shocked basement rocks occur as large blocks in the
center of the structure and as clasts within a polymict allochthonous breccia layer covering most
of the central area of the crater up to a radial distance of nearly 6 krn (2). Detailed chemical
(XRF), REM, and microscope analyses were made on a representative collection of 24 crystalline
rock samples larger than about 5-10 em size. In addition, small clasts of crystalline rocks < ca.
I cm in size were studied of 34 samples of polymict fragmental breccias regarding the frequency
distribution and degree of shock. The following 10 rock types were observed: sillimanite gneiss,
garnet- sillimanite-gneiss, garnet-bearing gneiss, calcite-diopside gneiss, apatite-rich
hornblende gneiss, apatite-rich biotite gneiss, aplitic gneiss , tonalitic orthogneiss,
amphibolite, and basalt. The locations of these rocks within the breccia layer are given in Fig.
I. Their chemical characteristics and the normative composition are shown in Fig. 2. Except for
the tonalitic orthogneiss Which is unshocked and probably represents an erratic block displaced by
glaciers, all large crystalline rocks samples belong to shock stages I, II and III (5) Which cover
the shock pressure range from about 15 to 60 GPa. The percentages of rocks in each of the shock
stages are 22, 22, and 56%, respectively (total: 23 samples). The variation in the degree of shock
is somewhat larger in the population of small clasts of the polymict breccia because not only
unshocked or very weakly shocked rocks of stage 0 « 10 GPa) are present but also un shocked
plagioclase, quartz and microcline clasts were found. Some of this quartz is derived from
noncrystalline rocks (sandstones) of higher stratigraphic level. Four types of polymict breccias
have been recognized Which differ in the abundance of crystalline rock clasts and other
properties. TWo types Whose groundmass is rich in gypsum and calcite, respectively, are extremly
poor in crystalline rock components. The penetration depth of a stony meteorite (25 krn/sec) and
the pressure decay as calculated according to (3) is compatible with the observed depth of
excavation (d~2 krn) and the degree of shock. Using empirical formulae of (4) and (5) based on d,
the final crater diameter of Haughton is calculated to be in the 22-25 krn range.
References: Frisch, T. and Thorsteinsson, R. (1970) Arctic, 31, 108 -134. (2) Robertson, P. B. and
Sweeney, J.r'. (1983) Can. J. Earth Sci., 20,1134-1151. 0) Kieffer, S. W. and Simonds, C. H.
(1980) Rev. Geophys. Space Phys. 18, 143-1EI1. (4) Croft, S. K. (1985) J. Geophys. Res. 90, Suppl.,
C828-C842. (5) Grieve, R. A. F. er-al. (1981) Merrill, R. B. and Schultz, P. H. (eds) Multi-ring
basins, Pergamon, N. Y., 37-57.
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DEVELOPMENT OF CLEAVAGE IN QUARTZ BY INTRATERRESTRIAL EXPLOSION.
C. B. Sclar, Dept. of Geological Sciences, Lehigh University, Bethlehem,
PA 18015.
Cleavage in quartz has long been considered an indicator of shock
(dynamic) metanorphism (Merrill, 1907; Carter, 1968), and there is a
strong association of cleavage in quartz with meteorite impact structures
(Bunch and Cohen, 1964; Short and Bunch, 1968). Recently, Carter et al.
(1986) have called attention to the dynamic deformation effects in
plagioclase and quartz from the Toba caldera, a silicic caldera in
northern Sumatra, and pointed out that shock stresses of large magnitude
can be produced intra terrestrially and do not require impacts of
extraterrestrial objects. In support of their view, I report the
occurrence of well-developed cleavage in quartz of the clasts of a
quartzite breccia developed locally in the Mesa Verde sandstone near Santa
Fe , New Mexico. This breccia constitutes the ore at the Ortiz gold mine.
The geological setting is that of a shallow intrusion of monzonite into
the Mesa Verde sandstone followed by a near-surface explosion which
resulted in the formation of a crater filled with the sandstone
(quartzite) breccia. This breccia was then covered by a blanket of
volcanic tuff. Later, rising hypogene solutions deposited iron oxides,
pyrite, jarosite, and gold in the interstices between the clasts of the
breccia.
The quartz of the breccia clasts shows well-developed cleavage in the
center of each clast. Toward the rim of each clast, the cleavages are
progressively healed, but the cleavage traces are revealed by trains of
fluid inclusions. Healing of the cleavages was probably effected by the
hypogene solutions which carried the gold.
Cleavage in quartz by itself is not an unequivocal indicator of
meteoritic impact. Dynamic deformation of quartz may also result from
internal explosions.
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'IHERMOLUMlNESCENCE SI'UDIES OF ANNEALED PLAGIOCLASE FEIDSPARS.

Christopher P. Hartmetz and Derek W.G. Sears, Department of Chemistry, University
of AIkansas, Fayetteville, AR, 72701
Plagioclo$e feldspars, present in most meteorite classes, are highly
sensitive to their metamorphic and shock histories. The mineral is also usually
the major thermoluminescence (TL) phosphor, so that the phenornenon provides a
uniquely sensitive and quantitative means of monitoring these and related
processes. However, our understanding of the relationship between details of the
TL emission and the physical state of the feldspar is rather fragmentary. To help
clarify this we have determined the TL properties of terrestrial feldspars
subjected to shock-loading (1) and to annealing; the present paper concerns the
latter.
50-75 fiB samples of oligoclase and bytownite in the low-temperature (ordered)
form (2) were sealed with an inert atmosphere in high-purity quartz vials and
annealed in wire-\vound tube furnaces at 533-9760 C for 100 h. The TL C'..l.>:" \'es of two
or three 4 mg aliquants were then measured using the techniques of (3).
The TL peak temperature of both feldspars increased in response to the
annealing treatment. The dominant peak in oligoclase moved from 146+-160 C to
175+-50 C after annealing at 635 0 C, and to 230+-10 0 C after annealing at 744 0 C. All
oligoclase samples produced curves with a peak at 277+-190 C, and this became the
dominant peak aft.er annealing at >786 0 C. The dominant peak for bytownite moved
steadily from 144+-5 to 210+-50 C as the saITlgles v~re annealed 533-7860 C and the
peak width increased from 116+-12 to 221+-6 C. These trends are very similar to
those shown by Amelia albite (4), several type 3.4 ordinary chondrites (5, and
unpublished), and the EETA79001 and Zagami shergottites when similarly annealed
(6), consistent with our previous suggestions that the TL phosphor in these
meteorites is feldspar in the 10\v-temperature form. In his study of albite,
Pasternak attributed these changes in TL properties to the onset of disordering,
although the details were unclear (4). The changes observed in the present study
also res€T.nle those produced in the same feldspars by shock-loading (I),
suggesting that it is the elevated temperatures associated with the shock that
are responsible for the changes.
1) Hart~tz et ale (1986) LPS XVII 311.
2) Ostertag (1983) Proc. LPSC 14th,
8364. 3) Sears and Vleeks (1983) Proc.
1l1li
LPSC 14th, B301. 4) Pasternak E.S •
(1978) Thesis, Univ. Penn. 5) Guimon et
ale (1985) GCA 49, 1515. 6) Hasan et ale
: ~
(1986) GCA (in press).
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TRACE ELEMENTS IN TEKTITE FRAGMENTS AND MICROTEKTITES
FROM DEEP SEA DRILL CORES AND BARBADOS: CONNECTION TO THE NORTH
AMERICAN STREWN FIELD.
C. Koeberl (1), and B.P. Glass (2),
(1) Institute of Geochemistry, University of Vienna, Austria
(2) Geology Dept., University of Delaware, Newark, DE 19716
The North American strewn field is the second largest tektite
strewn field in the world, with only two known varieties of
tektites (bediasites and geor gi aites), which have well defined
areas of occurrence. The larger part of the strewn field consists only of microtektite occurrences. A connection between
tektites and microtektites is evident, but until recently no
place was known where both are present to ge ther. A short time
ago a microtektite layer in deep sea deposits at Barbados has
been found, which also contains tektite fragments. Major element
compositions of the microtektites and the tektite fragments are
very close to the mean composition of North American tektites.
Trace element studies on these samples (tektite fragments and
Microtektites) also show a clear relation to the North American
strew n field.
In addition to trace element studies of the Barbados samples a
study was performed to investigate the trace element content of
a very interesting tektite fragment which was obtained from a
drill core which was taken off New Jersey (D SDP 612, 21/5, 113-5
cm). The fragment is much larger than the Barbados fragments,
and also seems to belong to the North American strewn field. This
is clearly an extension of the tektite strewn field to the ocean.
Ack nowledgement:
fragment.

We thank G.

Keller for the DSDP 612 tektite
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FURTHER EVIDENCE FOR THE IMPACT ORIGIN OF TEKTITES; B. P. Glass*,
D. W. Muenow and K. E. Aggrey**, *Geology Department, Univ. of Delawar e ,
Newark, DE 19716, **Hawaii Institute of Geophysics, Univ. of Hawaii,
Honolulu, HI 96822.
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Although the origin of tektites has been discussed for over 140 years,
the debate continues.
Presently most authors favor a terrestrial impact
origin (1); however, O'Keefe (2) argues for a lunar volcanic origin.
Three
recent studies support the impact hypothesis:
1) The rediscovery of coesite
in Muong Nong-type tektites from Indochina, 2) the observation that some
tektite fragments in the northwestern Atlantic off New Jersey contain quartz
particles partly melted to lechatelierite, and 3) the discovery that atomic
bomb-produced glass beads have a water content similar to tektites.
Coesite was first discovered in Muong Nong-type tektites from Phaeng
Dang, Thailand, by Walter ( 3 ).
However, O'Keefe (2) states that although
coesite has been reported in tektites, its presence is disputed and needs to
be confirmed. We have just recently discovered coesite in a second Muong
Nong-type tektite from Thailand (courtesy of Darryl Futrel). An earlier
study of this specimen (F-202) revealed the presence of relict crystals of
zircon and rutile, as well as corundum in an Si0 glass matrix which may be
2
a decomposition product of an A1 SiO phase (4).
Coesite and quartz were
S
2
identified in several frothy graIns cased on x-ray diffraction patterns
using a Gandolfi camera. As many as seventeen coesite lines were identified.
The relative abundance of quartz and coesite varied from grain to
grain.
Tektite fragments that appear to belong to the North American tektite
strewn field have recently been found in a Deep Sea Drilling Project Site
(DSDP Site 612) from the northwest Atlantic off the coast of New Jersey
(5, 6).
Petrographic microscope studies of several grains from this site
(obtained from G. Keller) revealed the presence of quartz grains, quartz
grains partly melted to lechatelierite, and lechatelierite particles all in
the same tektite fragment.
The quartz identification was confirmed by x-ray
diffraction and energy dispersive x-ray analysis.
The observation that some
of the quartz grains had partly melted to lechatelierite confirms previous
conclusions that the lechatelierite in tektites was formed by melting of
quartz grains and not by some process of liquid immiscibility.
High-temperature/mass-spectrometric volatile analyses (by KEA) of a
silicate glass spherule (provided by C. P. Butler), produced by an atomic
bomb explosion at Yucca Flats, Nevada Proving Grounds, in 1962, indicates a
water content of 0.007 +0.002 wt%.
This water content is comparable to
measured water contents of tektites.
Previous work has shown that other
atomic bomb-produced glass beads from Yucca Fla s were as homogeneous as
tektites and that the iron was mostly in the Fe + state (7). The above data
indicate that homogeneous, dry, reduced glass can be made during an
instantaneous event such as an impact.
The research partly supported by NSF grants EAR 76-01146 and OCE8314522. Takako Nagase made the x-ray diffraction patterns.
REFERENCES:
(1) King, E. A. (1977) Am. Scientist, 64, 212-218.
(2) O'Keefe, J. A. (1976) Tektites and Th;ir Origin. Elsevier, Amsterdam,
254 pp.
(3) Walter, L. S. (1965) Science, 147, 1029-1032.
(4) Glass, B. P.
and Barlow, R. A. (1979) Meteoritics, 14, 55-67.
(5) Thein, J. (in press)
Initial Repts. Deep Sea Drilling Proj., ~
(6) Keller, G. (1985)
personal communication.
(7) Senftle, F. E. (1979) written communication.
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SEARCH FOR THE AUSTRALASIAN TEKTITE SOURCE CRATER L. S. Wa lter , C. C. Schnetzler and J . G. Marsh , Laboratory for Terrestria l Physics , Goddard Space Fl ight
Center , Greenbelt, MD , 20771
Comparison of chemical and isotopic data amo ng tekt i tes , l unar samp l es and
terr estria l rocks indicates that tektites most l i ke ly were formed by the
impact of an asteroid on the terr estrial cont i nenta l crust. Further , physical
and chemical evidence from the australasian tektites point toward an impact
site near the north end of the field , in th e vicinity of Indochina .
The
crater resulting in the relatively recent (ca . 700 , 000 year) and volum i nous
australasian strewn-field should be large and easily recogn i zable . As no
suitable candidate has yet been found on l and , a search for the structure has
been initiated on the l arge conti nental shelf area of the southwest Pacific
ocean .
The data used in this exploratory stage of the search were derived from the
GEOS-3 and Seas at radar altimeters . These data were acquired over the ocean
and had been processed to give a representation of the oceanic geoid at a 1/80
grid spacing . (It shou l d be noted that in the are a of our investigation ,
adjacent altimeter ground tracks were as much as 10 apart) . The area of the
search lies between 15 0S and 30 0N latitude and 90 0 E and 140 0E longitude .
Total relief of the oceanic geoid in this region is approximately 45
meters . The altimetry data has a precision of 5 cm . After excluding the deep
trench regions (the most negative 20 meters) , the remaining data set was
divided into five images in which geoid height was r epresented in 256 greylevels (i . e., each grey level represents a 2-cm range in sea level elevation) .
Interactive image processi ng was then used to level-slice eac h image in a
search for large circular features. The diameter of the smallest crater which
could be detected using this data set and approach is approximately 50 km.
Both modeling and measurement of terrestrial impact structures pr edict an
overall negative gravity anomaly of some 10's of milligals over the structures
and therefore a negative sea surface height if impact is on continental shelf .
Seven circular geoid "structures" of appropriate size were found on known
or suspected continental shelf areas within the study region . Si x show
negative sea--surface topography . Two of these are located off the coast of
Vietnam south of the Mekong delta at about 107 030 ' E. One , at g030'N has a
diameter of approximately 70 km . The other at 7030'N has a diameter of about
150 km . (The averaging technique used to obtain the 1/80 data set suggests
that these diameters may be exaggerated ; individua l satellite passes will be
used to estimate true sizes) . Four circular features occur near the margin of
the continental shelf between 110 and 111 0 E and 7 to 13 0N. One of the
features, at 111 0 E, 13 0N, is associated with a bathymetric l ow. The seventh
feature, lying partially on the southern coast of Sumatra , is a sea- surface
topographic high and is therefore not a likely candidate . Other features
associated with shallow waters are in the Benham Bank east of Luzon , the Reed
bank southwest of Luzon and the Maccelsfield Bank in the South Ch i na Sea .
It should be emphasized that these results are preliminary. Fi rst , more
detailed gr avity and bathymetric studies should be performed . Hopefully , this
will be facilitated through the availability of data from the Navy's Geosat
altimeter which , though it would not be re l eased with higher spatial or geoid
resolution , will have a greater uniform density of coverage than currently
available . This step should be followed by analysis of detailed seismic
surveys . Ultimately, drilling and sampling of the most likely structures will
be required in order to test the hypothesis .

'.
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THE K/AR AGE OF HIGH SODIUM / POTASSIUM AUSTRALITES
D. Storzer, Laboratoire de Mineralogie du Museum, Paris, France, and
D. Muller-Sohnius, Mineralogisch-Petrographisches Institut, Univ. Munchen,
Germany
H Na/ K tektites, a small Australite subgroup of only ten specimen, differ
from "normal" Australites or any other tektite group by their pecular chemical (1), oxygen isotopic (2), and strontium isotopic (3) composition. In
addition, fission track dating showed that H Na/K Australites might be systematically older than "normal" Australites (4). The latter have fission
track plateau- and 40Ar/39Ar-ages of respectively 0.830 ± 0.028 (2 0) Ma
and 0.887 ± 0.034 (20) Ma (5). The apparent fission track ages (recalculated
with Af = 8.46 x 10- 17 a- 1 ) of H Na/K specimen AN-87, AN-245, AN-370 are
3.6 Ma, 2.5 Ma and 2.9 Ma respectively (4). However, refined fission track
dating on sample AN-245 showed that its age of 2.86 ± 0.13 Ma is drastically
lowered due to thermal episodes which partially reset the fission track clock
about 1 . 7 Ma and 3.0 Ma ago and which might even have quantitatively erased
the fossil track record at 8.35 ± 0.90 Ma (6).
In an attempt to precise the formation age of H Na/K Australites and to
test if they have a common origin at all, or if not, to better understand
the chronological relationship between them, we have performed argon studies
on the small remainders of the three specimen which had already served for
fission track analyses (4, 6). Double measurements on 6 to 22 mg aliquots
resulted consistently in 3.2 to 3.9 x 10- 7 cc/g STP 40Ar for each tektite.
From these 40Ar contents together with the K concentrations published in
(1) we arrive at ages in the narrow range of 10.9 Ma, 10.9 Ma and 11.3 Ma
respectively for the specimen AN-87, AN-245, and AN-370. The mean age of
11.0 ± 0.7 Ma (taking into account an error of ± 2 % for the K analyses in
(1»
is interpreted as the formation age of H Na/K Australites.
References: (1) Chapman D.R. and Scheiber L.C., 1969, J.G.R., "14,67376776 ; (2) Taylor H.P. and Epstein S., 1969, J.G.R., 74, 6834-6844 ; (3)
Compston w. and Chapman D.R., 1969, G.C.A., 33, 1023-1036 ; (4) Fleischer
R.L. et al., 1969, E.P.S.L., 7, 51-52; (5) Storzer D. et al., 1984,
Meteoritics, 19,317 ; (6) Storzer D., 1985, Meteoritics, 20, 765 .
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ORIGIN OF TEKTITES, J .A. O'Keefe/68'1, NASA Goddard Space Flight
f·
0 , V1ews

Cent~re'
Greenbelt,
MD teRt1te
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between Taylor and McLennan (1980) and O'Keefe (1980). Alternatives other
than meteorite (or comet) impact on the earth or volcanic eruption from the
moon can be excluded. The chemical and isotopic composition of tektites is
closer to that of the earth's crust (especially sandy sediments) than to that
of the lunar samples. On the other hand, glass-making theory and practice
indicate that the time required to make tektites from a natural sandy sediment
would be reckoned in hours or days, while the time available in an impact
followed by launch on a ballistic trajectory is a few tens of seconds. One
difficulty is to homogenize the glass, which requires a high value of
coefficients of diffusion of the constituent elements in the melt.
Taylor and McLennan suggested that the glass might have been formed during
the shock phase itself, when the pressures and temperatures are much higher
than those encountered in practical glass-making . Recently Angell et al
(1982) explored this range by calculation for 6000 oK and a pressure range
from 0 to 80 GPa (800 kilobars). They find that, although the diffusion
coefficients in a silicate melt do increase up to about 25 GPa, they then
reach a maximum, and decline to 80 GPa. The maximum values are near 5 x 10- 5
cm 2s- 1 • To homogenize requires a value at least 0 . 4 for the quantity Dt/a 2 ,
where D is the diffusion coefficient, t the time, and a is the distance
through which diffusion must take place. For a sandy sediment, a must be at
least a few mm, to smooth out statistical variations in the relative
abundances of the component minerals. For the Ries the shock lasted less than
Is; it follows that a value of D not less than 4 x 10- 2 is required. Thus the
impact hypothesis fails by 3 orders of magnitude .
The alternative is lunar volcanism. Consider the thermal history of the
moon. Tokstlz and Johnston (1977) in common with many others find that when
formed, the moon was heated to the point of partial melting in its upper 600
km; deeper regions were cooler. Some 2 b.y. later, the upper layers had
cooled, but the deeper layers had been heated to the point of partial
melting. Since the lunar samples all have ages greater than 2.5 b.y., they
were differentiated from upper layers of the moon. The effects of the early
heating are seen in the lost volatiles, and the resulting low P02 • On the
other hand, since all known tektites are less than 70 m.y. old, the volcanoes
to produce them must have originated in the deeper layers which did not suffer
the early heating event, hence are likely to be more like earth materials in
volatile content, P02' K/U ratio, lead isotope composition etc . If the moon
in really derived from the earth, these resemblances might well be striking,
as found by Taylor and McLennan.
I.

Angell, C. A.,
O'Keefe, J. A.
Taylor, S. R.,
Toks8z, M. N.,

P. A. Cheeseman, and S. Tamaddon, 1982. Science 218, 885.
1980. GCA 44, 2151.
and S.M. McLennan, 1980 . GCA 44, 2153.
and D. H. Johnston, 1977. In: NASA SP 370, p. 295.
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OXYGEN AND SILICON ISOTOPIC VARIATIONS IN CHONDRULES . R.N. Clayton
and T.K. Mayeda, Enrico Fermi Institute , University of Chicago, Chicago,
IL 60637, and J. N. Goswami, Physical Research Laboratory, Ahmedabad-380 009
India.
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Oxygen isotopic compositions of individual chondrules from chondritic
meteorites fall into three distinct, non-overlapping groups, corresponding to
the ordinary chondrites, the enstatite chondrites, and the carbonaceous chondrites. Within each group the data form linear arrays on the oxygen threeisotope graph, with considerable scatter indicating either th e presence of
more than two isotopic components, or the sunerposition of isotopic fractionation on a two~component mixing line. The separation among the three groups
requires three separate reservoirs of pre-chondrule solids. The variation
within each group may represent a combination of initial isotopic heterogeneity
and effects associated with the chondrule-forming process, particularly isotopic exchange with the ambient nebular gas. Heating times of minutes to
hours are required for substantial degrees of exchange. Isotonic effects
associated with chondrule formation may be correlated with size or texture of
chondrules, which may reflect their thermal history. In the carbonaceous
chondrite group, barred chondrules have undergone a greater degree of isotopic
exchange than microporphyritic chondrules; in the ordinary chondrite group,
chondrules <300 ~Im in diameter are more extensively exchanged than larger
chondrules. In all three groups, exchange during chondrule formation has
caused ~he data to converge toward the terrestrial fractionation line,
suggesting exchange with a common gas reservoir. The carbonaceous chondrite
group underwent exchange at a higher temperature than the ordinary chondrite
group.
Within the ordinary chondrite group, chondrules with diameters >1 mm
show no systematic relationship betwe,en oxygen isotopic composition and the
iron group of the parent meteorite. However, the H chondrites contain a
significantly larger proportion of small chondrules «300 ~m), which have much
larger 16 0 contents. This di fference .in chondrule size dj stribution appears
to be the principal cause of the difference in bulk oxygen isotopic composition
between Hand L chondrites.
Silicon isotopes are fractionated over a range of about 1%0 in 6 30 Si .
There is no systematic relationship between the isotopic effects in silicon
and oxygen .
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CHONDRULES THAT IHDEBT ONE ANOTHER: EVIDENCE FOR BOT ACCRETION?

Britt A. Holmen and John A. Wood, Smithsonian Astrophysical Observatory,
Cambridge, MA 02138
Conventional wisdom is that meteoritic chondrules cooled and hardened as
dispersed objects before the chondrites accreted; in the words of Sorby's
classic paper [1], "melted globules with well-defined outline could not be
formed in a mass of rock pressing against them on all sides." However , as
[2] has noted, textural relationships suggest that (at least) a few of the
cbondrites began to accrete while some of their chondrules were still hot and
plastic, so that they tended to indent and mold against one another where
they were in contact.
Here we are not referring to compound chondrules, where the two igneous
systems are in direct contact and are almost always of the same composition
and texture. The Tieschitz (H3) and Krymka (LL3) chondrites contain chondrules that appear to indent or mold one another, but there is opaque matrix
material between them and their compositions and textures are different .
Also , the majority of compound chondrules have barred olivine or radiating
pyroxene textures [3,4]; none of the chondrules that we consider to have
indented one another have these textures. Most indented pairs are made up of
chondrules with granular and porphyritic textures, with varying proportions
of olivine and pyroxene. One's instinct is to rationalize these as accidental fits between irregularities that occurred as the material aggregated, yet
they are quite abundant and some of the shape matches are surprisingly good.
Indented pairs consist of one chondrule that is indented and one that
preserves its spheroidal shape. If one actually indented the other, and
these are not chance juxtapositions, then their compositions should be such
that the indented chondrule was more plastic in the vicinity of 1000-1100 0 C
than the indentor. Plasticity at a given temperature would be controlled
mostly by the composition and amount of mesostasis. As a test of the indentation hypothesis, we are measuring the compositions of mesostases in indented
pairs of chondrules in Tieschitz and Krymka. Preliminary results support the
"hot" accretion model in all four of the indented pairs analyzed to date.
If the interpretation that the chondrules indented one another while
they were still hot and plastic is correct, some important conclusions can be
drawn about early nebular processes:
(1) Accretion at least began immediately after the high-temperature
events (whatever their nature) that thermally processed the chondrules-there was no protracted period of circulation and mixing of components in
the nebula. One of us has made this point previously [5] on other grounds.
(2) At least in the case of UOC's, matrix grains were not formed in a
totally different place and thermal regime than the chondrules; all of these
were the product of the same thermal event.
[1] Sorby, H. C., 1877. Nature 15,495-498.
[2] Hutchison, R., and A. W. Ro
Bevan , 1983. Chondrules and Their Origins, 162-179. [3] Gooding, J. L. and
Ko Keil, 1981. Meteorit ics 16, 17-43 . [4] Lux, Go, K. Keil, and G. J. Taylor,
1981 . G.C.A. 45, 675 - 685. [5] Wood, J. A., 1985. Protostars and Planets II,
687 - 702 .
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DEFORMATION HISTORIES OF CHONDRULES IN THE CHAINPUR CHONDRITE
A. Ruzicka, Lunar and Planetary Laboratory, University of Arizona,
Tucson, AZ 85721
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Over 100 chondrules in the Chainpur (LL3) chondrite were examined
for optical evidence of shock deformation. With few exceptions, olivine
and polysynthetically twinned pyroxene appear undeformed.
"Untwinned"
pyroxene, in contrast, shows undulose-mosaic extinction even when it
co-exists with seemingly undeformed olivine and twinned pyroxene. TEM
studies of a dozen chondrules were made in order to resolve this
paradox and to elucidate the shock histories of Chainpur chondrules.
Low-Ca pyroxene in
Chainpur displays stacking
faults that
represent intergrowths of the clino- and orthoenstatite structures, and
often shows unit dislocations, microcracks, and misorientations across
microcracks . A prevalence of microcracks in the "untwinned" pyroxenes,
a vagary in thin-sectioning, or a difference in the sequencing of
stacking faults may account for the optical distinction of the two
pyroxenes. Although olivine usually lacks defects,
in one chondrule
this mineral contains pervasive, straight, parallel dislocations that
grade into heavily deformed "bands" across which misorientations occur .
Olivine in 2 other chondrules contain a lower density of dislocations
that are curved,
looped, or arranged in "subgrain
boundaries",
indicating recovery. "Dusty" (relict) olivine in another chondrule has
a moderate density of curved dislocations and co-exists with igneous
olivine that is sparsely deformed, strongly suggesting that the "dusty"
olivine was deformed before or during the crystallization of the
igneous olivine.
The defects in Chainpur olivine are plausibly the result of shock.
In contrast, the deformation of pyroxene is attributed largely to
growth phenomena unrelated to shock since: a) co-existing olivine in
some chondrules is undeformed and lacks evidence for recovery; b) the
non-uniform extinction and defects observed in pyroxene have been
duplicated during crystallization (1) and annealing (2) experiments; c)
several authors (3, 4) have suggested that olivine is more susceptible
to shock deformation than pyroxene; and d) deformation of high-Ca
pyroxene in some lunar rocks has been independently ascribed to growth
processes (e.g. 1,
3). The paucity of plastic deformation in olivine
argues that peak shock pressures were lower than about 5-7 MPa for most
chondrules in Chainpur. The presence of at least some highly deformed
olivine could be due either to varied pre-agglomeration deformation
histories of the chondrules or to an extremely non-uniform response to
a bulk shock event following agglomeration. The former is considered
more likely.
Acknowledgement: This work was supported in part by NSF grant EAR
7421801 AOI to R.T. Dodd.
References: (1) Carter N.L., Leung I.S. and Ave Lallemant H.G.
(1970a)
Science 167, p. 666-668. (2) Ashworth J.R. and Mallinson L.G. (1985)
EPSL 11, p. 33-40. (3) Carter N.L., Leung I.S., Ave Lallemant H.G.
and
Fernandez L.A. (1970b) Proc. Apollo 11 Lunar Sci. Conf., p. 267-285.
(4) Christie J.M. and Ardell A.J.
(1976) In Electron Microscopy in
Mineralogy, p. 374-403.
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FABRIC

STATISTICS

OF

CHONDRULES, CAliS, CLASTS AND METALS IN
CHONDRITES .
M. Kirchmayer, Dept. of t4ineralogy, Heidelberg University, 0-6 900 Heidelberg,
and University of Maryland, European Division Heidelberg, FRG.
and F. Wlotzka, Max-Planck-Institut fUr Chemie, 0-6500 Mainz, FRG .
The preferred orientation of fabric elements in chondrites will be described in a statistically measureable manner, keyed to fabric coordinates and
presented in central fabri c stati sti c di agrams . r1ethods are based on SCHM lOT,
1917 - see HAFF, 1938 (1) - and WEYNSCHENK , 1949 - see KIRCHt,1AYER, 1959 (2).
Here we show as an example some fabric components in a thin section (2cm long)
of the H5-chondrite Beddgelert. There are 4 types of formation, only No.2 is
shown here. Fig. la shows the outlines of chondrules, Fig. 1b the longest diameter of them. A similar picture can be
drawn for the metallic components metal
o
+
troilite . Lines will be paralleled to
Fig . 1 a
the center of projection, plotted along
the periphery and contoured by 1% counti
ng 1 i nes. Percentages here for con0
o
touring
the metallic components: 18-14t? (> 0
8-3-1-0%. The result is shown in Fig.2:
c:::a
Two maxima within a certain degree of
()~
tropy. The diagram for chondrules shows
<::>
also 2 maxima . The setting of coordinates will show an orthorhombic stress
•
system having 3 principal stresses, 2
......
normal ones and 2 shearing ones, accor-/ ding to BUCHERIS HARTr~ANN fabric rule,
1920 - see DENNIS, 1972 (3). Here:
Sheari n9 stresses have caused the preferred ori entati on of metal + troil ite
grains and chondrules in Beddgelert.

, -- -

Fig. 1b

Fig. 2

Other chondri tes sho\t/ di fferent
fabrics :
a) No statistic fabric plane at all:
Burial compaction along gravity under
lithostatic stress .
b)
A single statistic fabric plane:
Static compression in a parent body by
uniaxial compaction, e.g. chondrules of
the CV3-chondrite Leoville show in all
slabs we have investigated so far one
single fabric plane, i.e. one maximum.
Also CAlis and lithic clasts show a
preferred orientation in this plane .
References :
(1) J.e. HAFF (1938) Amer. Miner. ~,
9, 543-574 .
(2) M. KIRCHt4AYER (1959) Neues Jb.Geol.
Palaont . Mh. 5, 209- 229.
(3) J.D. DENNIS 0972) Structural Geology, 532 p., Ronald Press,~. York.
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APPEARANCE OF METAL AT THE CHONDRULE SURFACE DURING CHONDRULE
MELTING. H.N. Planner, Los Alamos National Laboratory, MS F66S, Los Alamos,
NM 87545
Experiments being conducted to examine texture and mineralogy of
enstat ite chondrite chondrules have yielded samples dotted with hundreds of
submill imeter metal spherules embedded in their surfaces. Observations from
these experiments are appropriate to discussions of the immiscible metal and
sul fide components of an otherwise sil icate chondrule because (1) there are
numerous chondrules, not only among the enstatite chondrites but also the
ordinary and carbonaceous chondrites, that have much of their metal and
sulfide near or at their periphery; (2) the general depletion of metal and
sulfide in chondrules compared to the whole chondrite
suggests that
these components may have resided at the surface of the chondrule, available
for detachment or vaporization; and (3) development of surface metal
spherules would be required of a model [2J invoking the formation of
chondrule craters as products of metal fission.
Silicate powder, formed of natural minerals and having a multi-oxide
based composition resembl ing the Wiik [3] analysis for the Indarch enstatite
chondrite, was blended with iron and nickel powders for these experiments.
Oxygen fugacity was controlled with a graphite buffer (C-O system). Maximum
temperatures reported for these experiments are within the 14l5-1470°C range .
Of eight experiments conducted, each has resulted in samples coated with
metal spherules over their entire free surface, i.e. the surface not in
contact with the crucible.
Free surfaces of gas pockets that may have
formed on the underside of a sample are also coated with metal spherules.
The exposed surface of the metal commonly ; esembles a smooth hemisphere,
rarely exceeding 300]..lm diameter, which rises above the surrounding silicate
substrate . There is one sample in which nearly complete spherules are
prominantly positioned atop the substrate.
The metal expressed at the
surface is, however, a fraction of the total metal in the sample. There is
no spatial pattern to the surface spherules as there is little or no
close-packing arrangement among next neighbor spherules. Having reached the
surface , lateral movement of the spherules was restricted by solid silicate
material dominating the sample surface. There is also no regular pattern to
the distribution of spherule diameters across the sample surface.
At least among the enstatite chondrite chondrules, for which these
experiments are most applicable, compositionally, the development of
immiscible metal and sulfide spherules at chondrule peripheries may have
been common during chondrule heating. This is envisioned only if the time
required for emplacement of spherules at the chondrule surface is shorter
than the time duration in which chondrules were heated, and the temperature
for any individual chondrule was sufficient to melt the metal and sulfide
components. It is uncertain, however, whether metal spherules would remain
at the surface of the chondrule as the sil icate fraction approaches the
liquidus, becoming predominantly liquid. Experiments by King [4] suggest
that it may be possible.
This research was conducted in part at the Institute of Meteoritics,
University of New Mexico, Albuquerque.
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EXPERIMENTS ON MELTING, SOLIDIFICATION AND
CRYSTALLIZATION OF CHONDRITIC COMPONENTS;
K. Fredriksson,
Dept. of Mineral Sci., Nat. Museum of Natural History,
Smithsonian Inst., Washington, D.C. 20560
0

Experiments with a Leitz "Heating Stage l750 C" have been
continued. A summary description of the instrumentation and
some preliminary results of melting - solidification recrystallization experiments with milligram samples of
chondrule fragments and carbonaceous chondrites have been
reported previously (Fredriksson, 1985). However, several
phenomena occur very rapidly (within seconds) in the 1200 0
1700 range and therefore the microscope to which the heati~g
stage is attached has been equipped with a video monitor and a
recorder syncronized with the temperature recorder. Thus, 'the
individual runs can be reviewed repeatedly at low speeds or
frame by frame to facilitate interpretations.
The results
confirmed that so called multiple chondrules can be formed
rapidly from a single melt bead and that chondrule-like
spherules resembling "armored" chondrules in Type 3 chondrites
0
form rapidly from C-chondrit~ melts at -1600 C.
Melts of
ordinary ("equi libra ted") ch~dri te silicates so far have only
yielded "unequilibrated" chondrules, Le. with zoned olivines
and rather wide ranges of Mg/Fe ratios. The composition and
crystallinity of individual "beads" are, as expected, complex
functions of heating and cooling rates, holding temperatures
or reheating, as well as the compositions of starting
materials.
However, some limitations to cooling rates may be
deduced, e.g. from the observation that olivine normative
glass can be formed'under certain conditions. The role of
heating rates and maximum temperatures reached appears more
difficult to assess.
Currently the experiments are ~eing extended to
recrystallization of some CAl's and synthetic powders with
similar bulk compositions. A few attempts have also been made
to form tektite-like dense glasses very rapidly from various
soil mixtures.
Some preliminary results of these experiments
should also be available.

Fredriksson K. (1985) Meteorites ~, p. 646-647.

'
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PRE-AGGLOMERATION METAMORPHISM OF CHONDRULES IN THE CHAINPUR CHONDRITE
A. Ruzicka, Lunar and Planetary Laboratory, University of Arizona,
Tucson, AZ 85721

.'

Although most olivine in Type 3 chondrites is "normally zoned",
microprobe traverses across some 55 chondrules in the Chainpur (LL3)
chondrite show that grains located near chondrule margins are usually
zoned asymmetrically, with the most fayalitic olivine
occurring
adjacent to the exterior of the chondrule. This effect occurs in about
75% of the chondrules traversed.
In almost all of the remaining
chondrules , pyroxene intervenes between the chondrule rim and the
olivines .
The asymmetric zoning is almost certainly due to solid-state
diffusion of Fe and Mg between the chondrules and an Fe2+ -rich
environment that followed the crystallization of olivine and pyroxene
in the chondrules. Evidence
for this includes: a)
the highl y
implausible growth histories of olivine that would be required in some
cases if a conventional fractional crystallization origin were invoked;
b) the inferred tendency for either smaller olivine grains or tho se
located closer to the chondrule margins to have undergone more
effective obliteration of the original zoning patterns; and c) the
slower Fe-Mg diffusion rate in pyroxene as compared to olivine and
albitic glass (e. g . 1). As little as 20 ·'{m of pyroxene at the rims was
apparently necessary to effectively prevent Fe-Mg diffusion from
proceeding into the chondrule, but as much a s 80 . m of feldspathic
mesostasis at rims was insufficient to prevent such diffusion in other
cases. About a dozen chondrules also show evidence for the diffusion of
Ca either into or out of chondrule olivine.
Zoning systematics suggest that Fe-Mg metasomatism proceeded
largely throughout those chondrules that now contain
relatively
fayalitic
(mean FeO > 10-15 wt %) olivine and was limited to the
margins of chondrules that have less ferrous olivine. Chondrules with
ferrous olivine also show microstructural evidence for recovery in
olivine and possibly pyroxene: This suggests that annealing accompanied
metasomatism . Chondrules with highly amorphous mesostases are confined
to fayalite-poor chondrules, and TEM studies show that twinned feldspar
and "augitic" pyroxene are increasingly prominent in the mesostases of
fayalite-rich chondrules.
Metamorphism of chondrules occurred prior to agglomeration since:
a) 3 chondrules lack evidence for metasomatism even though olivine was
analyzed immediately adjacent to an intact (and in one case highly Ferich) rim; b) neighboring chondrules display large variations in zoning
patterns,
devitrification
of
mesostases,
and inferred thermal
histories; c) there is little or no correlation between the apparent
sizes and mean fayalite content of chondrules ; d) fayalite-poor
chondrules tend to be more circular than fayalite-rich chondrules; and
e) small « 15 ~ m) olivine grains in the matrix of the meteorite are
compositionally inhomogeneous.
Acknowledgement: This work was supported in part by NSF grant EAR
7421801 AOI to R.T. Dodd.
Reference: Freer R.

(1981) Contrib. Mineral. Petrol. 76, 440-454 .
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I-Xe STUDIES OF INDIVIDUAL CHONDRULES: T. D. Swindle, Lunar and
Planetary Laboratory, Univ. of Arizona, Tucson, AZ, 85721; M. W. Caffee, Lawrence Livermore
Laboratory, Livermore, CA; and C. M. Hohenberg, McDonnell Center for Space Sciences and Dept. of
Physics, Washington Univ., St. Louis, MO.
Iodine-xenon studies have now been performed on suites of individual chondrules from three
different meteorites. In general, chondrules from anyone of the three meteorites resemble one another
much more than they resemble chondrules from either of the other two meteorites. The major property
determined in these studies is R o, the ratio of radioactive 1291 to 1271 at the time of isotopic closure of
xenon.
Chondrules from the L4 Bjurbole [1] generally have well-defined isochrons, indicating uniform
initial iodine composition within a given chondrule. There is a spread in Ro from chondrule to chondrule of about 8%, corresponding to a spread in apparent I-Xe formation times of about 2 m.y.
Chondrules from the C3V Allende [2] generally have a pattern of increasing apparent Ro with
increasing extraction temperature. This behavior is consistent with slow cooling or with resetting of
the I-Xe clock by later thermal events. The total span (14%) corresponds to a time difference of about
4m.y.
Most chondrules from the unequilibrated ordinary chondrite (LL3) Chainpur [3] have reasonably
well-defined isochrons, but there is a spread in Ro of a factor of eight (I-Xe ages differing by 50 m.y.).
Furthermore, many of the Chainpur chondrules have apparent I-Xe ages considerably later than those
of the chondrules from the equilibrated meteorite Bjurbole. This is consistent with other observations
that Ro seems to vary within a single unequilibrated ordinary chondrite [4] and that Ro for UOC's is
lower (later I-Xe age) than for equilibrated meteorites [5].
The Chainpur chondrules were also characterized petrographically and analyzed for elemental
abundances via INAA. Correlations of Ro with petrographic properties or with concentrations of elements such as iodine or bromine might be expected if the variations in Ro are the result of different
degrees of mixing of gas and dust with different R~'s [6]. However, Ro does not correlate with these
properties. Instead, it correlates inversely with the 29Xe/132Xe ratio in the trapped xenon, as might be
expected if the chondrules underwent closed-system evolution of the I-Xe system. Thus, the evidence
seems to favor the classical chronological interpretation of I-Xe structure.
Chondrule formation in the solar nebula can't be the event setting the I-Xe clocks, since the
nebula probably didn't last as long as the span of Chainpur ages (50 m.y.), and since the Allende
chondrules seem to have cooled at rates much too slow to be nebular. Unless chondrules didn't form
in the nebula (but see [7]), the I-Xe clock is probably dating parent-body processes, at least in Allende
and Chainpur.
The large span in Chainpur ages, and the fact that UOC's give later ages than more equilibrated
chondrites, suggests that the I-Xe system in UOC's is more sensitive to late low-temperature thermal
events. This could be the case if metamorphism changes the siting of iodine either by creating larger
grains (which inhibit diffusion) or by creating "cages" within grains that trap the iodine and xenon [8].
References: [1] Caffee et al. (1982) Proc. Lunar Planet. Sci. Conf 13th, in J . Geophys. Res.,
87, A303-A317; [2] Swindle et al. (1983) Geochim. Cosmochim. Acta, 47, 2157-2177; [3] Swindle et
al. (1986) Lunar Planet. Sci. XVII, 857-858; [4] Podosek and Hohenberg (1970) Earth Planet. Sci.
Lett., 15, 101-109; [5] Shukolyukov et al. (1984) Lunar Planet. Sci. XV, 784-785; [6] Crabb et al.
(1982) Geochim. Cosmochim. Acta, 46, 2511-2526; [7] Taylor et al. (1983) In Chondrules and their
Origins, 262-278. [8] Wood (1967) J. Geophys. Res., 72, 6379-6383.
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DISTRIBUTION OF VOLATILES, SIDEROPHILES AND CHALCOPHILES BETWEEN THE RIMS AND INTERIORS OF SEMARKONA CHONDRULES.
Jeffrey N. Grossman* and John T. Wasson+. *U.S. Geological Sur~
vey, Reston, VA ~2092; +University of California, Los Angeles,
CA 90024.
Surface rims were removed by abrasion from seven Semarkona
chondrules, and the rims and interiors analyzed by instrum~ntal
and radiochemical neutron-activation analysis. The chondrules
were selected from-a larger set because they had dark coatings
on their surfaces. Thin sections were prepared from fragments
of interior samples, but rim petrographic sections were onl y
available in a few cases where some rim 'material remained
attached to interiors.
As also observed in studi~s on Chainpur, siderophile and
chalcophile concentrations were generally (in 6 of 7 chondrules)
a factor of ~2 higher in rims than interiors.
In 5 of these 6
cases the rim siderophile patterns were remarkably similar to .
those in the interior.
In 2 cases this could reflect contamination of interiors by rims. However, in 4 chondrules petrograpmc
study shows adequate metal in the interior to account for the observed siderophiles, and we conclude that the rim and interior
s iderophi les (and chal cophil es) are gene tically re la ted.
Lithophiles are also similar in interiors and surrounding rims, but
in this case we cannot rule out the possibility that the patterns
in rim samples are dominated by contaminating interior materials.
Two models that could explain the similarity in rim and interior siderophile (and chalcophile) patterns are (1) chondrules
and rims formed at about the same time from local nebular pre cursors that varied with time and place; of (2) rim siderophiles
were part of the chondrule when it formed and migrated to the
surface as a low-temperature metal-sulfide melt. Because siderophile patterns show large differences - larger than anticipated for fine - grained nebular matter - we find the first model
to be less plausible.
If the second model is correct, we expect
rims to be enriched in metal and sulfide relative to the finegrained interchondrule matrix.

o·

We find moderate surface enrichments of K, Zn and As in most
chondrules, an indication that some volatilization 6f these elements occurred while the chondrule was hot. However, these surface enhancements are small relative to the total volatile budget.
Our earlier conclusion that the bulk of chondrule volatiles resides in the interiors remaiffi valid.
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RELATIONSHIPS AMONG PRIMITIVE ALLENDE COMPONENTS:
IMPLICATIONS
FOR THE ORIGIN OF CHONDRULES.
Alan E. Rubin and John T. Wasson,
Institute of Geophys~cs and Planetary Physics, University of
California, Los Angeles, CA 90024, USA.
Major petrographic components of CV chondrites include
chondrules, various types of inclusions and silicate matrix material.
Approximately 50 % of the chondrules are surrounded by
coarse-grained rims.
Rim thicknesses range up to 1 mm.
To help
elucidate the interrelationships of these materials, we studied
20 chondrules, 13 rims and 2 composite samples of matrix material
from Allende by INAA and electron microprobe.
Our sample
includes 9 chondrule--coarse-grained rim pairs.
Largely on the basis of factor analysis, we infer the presence of chondrule precursor components enriched in the following
element sets:
(1) common and refractory siderophiles and s ulfides, (2) refractory lithophiles, (3) Mn, Cr and Si (also rich
in pyroxene), and (4) Au and As.
These inferred components
differ in detail from those of chondrules in other chondrite
groups.
Chondrules are similar but not identical in composition to
their surrounding coarse-grained rims.
About 50% of the choridrules and coarse-grained rims have dissimilar refractory lithophile abundance patterns.
Siderophile and chalcophile patterns
generally differ between chondrules and rims; in most cases, rims
are richer in these elements.
Slightly to moderately vo~atile
lithophiles (Cr,Mn,Na,K) exhibit similar interelement abundance
patterns in most rims and enclosed chondrules .
In general,
individual coarse-grained rims are closer in composition to their
enclosed chondrules than to any other chondrule.
The compos itional similarity of Allende matrix to some coarse-grained rims
indicates that matrix sampled precursor components related to
those of chondrules and rims.
We infer that fine-grained rim coatings were accreted
following chondrule formation.
Chondrules with such coatings
that experienced reheating to ~IOOOoC from the chondrule-heating
s ource developed coarse-grained rims .
The similarities in composition between individual chondrules and their coarse-grained
rims suggest that there were spatial and temporal variations in
the mean particle composition in the solar nebula, and that rims
formed from materials related to the precursors of their enclosed
chondrules.
Differential settling of nebular components differing in mean size and density could lead to these spatial-temporal
variations.
The observation that coarse-grained rims developed
after chondrule formation restricts plausible chondrule-forming
mechanisms to those that allow multiple episodes of reh ea ting .
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LAYERED CHON1)R.ULES IN CARBONACEOUS CHONDRIT~S.
:\1. Prinz l ,
M.K. Weisbergl ,2, C.E. Nehrul ,2, J.S. Delaneyl (1) Amer. Museum Nat. Hist. 9 NY, NY
10024. (2) Brooklyn College (CUNY), Brooklyn, NY 11210.
Layered chondrules are present in most unequilibrated chondrites. They are most
abundant and thickest in C3(V) chondrules, much less abundant and thinner in H-L-LL3
chondrules, and relatively rare in C3(O) chondrules. They are also present in rarer
types of chondri tes (l]. Some chondrules are multilayered, and the terms core and
rim are often inadequate. We use the term !layered! to describe chondrules with any
number of units, of any grain size or sequence, in preference to !coarse-grained rims!
Their coarse grain size is only in
[2] since the !rims! are mainly fine-grained.
comparison to the dark opaque rims and matrix. Layered chondrules are important
because they aee survivors of the chondrule forming process that record a sequence
of differing conditions.
We attempt to determine if the layered sequence in any
chondrule is applicable to other chondrules in the same meteorite, same group of
meteori tes, or same textural type.
Eleven chondrules fl'om three C3(V) ch,)ndrites (ALB 84028, Allende, Leoville) and
one C4 chondrite (Ka1'oonda) have been studied. Nine chondrules have type I cores
and two have type II. Textures, modal abundances, mineralogy and bulk compositions
were determined for the cores and layers of each in order to characterize the
layering patterns. Cores are medium grained and granular, whereas the outer layers
are usually fine grained.
In contrast, Karoonda has a partially resorbed medium
grained barred olivine core, with a coarser grained outer layer of low Ca
clinopyroxene. Cores in C3(V) chondrules are mainly olivine which is highly reduced
(F097-99), and the outer layers are either olivine-rich (F074-94) or pyroxene-rich
(En95-98)' This layering pattern is the most common in the three C3(V) chondrites
studied.
Allende outer layers are more Fe enriched than those in the other C3(V)
chondrule outer layers, but follow the same layering pattern. The type II chondrule
in 84028 has an olivine-rich core (Fo84-90) and an outer layer of olivine (Fo64-92)
and pyroxene (En98); thus it has a similar pattern to type I chondrules. In the C3(V)
chondrules, the bulk compositions of the outer layers have more F eO, metal-sulfide,
and feldspar than the cores. The Karoonda chondrule has a more Mg-rich rim than
the core.
Conclusions: (1) Layered chondrules form by accretionary growth, and record that
conditions-Tn-Tfie solar nebula were changing rapidly during the course of chondrule
forma tion. (2) Type I chondrule cores in C3(V) chondrites record consistent histories
within the same meteorite, and between meteorites.
This history includes core
forma tion under highly reducing conditions, followed by accretion under more oxidizing
conditions. Outer layer olivine was able to equilibrate with the oxidizing environment
whereas pyroxene could not; chondrule accretion was rapid enough to allow
un equilibrated olivine-pYl'oxene outer layer material to be deposited and frozen in
place as the chondrule accreted onto its parent body. (3) Type II chondrule cores
also develop ;no1'e oxidized outer layers.
(4) The Karoonda chondrule records a
complex chondrule for'mation history that has survived even though the ;neteorite is
metamorphosed.
(5) Layered chondrule patte ens record the stages of chondrule
growth: (I) Core formation by flash heating, melting and crystallization of nebular
dusts.
(II) Accretion of fine dust to the core by electrostatic attraction.
(III)
Accretion onto a parent body whose matrix was sufficiently different from the outer
chondrule layers to allow their recognition.
References: (I] Prinz, M. et aG 1986, Meteoritics 20, 731-733.
1984, GCA-48, 1779-1789.

[2] Rubin, A.E. ,
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BARRED OLIVINE CHONDRULES IN CARBONACEOUS CHONDRITES. M.K.
Weisberg, Dept. Min. Sci., Amer. Museum Nat. Hist., New York, NY 10024 and Dept.
Geol., Brooklyn College (CUNY), Brooklyn, NY 11210
Barred olivine chondrules in carbonaceous chondrites were originally classified as
type II (F050-85) by McSween [l]. Scott and Taylor [2] suggested that some belong
in their low FeO group as well as the high FeO group. McSween [3], in his study of
Allende chondrules, indica ted that BO chondrules may be ei ther type I or type II, but
are generally transitional. Oxygen isotope data from Clayton et ale [4], indicated
that BO chondrules differ from porphyritic chondrules in having higher 17 0 and 18 0
values.
This study of 17 BO chondrules (more are in progress), mainly from C3(V)s,
characterizes the chemical and petrologic properties of BO chondrules in C chondrites
of all types. From this limited population it appears that BO chondrules in C3(V)s
are mainly type I.
Less than 10% are transitional between type I and II.
This
suggests either an intermediate group, or expansion of the type I group to include
these. Expansion of type I is preferred since most BO chondrules appear to be type
I. Although the population of BOs in C3(0) chondrites from this study is small thus
far, it appea['s that they may be largely type II.
There are, however, distinctions between BO chondrules in C3(V) chondrites and
other type I chondrules. BO chondrules generally are more feldspathic having lower
Si02 and higher /\1203 and ~a20. This feldspathic enrichment is consistent with the
differences observed between BO chondrules and the total chondrule population in
ordinary chondrites [5]. However, type I BO chondl'ules in C3(V)s are not enriched in
FeO, in relation to the total chondrule population, as are BO chondrules in ordinary
chondrites; they are typical of type I C3(V) chondrules in Fe/Mg ratio.
BO
chondrules in ordinary chondrites differ from those in C3(V) chondrites in several
other respects.
C3(V)s have lower abundances of BO chondrules than do ordinary
chondrites. Olivine in C3(V) BO chondrules is more abundant and more magnesian
than olivine in ordinary chondrite BO chondrules; pyroxene is generally less abundant.
BO chondrules in C3(V) chondrites are more calcic and contain less alkalies than
those in ordinary chondrites.
The conclusions drawn from these results are:
(l) BO chondrules in C3(V)
chondl'ites al'e generally type I and formed in the same region of the nebula as other
type I chondrules.
Within that region they crystalli7.ed in areas enriched in
feldspathic co.nponent.
(2) 'Since feldspar enrichment is also characteristic of BO
chondrules in ordinary chondrites, it appears that the BO texture is mainly
compositionally controlled. (3) Chemical differences between BO chondrules in C3(V)
ci1ondl'ite5 and ordinary chondrites suggest that they formed from separate pools of
materials in different parts of the solar nebula or at different times.
This is in
agreement with conclusions drawn from the oxygen isotope data.
References: [1] McSween, H. Y. (1977) GCA 41, 1843-1860. [2] Scott, E.R.D. and G.,].
Taylor (1983) Proc. Lunar Planet. Sci. Conf. 14th, J. Geophys. Res. 88, B275-B286. [3]
rYlcSween, H. Y. (1985) Meteoritics 20, 523-541. [4] Clayton, R.N. et al. (1983) in
Chondrules and Their Origins, E.A. King, ed., Lunar and Planet. Inst.,Houston, 37-43.
[5] ·Weisberg, M.K. (1986) Proc. Lunar Planet. Sci. Conf. 17th., in press.
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ON THE RELATIONSHIP BETWEEN CAl EVOLUTION AND CHONDRULE FORMATION
R. M. Housley, Low Temp. Physics 63-37, Caltech, Pasadena, CA 91125.
The relationship in time and space between CAl formation on the one hand,
and chondrule formation on the other is not well understood. It appears that
at least compact, coarse-grained CAl were once largely molten. They must have
been very depleted in volatiles at that time. However, as now found in
Allende they show extensive alteration to volatile rich minerals such as
nepheline and sodalite. I have previously argued, partly on the basis of the
ubiquitous presence of these volatile rich minerals also in chondrules and
matrix, that this alteration probably took place on the Allende parent body

(1).
Largely because of the extensive alteration, Allende is not a particularly promising place to look for the relationship between CAl and chondrules.
Here I will describe some objects from much less altered Vigarano and ALHA77003, which seem to show evidence of CAl incorporation into chondrules.
One object from Vigarano is particularly striking. It consists of a
metal/sulfide free core about 1 rnm in diameter surrounded by a rim, about
0.2 rnm thick, containing abundant metal/sulfide droplets. Cathodoluminescence shows a relic coarse-grained texture in the core. However, it now
consists largely of micrometer scale intergrowths of anorthite and high Ca
pyroxene interspersed with regions of Na, Cl rich glass. Several other minor
minerals are also present. Although macroscopically sharp, the boundary
between the core and the rim is microscopically continuous. However, grain
s~zes are larger in the rim, which also contains low Ca pyroxene and olivine.
I interpret the core of this object as a CAl fragment that had experienced volatile rich alteration and then was incorporated as a relic grain
in an otherwise ordinary chondrule. This implies that the chondrule forming
interval extended beyond the volatile rich alteration period for CAl. Also,
the fine nonequilibrium texture of the core must impose a strong constraint
on the chondrule cooling rate.
(1) Housley, R. M. (1985) Meteorites 20, 666.
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DO CRATERS FLATTEN WITH SIZE? P. H. Schultz, Dept. of Geological Sciences, Brown
University, Box 1846, Providence, RI 02912 and D.E. Gault, Murphys Center of Planetology, Box
833, Murphys, CA 95247.

Crater growth can be described with two contrasting perspectives: crater shape remains essentially
the same for all conditions (proportional growth) and crater shape changes as a function of impact
conditions (non-proportional growth) . Theoretical (1) studies document changes in crater shape as
a function of time where aspect ratios (diameter/depth) evolve from 1: 1 during early time to 3.5: 1 at
late times. Consequently the initially bowl shaped crater cavity flattens with time. As crater size or
gravity increases, crater growth is limited, thereby producing a deeper bowl-shaped transient cavity
before final collapse (1). Although such changes in crater shape can be viewed as non-proportional
growth, we use this term here to refer to fundamental differences in the cratering flow field as a result
of the scale of the event or impactor conditions. Such a perspective has been previously based on
intuitive models (2,3), explosion crater analogy (4), or early-time effects of low-density impactors
(5). Analysis of experimental impact data indicates that non-proportional crater growth can result
not only from unusual impact conditions, but also as a natural consequence of large impactors .
An extensive data set of experiments performed at the NASA-Ames Vertical Gun Range over the
last two decades has been combined with newly acquired data. Impactors include aluminum, pyrex,
lexan, iron, steel, lead, and clustered pyrex; targets include a variety of sands, compacted pumice,
and lead shot. We find that the crater aspect ratio depends on the time required for projectile
penetration (I/v where l=impactor length and v=velocity) . If this time falls below a critical value,
(l/v).::
10-~ , then the aspect ratio increases with decreasing values of 7Tz. ' which is a dimensionless
c
scaling parameter proportional to gr/v2. where g is the gravitational acceleration and r is the projectile
For larger penetration times, however, the aspect ratio increases as l/v increases. The
radius.
distinction between these two regimes can be viewed a distinction between nearly instantaneous and
. gradual transfer of energy and momentum to the target. Projectile strength is found to play an important but not controlling role on this process: both undeformed projectiles (iron) and deformed (lead,
aluminum, lexan ) impactors exhibit an increase in D/d with increasing I/v for (l/v) > (J/v)c. ' Target
strength and porosity are also important but not controlling parameters : aluminum, pumice, loose
sand, and possibly water all show an increase in D/d with l/v for sufficiently large I/v. Present data
indicate that D/d a (J/vt where a = 0.15 for No. 24 sand and is larger for compacted pumice.
The physical significance of l/v is being investigated . It most likely reflects the width and overall
shape of the shock front, both of which affect the excavation flow field. If these results are applied to
planetary scales, then we should expect fundamental changes in crater aspect ratios once gravity-controlled growth is attained. For the Moon, this would suggest that D/d = 5 for 5 km-diameter craters
would increase to nearly 10 for 100 km-diameter craters. Additional shallowing will result from
post-cratering plastic collapse.
1) Schultz, P.H. et al. (1981), Multi-Ring Impact Basins, p. 181-195, Pergamon, NY; 2)
Baldwin, R. (1963) The Measure of the Moon, U . Chicago Press; 3) Wilhelms, D. et al. (1977) in
Impact and Explosion Cratering, p. 539-562, Pergamon, NY; 4) Roddy, D.l. (1977) in Impact and
Explosion Cratering, p. 185-246, Pergamon, NY; 5) Roddy, D.l. (1968) in Shock Metamorphism of
Natural Materials,p. 31-32, Mono Book Corp . , Baltimore.
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Th e response of the Sr isotopic system in geological samples to artificial shock pressure.
l
A. DEUTSCH 1 , U. HORNEMANN 2 and B. QUANDT . lInsl. f. Mineralogie, Corrensstral3e 24, 0-4400
Munster, 2 Ernst-Mach-Inst. f. ballistische Forschung, 0-7858 Weil am Rhein, FRG.
Nearly all samples of extraterres trial rocks available for laboratory analysis are effected by
impact processes, e.g. brecciation and differ e nt degree s of shock-metamorphism. He nc e, the
results of Rb-Sr dating on lunar and meteorite samples are often interpreted in t e rms of a
" s hock-induced" disturbance of the isotopic system. For example, in the case of the SNCmeteorites it is believed, that concordant Rb- Sr mineral isochrons at - 180 m.y. and 39 Ar_40 Ar
plateau ages of maskelynite a round 250 m. y. reflect the resetting of the age by a s hock event
(1), with an inferred equilibrium shock-pressure of 30 ± l GPa and a post- s hock temperature of
220 ±50°C (2). In order to verify these suggested e ff ec t s we started a series of ex periments by
exposi ng mm-banded gneiss samples to artificaial shock pressures of 47.5 GP a . Polished rockcylinders with 15 mm in diameter and 2.5 mm thick wer e use d; they were cut vertically to the
sc histos ity. The setup for the re cove ry experiments was done according to (3), the actual
ac hi eved s hock-presure ( >46 GPa)is indicated by the refractive indic es of diapl ect ic glass from
the shocked samples (n = 1.5066-1.5068; An 20 _30 ). The age obtained with the thin-slab Rb-Sr
isochron method for the unshocked gneiss is well defined (434± 9 m.y, I = .71642 ± 25; fig. 1 )
(4). After cooling the shocked sample was sawn in fiv e bands of 1.6 to 4.5 mm width (A-E in
fig. 1) and analyzed. The resulting age (431± 12 m.y. ) and initial (.71655± 25) are in
ecelle nt agreement with data of the identical but uns hocked sample. We conclude, that shock
a lone - defined by s hock-pressure, shock-temperature and post -shock temperature - do not affect
the Rb-Sr sys temati cs of geological samples. Rb- Sr analy ses on a second identical sample
a nnea led for 152 days at 550 0 after being shocked to 47. 5 GPa are currently made .
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.725

B

A

.720L-____

o

A-E :whole - rock slabs
~

1.

__________

87Rb/86Sr

L __ _ _ _ _ _ _ _~_ _ _ _ _ _ _ _ _ _~

2.

Fig. 1: Rb- Sr j s ochron diagram for the banded gneiss sampl e POR 6. Reference line from ( 4)
(I)
(2)
(3)
(4)

SHIH. C. - Y. at al.: GCA 46. 2323-2344 (1982)
STOFFLER, D. et al.: GCA~O, in press ( 1986)
MULLER, W.F. and HORNEMANN; U.: EPSL 2, 251-264 (1969)
BACHMANN, G. et al. : Zbl. Geol. PaI50nt., Te il 1, i. press (1985)
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LABORATORY SHOCK EMPLACEMENT OF LOW AMBIENT PRESSURE GASES INTO
BASALT; R. C. Wiens and R. O. Pepin, School of Physics and As tronomy,
University of Minnesota, Minneapolis, MN 55455
Interest has been focused on shock processes as a means of gas emplacement since the extensively shocked EETA79001 waS found to contain a trapped
gas component with an elemental and isotopic composition very similar to that
of the martian atmosphere. The partial pressures of the gases trapped in one
glass pocket nearly equal the partial pressures in the surface level contemporary martian atmosphere (1). Shock is thought to have played a role in
producing the g lass and emplacing the trapped gas component.
Earlier experiments (2,3), in which terrestrial basalts were shocked in
high ambient gas pressures (3 atm), showed that these gases could indeed be
trapped in relatively unfractionated form during shock. Our latest experiments, using 500 kbars applied shock pressure, extend the data down to ~.l atm
in ambient pressure, in which the gas consisted of ~95 % CO and ~5% N2 and
2
noble gases.
He, Ar, N , and CO were isotopically distinct from a tmospheric
2
2
ratios in most samples Eo permit correction for contamination and/or sample
indigenous gas.
In two samples 0.5 and 1.0 mm dia holes were drilled through
the basalt disks prior to shock to simulate gas-filled vugs.
Emplacement efficiencies (partial pressures in shocked samples/partial
pressures in ambient gas) were 3.7-5.7% for 4 disk (bulk) samples averaged
over N , Ar, Kr, and Xe in the isotopically labelled samples corrected for
2
contamlnation, and over Kr and Xe in unlabelled samples. The disk ""ith 1 mm
holes gave 7.1% efficiency, and a powder sample yielded 41% efficiency. The
effective porosities of these samples are ~5-10% for disks, ~ 12-l8 % for disks
with holes, and ~35-45% for powder samples, though not all of this volume is
exchangeable with the ambient atmosphere, especially in the disks.
It is thoug ht
that effective porosity is related to emplacement efficiency, though more data
need to be taken to quantify the relationship. We plan to do more work relating
efficiency to volume of artificial vugs.
RELA TIVE EMPLACEMENT EFFICIENCIES
The figure shows relative efficiency
1.6
of each gas normalized to Kr.
It is clear
that He is lost, likely by diffusion, and
Ne appears to be on the edge of being lost. 1.4
The three high Ar data are from samples
with unlabelled gas, and probably contain
1.2 - - - - - - - - - - - - - - - - - contaminant and/or indigenous Ar.
Nitrogen is not implanted preferentially to
1.0
0
noble gases, and there is no clear trend
0
0
arguing for mass fractionation.
However,
•
•
Xe has a higher efficiency than Kr for all
0 .8
of the .1 atm samples. Correction for
contamination would increase this trend
0.6
slightly in some samples. Adsorption of
Xe on grain surfaces prior to pumpdown is
a possibility.
Isotopic masS fractiona0.4
DISK. 0 .1 A TM
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••
tion is not evident in Kr or Xe.
0
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REFEREN:ES:
(1) R. O. Pepin (1985) Natur e
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AN IMPACT CRA TER CONTAINING METEORITIC MATERIAL IN A
LOUVER FROM THE SOLAR MAX SATELLITE: A COMPARISON WITH
EXPERIMENT ALL Y PRODUCED CRATERS; L.S. Schramm, Lockheed/EMSCO,
2400 Nasa Rd. 1, Houston, TX 77058; and D.S. McKay, NASA/Johnson
Space Center, Houston, TX 77058
Horz et al. [l] experimentally produced impact craters by firing silicate
One
projectiles of known chemistry into metal targets at velocities up to 6.4 km/s.
purpose of these experiments was to determine to what degree the chemical composition of
an impact melt reflects that of the initial projectile and, in so doing, to calibrate an
experiment on the Long Duration Exposure Facility in which various target materials are
being exposed to the natural meteoroid flux in space. This study showed that much of
the projectile melt was preserved as a glassy liner draping the crater cavity and,
except for partial loss of alkalis, major element chemistry of the glass liners closely
reflected the initial composition. Unfortunately, LDEF has not yet been retrieved from
space. However, returned hardware from the Solar Max Satellite includes aluminum
thermal-control louvers which are riddled with impact features made by micrometeorites
and orbital debris. Some of the impact craters and projectile residues have been
described by [2].
As part of a comprehensive SEM/EDXA (scanning electron microscopy/energy
dispersive x-ray analysis) study of Solar Max impact features, we examined and describe
here a louver crater (sample 787) which contains abundant material thought to represent
residue of a micrometeorite projectile [3]. Many features found in crater 787 are
similar to those produced by [1] . These include: (a) abundant projectile material
preserved in a nonuniform distribution as droplets, stringers, films, and masses; (b)
surface relief of projectile melt varying from smooth to vesicular; and (c) metal
spherules embedded in projectile melt, displaying immiscibility of metal target and
silicate projectile melts.
Crater 787 is 225 pm in diameter, 140 pm deep, and is surrounded by an upraised and
Projectile diameter is estimated to be
irregularly shaped or petalled rim.
approximately 40 pm. Most of the meteoritic material falls into two major compositional
types which are segregated. One area of the crater contains material of approximate
chondritic composition, containing Si, Mg, Ca, Fe, S and often minor Ti and/or Cr. This
'chondri tic' material occurs as bumpy globular particles, ranging from 2 to 10 pm in
size, which are attached to the crater wall.
In another area of the crater, the
particles are Mg silicates with some Fe (MSF particles as described by [4]) and
occasionally minor Cr. The particles occur in smooth to bumpy globular masses up to 40
pm long, which sometimes are vesicular and contain mounds of aluminum metal. In a third
area, an iron-rich globular particle containing Ni was found. Windowless EDXA showed
minor C to occur everywhere within the crater.
The presumed projectile residue clearly falls into two morphological and
compositional categories, consistent with the fine-grained matrix of typical chondritic
porous aggregates and associated coarse-grained components, e.g., single crystal
Mg-silicates or Fe-Ni inclusions [5]. In contrast to the homogenous glass projectiles
employed by [l], natural impactors will be physically and compositionally heterogenous.
Our observations suggest that mineral phase information may be preserved even in the
completely molten residues of natural (hypervelocity) micrometeorite impactors. While a
more thorough understanding of these phenomena requires additional impact experiments,
our findings indicate that valuable micrometeoroid science may be extracted from impact
features and projectile melts on the Solar Max hardware, hopefully from those on LDEF,
and ultimately from micro meteoroid collectors exposed on the Space Station.
References: [l] Horz, F. et al. (1983) Proceedings of the 14th LPSC: Jour. Geophys.
Res., Vol. 88, Supplement, p. B353-B363. [2] Laurance and Brownlee (1986) in press.
[3] Schramm, L.S. et al. (1986) LPS 17, p. 769. [4] Schramm, L.S. et al. (1985) LPS 16,
p.736. [5] Rietmeijer, F.J.M. and McKay, D.S. (1986) LPS 17, p. 710.
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IMPACT CAVITIES IN UNDERDENSE REGOLITHS? S. J. Ostro, P. Tsou, and
J. B. Stephens, Jet Propulsion Laboratory, California Institute of Technology,
Pasadena, CA 91109
Sublimation of ice from frozen mixtures of watef and clay particles can
leave residues with densities as low as 0.001 g/cm
but having substantial
compressive strength (1).
Although it is not known whether "underdense"
regoliths (Le., layers of porous material whose bulk density is < 0.1 times
the natural density of the nonporous solid) actually exist anywhere in the
Solar System, it seems plausible that they might cover portions of some
comets, asteroids, and planetary satellites.
We suggest that if an underdense regolith at least a few meters thick is
present on the surface of an airless body, then (i) impacts by small
meteoroids will produce subsurface cavities and (ii) the impacting projectiles
could survive largely intact, leading to accumulation of meteoritic material
in the regolith.
Our hypothesis is prompted by recent laboratory experiments
(2) exploring the potential use of underdense targets for the intact capture
of cosmic dust grains by spacecraft.
In these studies, projectiles are
accelerated to speeds of up to 8 km/ sec into various kinds of underdense
media, such as polymeric foams.
When the projectile first contacts the
target, partial vaporization of the projectile creates a hot gas cloud which
expands, increasing dramatically the cross-sectional area of the target
material displaced.
The cavity diameter widens from a few times the
projectile diameter at the entrance to more than ten times the projectile
size, and then narrows down, eventually dropping to the size of the
projectile.
Since the target's bulk density is very low, an enormous volume
of regolith is displaced during dissipation of the initial kinetic energy.
Displacement of underdense target material is relatively easy
and momentum
transfer is relatively gradual, so the hydrodynamic shock phenomena which
dominate crater excavation in low-porosity targets are essentially absent.
Although target material is compressed at the cavity's periphery, the
projectile is slowed gently and is captured intact except for minor
ablation.
Cavity shape, which depends on the projectile's kinetic energy and
bulk density as well as on the target's physical properties (bulk density,
heat of fusion, microstructure at various scales, etc.), ranges from very
elongated and carrot-like to bell-shaped. The labora50ry data suggest that if
a several-gram projectile of density about 3 g/cm
strikes a regolith of
density 0.1 g/cm 3 at about 1 km/sec, the result would be a tunnel a few
centimeters wide and and few decimeters long.
The terrestrial flux of I-to-l0-gram meteoroids is about one per square
meter per hundred million years.
If this figure is within an order of
magnitude of that pertaining to a planetary object with a thick, billion-yearold, underdense regolith, the subsurface might be nearly saturated with
cavities.
Since cavity-forming projectiles are captured largely intact, such
an object might be continuously accumulating small meteorites . Hence, ancient
patches of underdense material on some icy satellites (e.g., Callisto?) might
contain a collection of meteorites whose times of fall span the last 4 billion
years and which could be recovered by archaeological spacecraft in the next
century.
This research was conducted at JPL/Caltech under contract with NASA.
REFERENCES:
1. Saunders, R. S., F. P. Fanale, T. J. Parker, J. B. Stephens,
and S. Sutton (1986), Icarus 66, 94.
2. Tsou, P., D. Brownlee, and A. Albee,
(1984), Lunar Planet. Sci. Conf. Abstracts 15, 866.
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CARBON ISOTOPES AND IRIDIUM AT TWO CRETACEOUS-TERTIARY (K-T)
BOUNDARY SITES IN NEW ZEALAND
Wendy S. Wo1bach*, Roy S. Lewis*, Edward Anders* , Monica M. Gradyt ,
Colin T. Pil1inger t, Robert R. Brooks l Carl J . Orth §, James S. Gilmore §
*Enrico Fermi Institute, University of Chicago, Chicago, IL 60637 USA
tOpen University, Walton Hall, Milton Keynes, MK7 6AA, Bucks ., England
tMassey University, Palmers ton North, New Zealand
§ Los Alamos National Laboratory, Los Alamos
87545 USA

Elemental carbon with the characteristic morphology of soot is enriched
at the K-T boundary (1), paralleling the enrichment in (meteoritic) Ir (2).
Apparently the carbon is derived from major fires (of biomass or fossil fuels)
triggered by the impact of a giant meteorite (1). We report more detailed
studies of two marine sites in New Zealand, Woodside Creek and Chancet Rocks.
At Chancet Rocks -- a tectonically disturbed site -- the boundary is 20 - 60
cm wide (3), but at Woodside Creek, the boundary clay is only 0 . 6 - 0.8 cm
thick and the Ir profile is very sharp (4), suggesting minimal disturbance.
Correlation of C and Ir. At Chancet Rocks, both Ir and C rise sharply at
the boundary, by 46x and 72x relative to the preceding 20 cm interval.
Actually, the rise in soot abundance is greater still, as the carbon below the
boundary is mainly kerogen (brown rather than black, and of lower combustion
temperature). At Woodside Creek, the data are still incomplete, but the rise
also seems sharp. Moreover, within the 0 . 6 cm boundary clay layer, the Ir and
C profiles nearly coincide. This coincidence suggests that the soot and the
Ir-bearing ejecta fell out together, as expected if the fire promptly followed
the imp act . On the other hand, this coincidence does not support the
hypothesis that the fire started only later, after the skies had cleared and
thunderstorms had resumed; in that case, the carbon layer would overlie the Ir
layer . Such a delayed fire has been proposed by several authors (5-8) on the
grounds that living trees do not burn well, and might ignite only after being
killed and "freeze-dried" by an initial dark and cold spell following the
impact . The argument about living trees still seems valid, so perhaps the
fuel was fossil carbon rather than biomass. The carbon isotope data are
consistent with either.
Carbon isotopes. At Chancet Rocks, the reduced carbon (elemental C +
kerogen) becomes isotopically heavier at the boundary by 6.8%0: -32 . 5 to
-25. 7%0' Part or all of the difference may reflect an increase in the
soot/kerogen ratio above the boundary. No such change had been seen in the
only previous study of reduced carbon, at the tectonically disturbed
Lattengebirge site in West Germany (9). Various studies of carbonate have
consistently shown a 2-3%0 shift toward lighter carbon (e.g. 10), which has
been attributed to decreased bioproductivity after the mass extinctions. We
shall interpret the contrary trend for reduced carbon in terms of the separate
contributions from kerogen (marine) and soot (terrigenous).
(1) Wolbach, W.S. et al., Science 230, 167 (1985) ; (2) Alvarez, L.W. et al.,
Science 208, 1095 (1980); (3) Brooks, R.R. et al., Nature, submitted (1986);
(4) Brooks, R.R. et al., Science 226, 539 (1984); (5) Crutzen, P.J., personal
communication; (6) Henrion, M., Science, submitted (1986); (7) Argyle, E.
ibid.; (8) Schneider, S.H. ibid . ; (9) Arneth, J . -D. et al., Earth Planet. Sci.
Lett . 75, 50 (1985); HsG, K.J. et al. Science 216, 249 (1982).
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SEARCH FOR NOBLE GASES AT THE K-T BOUNDARY
Roy S. Lewis and Wendy S. Wolbach
Enrico Fermi Institute, University of Chicago, Chicago II. 60637

U.S.A.

The nature of the 10 km meteorite that hit the Earth at the end of the
Cretaceous (1) is still undetermined. Trace element abundances have indicated
similarities to the most primitive meteorites (2). These classes are rich in
trapped heavy noble gases, with variable isotopic and elemental ratios. Thus,
if even a small fraction of the original object survived without being
degassed, it might be possible to confirm and refine this characterization.
Elemental carbon is known to be a major carrier of trapped noble gases in
primitive meteorites and can be enriched by demineralization (3) .
Early work (4) showed only a large atmospheric component . Wolbach et a1.
(5) confirmed this huge trapped component, which is released at low
temperatures. The upper limits for the ratio of meteoritic Xe to Ir were very
low, suggesting that <0.006 to <0.00003 of the meteorite had escaped
degassing.
We report here the isotopic composition of high temperature fractions on
one replicate sample D5Acn from Stevns Klint, Denmark, and on 3 new samples.
D5B and D5D are independently prepared Stevns Klint samples, while N5C is a
Woodside Creek, New Zealand sample from the K-T boundary. All were
demineralized with HF/HC1, extracted to remove soluble organics, and oxidized
with HN03 or HC104 to increase the sensitivity for detection of CCF-Xe, known
to be carried in an oxidation-resistant carrier (3). As before, >99.9% of the
Xe is released below 800°C and is identical with air. In addition, all
samples show a very small excess of 134 and 136 Xe in a release peaked near
l300°C. This is not the sought-after CCF-Xe: the 129/132 ratio goes down, not
up. Rather, the isotopic composition matches U fission. Presumably the
fine-grained carbon, dispersed throughout the sediment, acts as a catcher for
fission fragments. Using the 65 my age and assuming uniform dispersal of C
and U on a small scale, and similar stopping power for carbon and clay, we
calculate U concentrations from the excess Xe-134,136 for these four samples
(table). These are comparable to the measured value of 8.63ppm in a similar
Stevns Klint sample (1). Clearly, this shows promise for a "caught-Xe" method
of dating of sediments.
This small (roughly 50,000 atoms per sample) fission component means that
these measurements cannot limit the undegassed fraction to arbitrarily small
values. Assuming that U is the source of most of the excess Xe-136, we can
take 1/2 the measured excess as our conservative upper limit for CCF-Xe. This
normalized to Murchison lC5 (6), yields limits of <0.00016 to <0.0012 for the
undegassed fraction. These limits confirm the previous low limits (5) but are
based entirely on the most resistant trapped noble gas carrier.
Acknowledgements. Thanks to Edward Anders for constant advice and
encouragement, H.J. Hansen and R.R. Brooks for K-T boundary material, and
especially to John Wacker for insisting that U was not necessarily a trivial
source of xenon.
References. (1) L.W. Alvarez, et a1 . (1980) Science 208 1095; (2) R.
Ganapathy (1980) Science 209 921; (3) R.S. Lewis et a1. (1975) Science 190
1251; (4) O. Eugster et a1. (1985) EPSL 74 27; (5) W. S. Wolbach et a1. (1985)
Science 230 167; (6) B. Srinivasan et a1. (1977) JGR 82 762.
Sample
Fission Xe, E-12cc/g
Uranium, ppm

D5Acn
0.46±.08
15

D5B
0.39±.08
13

D5D
1.25±.18
41

N5C
0.69±.07
22

1-8

A Reevaluation of

the Late Pliocene Event

Frank
T.
Kyte
and
Lei
Zhou.
University
of
Planetary
Physics.
California 90024.

Institute of Geophysics and
California.
Los
Angeles.

Analyses of Ir in piston core E13-4 indicates that earlier
estimates of the fluence of
extraterrestrial
matter
in
this
section
were
low
by at least an order of magnitude.
Kyte ~
~.
1981
first
reported
high
concentrations
of
extraterrestrial
Ir
and
Au. as well as particulate debris in
piston core E13-3.
In a subsequent study.
Kyte
and
Brownlee
(1985)
described
the particulate debris as consisting largely
of vesicular impact melt.
unmelted
howarditic
material.
and
rare
metal grains.
They further reported the discovery of the
particulate debris in piston core E13-4. 120
km
southwest
of
the
original
discovery
s!te.
Using the particle_fluences at
these two sites (-100 mg cm
at E13-3 and -4 mg cm
at E13-4)
the estimated projectile diameter was between 100 and 500 m.
In
the
present study we attempted to measure Ir in E13-4
to further evaluate the extraterrestrial fluence.
Much to
our
dismay.
Ir
concentrations
continued
to
increase
below the
expected horizon.
In the earlier
study.
the
particles
were
found
at
a
depth
of
12.1 to 12.4 m.
Based on the magnetic
stratigraphy we had expected the horizon above 12
m and
thus
had
only
sampled
as
low as 12.5 m.
Since no particles were
found in our bottom samples and those discovered
extended
for
-30 cm we had assumed that the entire peak had been covered and
did not attempt to sample lower.
The earlier study now appears to have missed the peak.
Ir
concentrations as high as 1.5 ng/g are found as low as 12.7
m.
A
few
small
particles have been found in a sample from 12.75
m.
We have yet to obtain samples which return
to
background.
but present indications are that the Ir fluence at this site is
roughly equal to that
in
E13-3.
not
25
times
lower.
The
earlier
estimate
of
100 m as a lower limit to the projectile
diameter is certainly too conservative
and
the
500
m upper
limit is probably in jeopardy.
Another interesting development
is that we can now expect to recover many more relict fragments
from
this
asteroid.
In
the few small particles examined by
Kyte and Brownlee (1985) from E13-4. Ni-rich sulfide inclusions
in
the
vesicular
debris
appeared
larger
and possibly more
abundant than at
E13-3.
With
additional
particles
from
a
second
site
it
may
be
possible
to
distinguish
regional
compositional variations in the debris.
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IRIDIUM CONCENTRATION AT THE PERMIAN-TRIASSIC BOUNDARY
Lei Zhou and Frank T.
Kyte; Institute of Geophysics and
Planetary Physics, University of California, Los Angeles, CA
90024

"'

.'

The Ir anomaly at the K/T boundary probably resulted from a
major accretionary event of extraterrestrial matte r although
other interpretations exist.
The possibility that this event
produced the mass extinctions at the termination of
the
Cretaceous has generated great interest in Ir at other geologic
boundaries associated with extinctions.
One of the
best
candidates is the 245 Ma-old Permian-Triassic boundary, the
greatest mass extinction in the geological record.
Several
attempts have been made to find an Ir enhancement at this
boundary during the past few years. Asaro ~ ~ and Alekseev
~
~
failed to find excess Ir in samples from two P/Tr
sections. On the other hand, Sun ~ ~ and Xu ~ ~ reported
the high Ir concentrations (2 to 8 ng/g) in two P/Tr boundary
sections from China. These positive results have been cited by
some authors as evidence of periodic comet showers. However,
because of the negative results the reality of the Ir anomaly at
the P/Tr boundary is not yet generally accepted.
It is thus
seemed desirable to determine Ir and other trace elements on
additional samples from the P/Tr boundary.
We have collected systematic samples from the two Chinese
P/Tr boundary sections (Meishan and Shangsi)
from which Ir
anomalies had been reported:
24 samples from Meishan and 25
samples from Shangsi. These two P/Tr boundary sections have
been extensively investigated and are generally considered to be
well preserved sections. All samples were obtained 2-3 m above
and below the paleontologic boundaries in these two sections.
Special attention was paid to confirm that the
reported
Ir-enriched
clay
layers
were properly collected.
In a
preliminary study we have analyzed the "boundary
clays".
Although the trace element composition of our samples are
generally similar to those reported previously, our RNAA data
for Ir give background values (20 and 50 pg/g for the Shangsi
and Meishan clays, respectively). These are about two orders of
magnitude lower than those reported by Sun ~ ~ and Xu ~ ~
on the same clay layers.
Originally, we speculated that the early negative results
reflected an incorrect assignment of the boundary or a failure
to sample the boundary layer.
In the present work we are very
confident that we have sampled every layer within a few meters
of the paleontologic boundary in both the sections. Although we
still plan to analyze the complete section we have little hope
of finding anomalous Ir. The present study indicates that there
is still no evidence for an accretionary event at the P/Tr
boundary.
It remains possible that the real boundary layer, if
any, has not been preserved in both the sections despite the
existence of paleontologic "continuity" across the boundary.
However, models of
the
P/Tr
boundary
event
involving
extraterrestrial causes remain speculative.
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TRIASSIC-JURASSIC EXTINCTION EVENT, NEWARK BASALTS AND IMPACTGENERATED BAHAMA NEXXUS: Robert S. Dietz, Arizona State University
Of the dozen or so extinctions which punctuate the Phanerozoic, the
third greatest occurred at or near the Triassic/Juriassic boundary (208 Ma,
DNAG time scale). Olsen (1968, Lamont, 12) believes the extinction event was
abrupt and catastrophic, and cautiously attributes it to the Manicouagan
asteroidal impact (210 ±4 Ma). The Tr/J boundary is also closely marked by
the extensive tholeiites basalts (flows, sills, and dikes) of the Newark
Supergroup which apparently were extruded quickly. There possibly was,
however, a much greater impact event at this time which might account for
both the extinctions and the extensive basalts. I refer to a possible
astroidal impact which may have created the Bahama Nexxus (BNX)(new word
meaning impact generated grand junction, cf . nexus) or mantle plume/hotspot/
triple junction. The BNX in turn triggered the opening of the North Atlantic
(1970, Dietz and Holden, Bull. GSA, 81,7; 1973, Dietz and Holden , Bull. GSA,
84,10). The emplacement of the Newark basalts ensued. In brief, I suggest
that a large asteroid may have struck the universal continent of Pangaea ca.
208 Ma and created a nexxus, triggering extensive lava eruptions and dike
injections. It also initiated the disruption of North America from Africa/
South America and created a boomerang-shaped small ocean basin which filled
with lavas, evaporites, and red beds like the Ethiopian Afar Triangle of
today. An ensimatic (non-cratonic) foundation was created on which the
Bahama mega-atoll has grown upward as the heavy basement subsided . This
foundation is now entirely hidden beneath 6,000m of shallow water carbonates,
but radiating dikes on three continents (N.A., S.A., and Afr.) infer the
buried presence of a former nexxus. The impact also caused the major extinctions of life at the Tr/J boundary. Gondwana (Afr./S.A.) remained fixed
(re1. to earth's spin axis) while North America drifted away. The mantle
plume died after several million years. This would explain why the MidAtlantic Ridge is geometrically mid-ocean between congruent points on Africa
and the east end of the Bahamas rather than Florida and also why there is no
symmetrical excrescence on Africa. This scenario does not necessarily oppose
the Manicouagan role. Double or twin impacts are commonplace in the astrobleme record: e.g., Clearwater Lake East and Clearwater Lake West; and Kara
Basin and Kara Basin East. "Wet" (magma generating) impacts on cratons are
also known: e.g., Sudbury Basin, Manicouagan, and the Vredefort astroblemes.
The concept of impact generated hotspots is not new. Hartnady (1968, Geology, 14,5) has suggested that a giant impact reorganized the Indian Ocean
basin,-Caused the K/T extinction, and triggered the Deccan Plateau basalts.
Earlier Whipple explained the K/T extinctions by an impact created the Iceland hotspot. See also Rogers (1982, Nature, 29,9) and Clube and Napier
(1982, ESPL, ~ZJ.
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THERMOLUMINESCENCE AND THE ORIGIN OF THE DARK MATF.IX OF FAYETrEVILLE AND

SnULAR HETEORITES. Munir Hag, Fouad A. Hasan and Derek W.G. Sears. Department of
Chemistry, University of Arkansas, Fayetteville, Arkansas , 72701
Gas-rich regolith breccias consist of light clasts in a dark matrix (1). The
clasts have all the properties associated with normal chondrites, but the natrix
is highly enriched in solar gases, volatile elements and charged-particle tracks,
and contains occassional clasts of CM chondrite (1-3). The origin of the dark
rratrix is uncertain and two theories have been much discussed: (A) The matrix is
a new kind of primitive material similar to type 3 ordinary chondrites (1,2); (B)
that it is corraninuted and shocked clast material which has been "contaminated"
with solar gases and in-falling rr~teorite~ (4,5).3Type 3 ordinary chondrites have
thermoluminescence (TL) sensitivities 10- to 10- times those of types 5-6, the
more primitive (i.e. less metamorphosed) having the lower values, while heavily
shocked chondrites have TL sensitivities 0.1-0.01 tines uDEhocked chondrites.
Theories A and B therefore make opposite predictions concerning the relationship
between TL sensitivity and regolith maturity; theory A predicts that TL
sensitivity will increase, and theory B predicts that it will decrease, with
increasing regolith maturity. In the present work we report TL sensitivity data
for 5 gas-rich chondrites of widely differing regolith maturities: Fayetteville,
Leighton, Weston, Cangas de cnis and St. Mesmin.
The non-me~netic portions of 0.2-0.5 g san1ples were ground (100 mesh), 5+/-1
mg aliquants placed in a Cu pan and the TL measured as in ref (6). The TL
sensitivity of the dark material, norrralized to that of the light clasts, is
compared with 4He contents in Fig.l; we use 4He contents as a measure of regolith
maturity. In all meteorites studied the dark matrix had a lower TL sensitivity
than the light clasts, an~ the TL sensitivity of the dark matrix decreases
steadily with increasing He content; the TL sensitivity of the Plainview rao.trix
being 70% that of the clasts, while for Fayetteville the matrix TL sensitivity
was 35% that of the clasts. Our data are therefore consistent with the dark
natrix being comminuted clast n~terial, and that the abundance of solar gases and
volatiles is due to the implantation of solar wind, the in-fall of chondritic
material and~ possibly, outgassing of the interior of the parent body during
metamorphism.

-.

..

1) Suess et ale (1964) GCA 28, 595. 2) Bart & Lipschutz (1979) GCA 43, 1499.
3) Wilkening L. L. (1976) Proc. 7th Lunar Planet. Sci. Conf., 3549.
4) Fredriksson & Keil (1963) GCA 27, 717. 5) Chou et al (1981) EPSL 54, 367.
6) Sears & Weeks (1983) Proc. LPSC 14th, B30l. 7) Sears (1981) LPI Tech.Rpt.
82-02,126.
·· r
·· · -

Fig. 1.
TL sensitivity
against regolith
maturity, as
measured by the
abund~ce of solar
wind He. The
downward trend
suggests that the
dark matrix is
comminuted clast
material. Plainview
data from ref. 7.
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PRE-EXPOSURE OF CLASTS IN FAYETTEVILLE'S PROGENITOR ASTEROIDAL
REGOLITH R. Wieler, Th. Graf, P. Signer; ETH-ZUrich, NO C 61 , CH-8092 ZUrich,
Switzerland; P. Pellas, C. Fieni, M. Ghelis; Museum
Naturelle, 61 Rue Buffon, F-75005 Paris, France .

Nationale

dlHistoire

We report preliminary results of noble gas and cosmic ray track studies
obtained on various 1ight clasts of the Fayettevi lIe meteorite . The goal of
these investigations - carried out in the framework of the Fayettev i lIe
consortium - is to constrain the evolutionary history of the Fayettevi lIe
materi a 1s at the time they were sti 11 part of an asteroida 1 rego 1 i th .
To
date, samples from well documented positions in four separate clasts have
been studied. Data of additional clasts will be available at the time of the
conference. Cosmogenic He, Ne, and Ar concentrations in three clasts ("g",
"i", "u") are within error limits identical and indicate a 21-Ne exposure age
of about 33 my. The presently available data is, however , too scarce to
decide whether these three clasts suffered their entire exposure in a single
stage within the Fayetteville meteoroid.
In the fourth clast ("s"), cosmogenic 3-He and 21-Ne concentrations are
some 12% and 20%, respectively, higher than the values found in clasts "g" ,
"ill, and "u". This excess cannot be explained by a depth effect. Clast "s"
clearly had been pre-exposed in the Fayetteville regolith . The 22-Ne/21-Ne
ratio of clast "s" indicates that this first stage exposure took place at a
shallow mean depth of a few cm only.
If the pre-exposure is attributable
solely to a 2tr GCR irradiation, it lasted about 15 my.
Cosmic ray track and noble gas data are in good agreement:
Clast "i II
shows the lowest track densities as well as the lowest 22-Ne/21-Ne ratio. The
track de:1sities indicate a shielding of at least some 15 cm. Clast "u" was
shielded by about 9 cm. Clast ' ''s'' has track densities about 10 times higher
than clast "u".
Shielding differences within the meteoroid cannot explain
this difference, as the distance between the samples from clasts "s" and "u"
is less than 3 cm. The high track densities in clast "s" thus clearly reveal
a pre-exposure in the asteroidal regolith, as was also concluded from the
noble gas data. Two 1 mm sized samples of clast "s", which were 4 mm apart ,
display excess track densities differing by a factor of two. This indicates a
pre-exposure at a depth of a few cm only, in agreement with the Ne isotopic
signature.
The distance between clasts "i" and "g" appears to be too small to
explain the difference of the track densities of a factor of five by a single
stage exposure. Thus, clast "g" was possibly pre-irradiated too.
Up to now, clasts from four regolithic (i. e. gas rich) meteorites have
been studied for evidence of pre-exposure in the asteroidal regolith (Weston
(1), St. Mesmin (2), Djermaia (3) Fayetteville, present work).
In all these
meteorites, one or several clasts were found to have pre-exposures on the
order of several million years.
Acknowledgments: We are grateful to Prof . D. Sears for having initiated
the Fayetteville Consortium and for having supplied the samples. We
appreciate the effort of the curatorial staff at NASA in the sample
prepa rati on .
References: (1) Schultz and Signer (1972), EPSL , 15, 403-410. (2)
Schultz and Signer (1977), EPSL, 36 , 363-371. (3) Lorin and Pellas (1979) ,
Icarus, 40, 502-509.
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TOTAL CARBON IN FAYETTEVILLE DARK-LIGHT METEORITES: C. B. Moore and
C. F. Lewis, Center for Meteorite Studies, Arizona State University, Tempe, AZ
Analyses of total carbon have been run on four samples of the
Fayetteville meteorite provided by the Fayetteville meteorite consortium.
results are reported in Table 1.

The

Table 1.
Sample Number

Sample Weight

wt.

%

69 (matrix "a")

0.0529
0.0600

0.239
0.232

81 (matrix)

0.0516
0.0537

0.173
0.180

99 (matrix)

0.0514
0.0468

0.284
0.277

0.0527
0.0516

0.073
0.072

181 (clast "g")

C

The pattern follows that expected for a regolith breccia with an added
solar gas component.
For comparison a carbon analyses of other dark-light chondrites are
given in Table 2.
Table 2.

...

Meteorite

Phase

wt. % C

Paragould
USNM 2286

Dark
Light

0.030
0.075

St. Mesmin
USNM 262

Dark
Light

0.103
0.133

Chantonnay
ASU 341.2

Dark
Light

0.053
0.089

Pan tar
ASU 503.3

Dark
Light

0.084
0.082

Plainview
ASU 92.342a

Dark
Light

0.088
0.125

Plainview
ASU 92.342b

Dark
Light

0.125
0.173

Non gas-rich chondrites generally show no differences in carbon between
the light and dark phases or a distribution opposite to that in the more
gas-rich chondrites.
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NEON BASED CLUES TO THE ACTIVITY OF THE EARLY SUN,
J.T. Padia and M.N. Rao, Physical Research Laboratory,
Ahmedabad 380 009, India
Last year, we presented preliminary noble gas data (1) on
the etched pyroxene separates from Kapoeta dark phase. There we
discovered a significant 21Ne excess due to SCR proton production which suggested about 400 times higher SCR proton flux at
the time of Kapoeta gas-rich meteorite compaction compared to
the average value of SCR-proton flux from the contemporary Sun.
In continuation of our studies, we present here the data
on pyroxene separates from the light and dark portions of
Fayetteville meteorite as well as that from the Kapoeta light.
We have preparedNIOl mgs of pure pyroxene separate (60-200~m)
from Kapoeta-light and carried out a total-melting run. The
neon isotopic ratios observed in this case~ are consistant with
the GCR-Ne composition and they yielded a £lNe content of
0.94xlO- 8 cc STP/g for the pyroxenes from Kapoeta-light. This
value is used for correcting the GCR contribution from the
observed 21Ne (SF+SCR+GCR) in the heavily etched pyroxene from
Kapoeta-dark phase measured earlier by us. We have applied the
analytical procedures (2) developed for resolving the SCR contribution in this case. We find that the SCR proton flux
(assuming the energy spectrum to be same) at the time of Kapoeta
gas-rich meteorite compaction was about 300 times higher than
the contemporary SCR proton flux.
In the case of Fayetteville dark, we have prepared a 46.3
mg pure pyroxene (60-2oo~m) separate and have heavily etched.
A 4-step heating run was performed on this sample. The total
21Ne (SF+SCR+GCR) observed here is l6.1xlO- 8 cc STP/g. We have
also measured the pyroxene separate from Fayetteville-light
which yielded a 2lNe content of 9.8xlO- 8 cc STP/g due to GCR
contribution. We have applied similar analytical procedures (2)
for resolving SCR-21Ne contribution, in this case, and find that
the SCR' proton flux at the time of Fayetteville gas-rich meteorite compaction is higher by-600 times than that of the
contemporary Sun. These studies strongly suggest that the
solar proton flux of the early Sun was about 2 to 3 orders of
magnitude higher than that of the present Sun.
References: (1) Padia J.T. and Rao M.N. Meteoritics, 20,
723-724 (1985). (2) Ibid. Current Science, ~, 625-62~(1985).

'.
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SOL.AR FLARE TRACK IillCORIX> 11'; FAYETTEVILLE GAS-RICH
CHOND=tITE. J. N. Gom·rami and r. Sinha, Phys ical Research
Laboratory, Ahmedabad - 380 009, India.
Nuclear track records produced by energetic solar flare
heavy nuclei in individual components (grains, chondrules) of
the Fayetteville gas-rich chondri te have been studied to infer
about the environment in which precompaction irradiatior~
took place. A suite of five vrell-char2cterized samples Vlere
analysed as a part of a consortium effort to understand the
evolutionary history of this meteorite. Grail~size separ a ~es as
well as thick sections \'lere studied to delineate fea-t;ures
characterizing ·the precompaction solar flare irradiation
records. The preaent data as well as those reported in literature from earlier studies indicate that both the fraction of
solar flare irradiated gra.5_llS as well as the magnitude of the
so13r flare ~rack densities in Fayetteville are much higher
compared to those found in other gas-rich meteorites. The high
solar flare ~rack densities in Fayetteville and 'che fact that
the solar \.· rind implanted noble gas concentratioY1.B in this
meteorite are highest among the sas-rich meteorites, can be
attributed t02i ther of thG following p08si bili ties : (i) longer
precompaction solar flare, solar wind exposure durations, d nd
(ii) irradiation at a loca.tion much closer to "the C)un trian for
other e:as-rich meteorites (1). The implications of these
possibilities \'fill be discussed in tenns of our present
understa.ndin8 of t;he evolution 0:: gas-rich meteorites and
resolith dynamics on Asteroidal objects. Alterr.ate possibilities for expl 'liYling the observed irradi a"t;io n ie cl"cures, e. g .
minimal or absence of shielding of sola r fl a re particles by
nebular gas durir: ~ ' precompaction irradia-cioYl of Fayetteville,
'l;il1 also be considered in li c ilt of t:le re :::ults from recent
studies of prGcompaction ir:cadiation recorcln in several
gas-rich meteorites (2,3,4).
Referencc:'l: (1) Frice 1.3. et al., Froc. Luna.r Sci. Coni. 6th,
3449 (1975~. (2) Go:::nr_-,!;!i, J.!'~. et al., 0];.'. ':; ci. Rev. 37, 111
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ATMOSPHERES:

FORMATION OF DUST GRAINS IN COOL STELLAR
THERMOCHEMICAL KINETIC MODELS

Bruce Fegley, Jr., Dept. of Earth, Atmospheric, and Planetary
Sciences, MIT, Cambridge, MA 02139 USA
The gas phase equilibrium chemistry and gas-solid condensation reactions for a large suite of elements and their compounds are calculated using chemical equilibrium codes specifically developed for this purpose.
The results are coupled
with literature data on the thermochemical kinetics of important homogeneous and heterogeneously catalyzed gas reactions to provide a model of expected molecular abundances
in various model stellar atmospheres. Nucleation theory is
also used to discuss some aspects of grain formation such as
the question of graphite nucleation in carbon-rich model
atmospheres.
This work was supported by NASA grant NAG9 - l08 and NSF grant
ATM-84-0l232 to MIT.
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LACK OF CONCLUSIVE EVIDENCE FOR LIVE 26Al IN THE EARLY SOLAR SYSTEM;
Gary R. Huss, Dept. of Geol. and Geophys., U. of Minn., Minneapolis, MN 55455
The presence of several short-lived radionuclides in the early solar
system has now been conclusively demonstrated. These include 244pu (t~ = 8.3
x 10 7 yr), 129 1 (t~ = 1.6 x 10 7 yr), 107Pd (t~ = 6.5 x 10 6 yr), and 53Mn
(t~ = 3.8 x 10 6 yr) [1,2]. Although it is generally accepted that 26 Al (t~ =
7.3 x 105 yr) was also present in the early solar system, the case for 26Al
has not been proven.
Three criteria must be satisfied to demonstrate that a radionuclide was
alive in the early solar system [1,3]. 1) An excess of the daughter nuclide
must be detected. 2) The excess of the daughter nuclide must correlate with
the chemical behavior of the parent element in such a manner as to demonstrate
that the parent nuclide decayed in situ. 3) The object containing evidence
of in situ decay must have formea-within the solar system. The first and
second criteria are satisfied for 26Al in some CAls and refractory mineral
grains from one ordinary and several C2 and C3 chondrites [1,3,4] . However, it
has not been demonstrated that these constituents formed in the solar system.
There are good reasons to believe that the material containing evidence
of live 26Al is pre-solar. First, the CAls are the most isotopically diverse
objects known in the solar system. Essentially all coarse-grained CAls (the
type showing evidence of live 26Al) contain anomalous Ti, Ca, and 0, and many
also contain anomalous Mg [3,5,6]. Some (the FUN inclusions) are anomalous in
other elements as well. Second, CAls are rare . They are a significant component only in the relatively rare C2 and C3 chondrites, and make up at most 23% of these meteorites. Third, a few coarse-grained CAls yield pre-solar 39Ar40Ar plateau ages [7], and others have the lowest 87S r /86S r initial ratios so
far observed [8]. Finally, all evidence of live 26Al is contained in objects
with refractory chemistry. Refractory material is most likely to have survived
the high temperature events associated with the origin of the solar system.
If coarse-grained CAls are pre-solar (refractory mineral grains are interpreted as fragments of CAls), then there is no evidence that 26Al was alive in
the early solar system . In this interpretation, coarse-grained CAls formed in
interstellar space, incorporating newly synthesized 26Al shortly after it was
ejected from stellar interiors. The 20 Al decayed in situ, and the objects
containing excess radiogenic 26Mg entered the solar-system at some later time.
The observed variation in initial 26Al/27Al in CAls [3] results because CAl
formation was distributed in time and space, with each inclusion incorporating
a different amount of 26Al. Also, if CAls with high initial 26Al/27Al are presolar, then the high initial 26Al/27Al inferred from CAls for the early solar
system [1,3] is incorrect and there is no need for a late injection of 26 Al.
The timescale required for a molecular cloud to form and for a portion of
that cloud to collapse to form the solar system appears to be on the order of
a few times 10 7 years [9]. This timescale is consistent with the presence in
the early solar system of short-lived radionuclides with half-lives greater
than a few times 10 6 years (53Mn , 107 pd, 129 1, 244pu), but is too long to
allow 26Al to survive to enter the solar system.
[1] Wasserburg (1985), in Protostars and Planets II, 703. [2] Birck and Allegre
(1985), Meteoritics, 20,609 . [3] Wasserburg and Papanstassiou (1982), in
Essays in Nuclear Astrophysics, 77. [4] Hinton and Bischoff (1984), Nature, 308
169. [5] Niemeyer and Lugmair (1984), GCA, 48, 1401. [6] Jungck, et a1. (198~
GCA, 48, 2651. [7] Jessberger, et a1. (1980r:- ICARUS, 42, 380. [8] Gray, et a1.
(1973r:- ICARUS, ~, 213. [9] Blitz and Shu (1980), Ap. ~., 238, 148.
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THE EVEN-ODD SYSTEMATICS IN R-PROCESS NUCLIDE ABUNDANCES. K. Marti
and H. E. Suess, University of California, San Diego, Chemistry Department,
B-017, La Jolla, California 92093.
The oldest and most useful nuclide abundance rule is that of a smooth
dependence of the abundances of odd-mass numbered nuclear species upon
their mass number (1). This rule made it possible to recognize erroneous
abundance data of some elements and has confirmed the belief that CI chondrites approximately represent the original solar system elemental abundances.
Explanations of the Suess rule and of deviations from it are still missing.
From the viewpoint of theories of element synthesis, the smoothness can be explained by the fact that odd-mass numbered nuclear species possess small sprocess yields (because of their relatively large neutron capture cross-sections) and, therefore, their abundances are predominantly determined by the rprocesses. At extreme temperature- and pressure- conditions, differences in
the individual nuclear properties of even and odd species are relatively small.
Therefore, r-process yields are similar for even and odd species.
The available abundance data for CI chondrites show that, after subtraction of an s-process component, in general a smooth or nearly smooth mass dependence of the r-component is found. However, in certain mass ranges, systematic differences in even and odd r-process yields do exist. (For example,
Cs and La are about a factor of two less abundant than the r-process yields of
their adjacent even-A nuclides.) This, incidentally, is an observation showing that r-process yields do not reflect fission-yields of heavy and superheavy elements. In general, large differences of even and odd r-process
yields are present in the mass region between the r- and the s-abundance peaks
associated with the N = 82 shell closure and in the mass region immediately
preceding the N = 126 r-component maximum. Also less pronounced, though conspicuous, differences are present in the Rare Earth element region where the
stable nuclides in their ground states are significantly deformed. We believe
that these systematic differences in even and odd-mass numbered r-process
yields, as observed in limited mass ranges, are due to processes during or after a "freezing-in" stage following the rapid neutron build-up. Such processes involve neutrons in an approach to neutron exchange equilibria as, for
example, delayed neutron emission in nuclear fission at the N = 82 shell
closure. Therefore, a detailed study of r-process yields and their "even-odd"
effects may contribute to an understanding of conditions under which r-process
synthesis took place.
Reference:
(1)

Suess, H. E. (1947), Z. Naturforschg. 2a, 311.
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A TEST OF SOLAR SYSTEM ABUNDANCE SMOOTHNESS; D. S . Woolum , Phys i cs
Dept ., Calif . State Univ., Fullerton, CA 92634; D. S . Burnett, Geology Div . ,
Cal i f . Inst . Tech . , Pasadena, CA 91125; , T. M. Benjamin, P . S. Z. Rogers , C. J .
Duffy , C. J . Maggiore, Los Alamos National Lab, Los Alamos, N. M. 87545
Carbonaceous Chondrite (C1) elemental abundances are thought to represent the average solar system ("cosmic") composition(see e . g . [1)) based
on the agreement between C1 and photospheric abundances and on the smooth ness of heavy element ahundances of odd mass nuclei when plotted as a
function of mass number(A) . The latter argument presently determines the
a ccuracy of the identification.
To test C1 elemental smoothness, we have analyzed clean, homogenized
C1 meteorite samples , using conventional PIXE analysis (Si[Li) detector with
filters), with mill i meter-sized, ~150nA, 3 . 0 MeV proton beams .
Good
s e nsitivity (to ppm levels) is obtained in a single analysis for the range
of elements : Ni to Mo . While C1 ahundance tables are compiled from separate
a nal y ses , using different samples and a variety of techniques, we have
the advantage that all corrections used to convert the Xray line i ntensity
to an ahso1ute concentration are either constants or smooth functions of
a tomic atomic number. To a good approximation, the smoothness of the
a bundance curve should only be affected by the Xray counting statistics .
Data for two C1 meteorites have been processed following [2) . Elemental
concentrations have been determined relative to Ni. The agr e ement between
the two meteorites is excellent for all elements except Br and Y. The
agreement of our results with 1) is also good in general, although comparison
for As is clouded by Pb L line interferences , and we have only uppe r limits
for Nb . However: (l)one sample shows a distinctly higher (by 50%) Br
abundance, which may reflect sample heterogeneity or contamination, and
(2) we are systematically lower for Sr , Y, Zr and Mo, normally by about
20-30 %, but , in one case , by 75% for Y. It is possible that there are
systematic errors in background subtraction in this region; Y would he
most sensitive to such errors . Additional work is required to confidently
a ssign appropriate errors for all elements , but an average of the present,
tentative abundances in this region would yield an odd-A abundance curve
dropping relatively smoothly above mass 85 , contrary to the sharp positive
Y spike noted in [1), although a spike could be interpreted i n terms of
s-process nuc1eosynthesis because of the anomalously low n-capture cross
se c tion for 89 y •
It appears that elemental ahundance smoothness is only approx imate,
with possible deviations of 30% to perhaps even 50%, e .g. in the Se-Br
region . However , explanations for non-smooth behavior may be understandable
with the aid of general ideas of n-capture nucleosynthesis . As C1 abundances
are refined, it could be that the lack of elemental smoothness may provide
the strongest argument for the identification of C1 with primordial solar
system abundances .
[1) Anders and Ebihara (1982) Geochim . Cosmochim . Acta 46, 2363 .
[2) Rogers , et . a1 . (1984) Nuc1. Instrum . Meth . B3,~ . --
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A MODEL FOR THE ORIGIN OF NOBLE GAS DISTRIBUTIONS IN METEORITES AND
PLANETARY ATMOSPHERES. R. O. Pepin, School of Physics and Astronomy, University
of Minnesota, Minneapolis, Minnesota 55455.

.-

Noble gas compositions measured so far in various solar system volatile
reservoirs --the sun/solar wind, meteorites, and terrestrial planet atmospheres
-- are elementally and isotopically distinct. Meteoritic (AVCC) 130Xe/ 84 Kr
ratios exceed those in the solar wind and the atmospheres of Earth and Mars by
factors of ~12 and 20 respectively. Ne:Ar:Kr ratios in the meteorites, Earth
and Mars are qualitatively similar, but the solar wind is much richer in Ne and
Ar. Terrestrial and martian Kr and Xe isotopic compositions differ from each
other and from the AVCC compositions(1,2). It is clear that derivation of these
noble gas distributions in contemporary meteoritic and planetary reservoirs
from a primitive nebula of solar (~olar wind) composition points to the operation of severe and efficient fractionation processes, and to the existence of
astrophysical environments in which they occurred.
Processes. [1] Elemental fractionation of ambient noble gases by adsorption
on synthesized carbonaceous materials or on natural sediments(3,4 and references
therein) appears, from the striking uniformity of the effect under a wide range
of conditions, to reflect an intrinsic property of at least some structural
forms of carbon. The noteworthy characteristic of this absorptive fractionation
is that it generates, from ambient gases of solar composition, elemental abundance ratios that resemble the AVCC pattern, although still too rich in Ne and
Ar relative to Kr. [2] Hunten et aZ. (5) have recently addressed the theory of
mass fractionation of minor atmospheric species in the hydrodynamic escape of
H2 from planetary bodies. They show that this process, with reasonable estimates
for early solar EUV flux and planetary H2 inventories, can readily fractionate
elemental abundances and is capable of generating the isotopic patterns of nonradiogenic terrestrial and martian Xe from meteoritic Xe compositions. Astrophysical settings. For derivation of meteoritic noble gas distributions, we
adopt the setting developed in Donahue's(6) model of noble gas fractionation by
Jeans (thermal) escape, where the action is centered in planetesimals large
enough (~1024_1025 g) to acquire atmospheres and retain them for limited periods.
In both Donahue's model and this one, the atmospheres are of solar composition,
but we depart from his approach in replacing fractionation in Jeans escape by
fractionation during hydrodynamic H2 escape. The H2 is assumed to be g~nerated
by photodestruction of surficial H20 or by reduction of H2 0 during internal
heating. Scenarios, assumptions, and results. An episode of hydrodynamic escape,
probably terminated within ~I06 y. by parent body cooling and concomitant cutoff of the H2 supply, depletes and fractionates atmospheric species lighter than
Xe. Residual gases experience a second stage of elemental fractionation as they
adsorb on cooling grain surfaces: this is the "planetary" noble gas component .
Nucleogenetic components (Ne-E, s-process Kr and Xe, H[CCF]- and L-Xe) are
assumed to remain within pre-solar grains during this parent-body activity . With
appropriate choices for the parameters of the escape episode, and with certain
assumptions about isotopic compositions of solar noble gases where they are
poorly known (Ar, Kr, Xe), this scenario is capable of reproducing the AVCC elemental and isotopic abundance pattern. Noble gases in the atmospheres of Earth
and Mars require a more complex multicomponent scenario: AVCC + a component generated by simple adsorptive fractionation. Hydrodynamic H2 escape successfully
fractionates the Xe isotopes, but both planets must retain most of their Xe
inventories deep in their mantles. Venus may need a third, solar-like component.
REFERENCES. (I)Becker R.H. and Pepin R.O. (1984)EPSL 69,225; (2)Swindle T.D.
et aZ. (1986)GCA, in press; (3)Niemeyer S. and Marti K. (198l)Proc.Lunar PZanet.
Sci.Conf. Z2th,1 177; (4)Bernatowicz T.J. et aZ. (1984)J.Geo phys .Res . 89,4 597;
(5) Hunten D.M., Pepin R.O. and Walker J.C.G.(1986)sub. to Icarus; (6)Donahue
T.M. (1986)Icarus,in press.
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NOBLE GAS COMPONENTS IN SEMARKONA (LL3.0/0) AND OTHER
UNEQUILIBRATED CHONDRITES.
N. Schelhaas, M.G. Zadnik, U. Ott and F. Begemann, Max-Planck-Inst.
Chemie, Saarstr. 23, 0-6500 Mainz, F.R.G.

f.

Of all the ordinary chondrites investigated, Semarkona appears to be
the most primitive.
It is not only the least metamorphosed (1 and
references therein), but it also belongs to the most primitive category in
the classification scheme which is based on volatile element contents (2).
It see rued worthwhile, therefore, to perform a more detailed noble gas
analysis than that previously reported (2). Since the anomalous xenon,
characterized by excesses in the light (L-Xe) and heavy (H-Xe) isotopes
relative to 130Xe, is more prominent in the more primitive meteorites and
fades out in meteorites of higher metamorphic grade (see, e.g.
ref.
3),
Semarkona (class.
LL 3.0/0 (ref.
also appeared a good c&,ndidate to
check for the correlation of the light and heavy isotope excesses as part
of a study begun earlier (4).
We measured a bulk sample (B) and acid resistant residues after
treatment with HF /HCI (RIO, 1.05 wt.%) and after additional treatment with
nitric acid (Rll, 0.3£) wt.%). Results are listed below with abundances
given in IOE(-8) cc STP/g.

2»

Sample 3He 4He
B (ulk)
14.9 2200
9.7 48000
HIO
15.0 90000
Rll

22Ne 20Ne/22Ne 21Ne/22Ne 36Ar
3.96
1.97
0.73
60.1
7.86
0.044
1107
21.4
34.8
8.01
0.046
278

38Ar
11.7
207
52.5

40Ar 84Kr I32Xe
68.8
0.47 0.37
12.3 16.3
2.3
2.2

Abundances of trapped AI' and Xe are only about 1/3 of those in (2);
40Ar is '" 50% lower, while 4He is slightly higher. Based on the production
rates of (5) for spallogenic 21Ne, a cosmic ray exposure age of
9 m.y.
is calculated. H- and L-Xe are present in the same (within error) ratio as
in carbonaceous and other chondrites with the exception of Kryruka (6) and
Dimmitt (7).
It is also evident from the data that He and Ne largely
follow lhe anomalous Xe component in the etching experiments. The ratio of
trapped He and Ne to anomalous Xe in Semarkona is undistinguishable from
our ratio for lhe Allende (C3V) meteorite (8; see also (7) for a
discussion).
We also extended our investigation of H- and L-Xe in unequilibrated
ordinary chondrites (4).
In that study, no exotic Xe was found in the H
chand rite Dhajala (H 3.8/6), and so we chose another, more primitive, H
chondrile, ALHA 77299 (H 3.7/4). In addition, repeat analyses with higher
preCISIon than in (4) were performed on ALHA 77278 (LL3.6/9)
and
77214/81030 which are paired with 77011 (L3.5/0).
Although somewhat
compromised by terrestrial atmospheric: contamination, the data, as for
Semarkona, point to a constant ratio L-Xe/H-Xe as found in carbonaceous
chondrites and are unlike Krymka or Dimmitt.
E~.f~!:~!.l~~'§.!.
(1) Grossmann J.N.
(1985) Meteoritics 20, 653.
(2)
Anders E.
and Zadnik M.G. (1985) GCA 49, 1381. (3) Anders E. (1981)
Proc.R.Soc. A 374, 207. (4) Sc:helhaas N. et al. (1985) Meteoritics ~
753.
(5) Nishiizumi K. et a!. (1980) EPSL 50, 156. (6) Alaerts L. et
a!. (1979) GCA 43, 1399. (7) Moniot R.K. (1980) GCA 44, 253. (8) Olt U.
el a!. (1984) GCA 48, 267.
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LIGHT NOBLE GASES IN WESTON METAL GRAIN SURFACES. R. H. Becker .and
R. O. Pepin, School of Physics and Astronomy, University of Minnesota,
Minneapolis, MN 55455, and R. S. Rajan and E. R. Ramba1di, Jet Propulsion
Laboratory, California Institute of Technology, Pasadena, CA 91109.
Noble gases in meteorites designated as "gas-rich" typically are depleted
in the lighter elements when compared to abundance patterns presumably representative of the source of the noble gases, such as those obtained from the
Solar Wind Composition foils (1) or from estimates of "cosmic" abundances (2,3) .
The depletions are almost certainly due to diffusive losses. Previous work(4-6)
indicates, however, that meteoritic metal can retain implanted gases in
essentially unfractionated form. We have therefore attempted to extend our
earlier experiment on the elemental and isotopic ratios of He, Ne and Ar in
meteoritic metal grains(6) to include Kr, Xe and N, by analyzing 92.6 mg of a
metal separate «125~) from the gas-rich Weston H4 chondrite, using a combination of pyrolysis and oxidation techniques for gas release.
To avoid losing the gases in grain surfaces, metal was separated magnetically after gentle crushing, with no chemical treatment. As a result,it is not
as pure as might be desired . From spallogenic 21Ne, an isotope with a much
lower production rate in iron than in silicates, we estimate a purity of ~90%.
Although the use of pyrolysis followed by lower-temperature oxidation steps
allowed us to obtain gases from the metal free of the fractionated silicate
component, Kr and Xe proved to be dominated at low temperatures by air and at
higher temperatures by planetary gases. Also, the separate contained ~12 ppm
N, an amount similar to that reported for bulk Weston(7) and high enough to
obscure the presence of an implanted solar-wind N component. As a result, we
can only present data on He, Ne and Ar for the implanted component. Results
for four oxidations at 330°C following an initial 400°C pyrolysis are given
below. The first two steps were done with limited O2 , to clean grain surfaces
and to determine an upper limit for diffusive release from the silicates.
Oxid'd
(%)
.04

.-

36Ar
(10- 1 Dcc / g)
3.70
± .11
9.76
± .22
193 .
± 4.
50.5
±1.2

4He
36Ar

22Ne
36Ar

4He
3He

20Ne
22Ne

21Ne
22Ne

5.33
± .09
5.45
.05
± .08
5.39
. 89
± .03
5.18
.56
± .05
Spallation-corrected values can be calculated for 21Ne/22Ne and 36Ar/ 38 Ar
and lie in the ranges 0.0314-0.0321 and 5.5-5.75 respectively . Our results are
in good agreement with those from the Apollo SWC data(l), except for an excess
of He and a couple of isotopic ratios in the last step. Trends in 20Ne/ 22 Ne,
20Ne/ 36 Ar, 4He/ 3b Ar and possibly in the spallation-corrected 36Ar/ 38 Ar ratios
appear to be real.
REFERENCES. (1) Bochsler P. and Geiss J. (1977)Trans. Int. Astron. Union
XVIB,120-l23. (2) Cameron A. G. W. (1982), in : Essays in Nuclear Astrophysics,
Barnes C. A., Clayton D. D. and Schramm D. N., eds., pp. 23 -43. (3) Anders E.
and Ebihara M.(1982)GCA 46,2363-2380. (4) Hintenberger H., Vilcsek E. and
Wanke H. (1965)Z. Naturforsch. 20a,939-945. (5) Wanke H. (1965)Z. Naturforsch.
20a,946-949. (6) Becker R. H., Rajan R. S. and Rambaldi E. R.(1983), Abstracts
from Workshop on Past and Present SoZar Radiation, 2-3. (7) Kung C.-C. and
Clayton R. N.(1978)EPSL 38,421-435.
47300
± 2100
43800
± 1600
32700
± 1100
39600
±1400

3.62
± .15
3.48
± .13
3.25
± .09
3.25
± .10

2360
± 40
2331
± 42
2390
± 50
2605
±47

14.02
±.20
13.83
± .17
13.57
± .14
13.13
± .13

0.0367
± .0010
0.0339
± .0006
0.0343
± .0003
0.0369
± .0004

36Ar
38Ar
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NOBLE GASES IN MULGA WEST, A c6 CHONDRITE
M.G. Zadnik, U. Ott and F. Begemann
Max-Planck-Institut fur Chemie, D-6500 Mainz, F.R.G.
Mulga West is the most recrystallized carbonaceous chondrite known
(1) and thus the end member of the rare c4-c6 meteorites (-5% of all
CC's). Concentrations of those elements not affected by weathering
or sulphide loss are similar to those of C3V chondrites (2). It has
been suggested that Yamato 69003, ALH 82135, PCA 82500 (all c4's) and
Karoonda (C5), together with Mulga West, may have formed by isochemical
metamorphic processes from C3-like precursor material (2,3). This
suggestion can be tested in part by comparing the noble gas concentrati ons
and isotopic compositions of these chondrites with each other and with
C3V's. Data are now available for the first four and we will complete
the sequence by measuring the noble gases in Mulga West. In addition
to the bulk analysis we intend to measure the gases in HF/HCl resistant
residues.
(1) Binns R.A., W.H. Cleverley, G.J.H. McCall, S.J.B. Reed and
J.H. Scoon (1977), Meteoritics 12, 179.
(2) Weckwerth G., B. Spettel, and F:-Wlotzka (1985), Meteoritics 20,
781.
(3) Scott E.R.D. and G.J. Taylor (1985), J.G.R. 90 (Supplement), c699.

J-9

PLASMA CHEMISTRY: APPLICATION TO NOBLE GAS MASS SPECTROMETRY.
M.W. Rowe, M. Hyman, D.L. Cocke and R. Palma*; Dept. of Chemistry, Texas
A&M Univ., College Station, TX 77843; *Dept. of Physics, Sam Houston State
Univ., Huntsville, TX 77341.

".
."

Recent advances in plasma chemical techniques in the area of soil removal
and reversal of terrestrial oxidation effects in archaeological artifacts (13) and meteorites (4,5) shows promise for further application in meteoritics
and geochemistry. We present here two possible applications of low-temperature oxygen plasma treatment which may be useful in the area of mass spectrometry for the removal of noble gases from important selected geochemical samples of interest.
Several groups (6-9) are examining the interesting data derived from the
measurement of the isotopic composition of the helium, neon and argon from
diamonds. One of the difficulties in removal of the noble gases, even helium,
from diamonds is that the gases are only released at the very high temperature
of graphitization, i.e. 2000°C. We propose to demonstrate that the noble
gases can be released from diamonds by an oxygen plasma at temperatures as low
as about 250°C.
A second proposed application for the use of low-temperature plasma
treatment in noble gas mass spectrometry is for the release of noble gases
from carbonaceous chondrites. Since the discovery by Lewis et al. (10) that
most of the trapped noble gases in the Allende carbonaceous chondrite reside
in a small (SO.5%) carbonaceous fraction which is resistant to attack by HF/
HC1, these residues have been the subject of great interest. A low-temperature oxygen plasma would be expected to selectively oxidize the gas-containing
carbonaceous ,material to CO and/or CO 2 and thus release the noble gases from
that acid resistant residue before non-carbonaceous materials begin to degas
significantly. Further gas removal could then be accomplished by more conventional means, heating or combustion. Alternatively, a low-temperature hydrogen plasma could be used to decompose the silicate materials and thereby release the gases.
References: (1) Veptek S. and Elmer J.Th. (1985) Zeitschr. Schweizer. Arch~ol. u Kunstgesch. 42,61.
(2) Vep~ek S., Patscheider J. and Elmer J.
(1985) Plasma Chem. Plasma Processin 5,201. (3) Patscheider J. and Vep1ek
S. (1986 Stud. in Conserv. 31,29. (4) Cocke D.L. and Rowe M.W. (1986)
Meteoritics, in press. (5) Cocke D.L., Magnussen N. and Rowe M.W. (1986)
Meteoritics, submitted. (6) Melton C.E. and Giardini A.A. (1980) Geophys.
Res. Lett. 7,461. (7) Ozima M., Zashu S. and Nitoh O. (1983) Geochim.
Cosmochim. Acta 47, 2217. (8) Honda M., McConville P., Reynolds J.H. and
Roedder E. (1985~Proc. Lunar Planet. Sci. Conf. 17th, p. 348. (9) Zadnik M.
(1986) personal comm. (10) Lewis R.S., Srinivasan B. and Anders E. (1975)
Science 190, 1251.
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ION PROBE DETERMINATION OF OXYGEN ISOTOPE ABUNDANCES IN METEORITIC
MATTER: A PROGRESS REPORT
J.C . Lorin, 1,3 A. Havette, 2,3 and G. Slodzian. 3
1 Lab. Mineralogie-Cristallographie, Univ. Paris VI, F-75230 Paris; 2 Lab.
Petrographie-Volcanologie, Univ. Paris-Sud, F-91405-0rsay; 3 Lab. Physique
des Solides, Univ. Paris-Sud, F-91405-0rsay.
R.N . Clayton and co-workers (1) have shown that the oxygen composition of
solid solar system matter can adequately be accounted for by a combination of
mass - dependent fractionation and mixing of isotopically distinct components
variously enriched or impoverished in 16-0 with respect to the other two
stable isotopes of oxygen, 17- 0 and 18-0. An important clue to the origin of
these distinct isotopic components is, no doubt, the fact that the 16-0 enrichment generally observed in Ca- Al rich inclusions from carbonaceous chondrites
shows marked variations from one mineral phase to the other (2) . This remarkable isotopic heterogeneity could be due, in principle, either to the presence
in these inclusions of pre-solar carriers (2) or to gas-solid (or gas-liquid)
isotope exchange (3). Much in favour in the past years (4), the isotope
exchange model faces now difficulties when it has to account for the detailed
isotope distribution pattern in the inclusions (5). Clearly, what is needed to
make further progress in the understanding of the processes responsible for
the observed pattern is information relevant to the fine-scale distribution of
the oxygen anomaly in these objects. However for technical reasons, analysis of
oxygen composition cannot be presently performed by conventional mass spectrometric techniques on samples of matter less than 1 mg. On the other hand, the
ion probe could conceivably determine oxygen isotopic abundances on spot samples of less than 1 ng at a precision of about 1 per mill if we take into
account the large abundance of oxygen in silicates and oxides and further assume a practical ion yield of 1 per mill.
If the ion probe is free from the probl~ms which limits the use of conventional techniques to comparatively large amounts of matter, it has however
difficulties of its own. The first one originates from the fact that extraction
of negative ions from an insulating sample causes a rather dramatic chargingup of the sample: this has been solved by flooding the sample surface with low
energy electrons which ensure exact charge compensation (6). Another difficulty
arises from the high mass resolution (M/AM>4700) required for separating isotope 17-0 from the interfering molecular ion 16-0H. Use of the electrostatic
peak-switching system described in (7) and improvement of the mass resolving
power of the mass spectrometer by precise (and automatic) focussing of the
beam has at least alleviated the problem: contributi on on 17-0 of 16-0H hardly exceeds 1/10,000 of the intensity of the interfering peak. A last problem
is isotope discrimination introduced by the detection system: this was taken
care of by accelerating the secondary ions prior to detection to raise their
electron yield on impact on the electron multiplier first dynode.
Data obtained on the Orsay ion analyzer on terrestrial and meteoritic
samples will be presented at the meeting .
References
1. R.N. Clayton et al. (1976) E.P.S.L., 30,10
2. R.N. Clayton et al. (1977) E.P.S.L., 14, 209
3. M. Blander and L.H. Fuchs (1975) G.C . ~, 39, 1605
4. R.N. Clayton and T.K. Mayeda (1977) Geophys. Re~ . Lett., Z' 295
5. T.K. Mayeda et al. (1986) L.P.S. XVII, 526
6. G. Slodzian et al. (1986) in SIMS V,p. 158, Springer Chem. Phys. n044
7. G. Slodzian et al. (1984) in SIMS iV, p. 153, Springer Chern. Phys. n036
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CfHHODOLUr--'ll NESCENCE OF FORSTER I TE IN EXTRATERRESTRI AL SAMPLES
AS A GENETIC INDIC.ATOR. I. f1 . Steele, Department of the Geophysical Sciences,
TI'le Umversity of Ulicago, 5734 S. Ellis Ave., Chicago, Ill. 60637.
Forsterite is pr'esent in all primitive extraterrestr'ial material including C 1,
C2, C3 and UOC meteorites, Deep Sea Particles (DSP), Greenland lake sediment
(GLS) and cosmic dlJst. TIle compositions of forsterite can be used to infer
relationships among these sample types - e.g. C2 and DSP (1 Y.
Accurate
compositions for forsterite in the minute cosmic, DSP and GLS may not be possible
but cathodoiuminescence (CU spectra may provide an alternative cnaracterization
(2). For meteorites, ttle spectra for (3 and uoe forsterites are distinctly different
from C2 forsterite (2) Preliminary spectra Ilave been obtained ror forsterltes
from all sample tYDes and suggest trlat forsterites in some are not r-elated.
Trle CL or for'5 terite shows f>~ak s at about 460 and 750 nm. The position of
trie red peak var Ies ::,ilghtly (t IOnrn) for forsterites from one meteorite type but
the average value range~, -- 60nm for all forsterites frorn all :.ample types. The
POSitICH'r of trle maXlrnum of tile red peak i~, shown lri ttle flgur'E', and although data
aJ'e lirnlte1j, (jiffer-ences are apparent Tentative conclUSIOns are I) CL spectr-a
confirm trlE' compoSitIonal evidence trlat C3-UOC forsterltes are dlHerent from C2
forster-HE'S. 2) CL '3pectra from C2, DSP. Cl and GLS forsterltes all show a :,lmllar
range ,:.uggestlrlg a common populatlOrJ. 3) Two of the cosmIc samples flave spectra
(jifferent from ail trle otriers wrllie one matches a GLS for-sterite. AdditlOnal
samples should be exammed to confirm these differences 4) If CO'3mlC dust is
cornet debriS, comets are unlike the samples represente(j 1rl trle present stUdy.
Wrdle (jlfference':, lr1 CL may be due to composltlOnal effects, otrler factors
(rleating, irracJiation) may also have an effect Recognition of tile cause of the CL
variatIons may provide adljltional constraints on trle rlistory of these forsterltes.

-"

References ' (I) Ndturf', 313, 297 - 299 (2) Am /'/117t?!'dI, In pr'e:;s
A,cknowledgements DE Brownlee for :;ampJE':;, C'.i ~Ine of Crane Navel Weapons Lali.
f()r use of CL spectrorneter and CAf'1ECA for aSSI~,t ance m operatlon, N,A,S,A. r'~A, c:,
9-47 (.j V Srnltr!) fl)r support
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A DETERMINATION OF THE ABSOLUTE AGES OF SEVEN FRONT
FACE LUNAR BASINS; Ralph B. Baldwin, Oliver Machinery Co . ,
Grand Rapids, MI 49503 .
. The seven basins, Orientale, Imbrium, Crisium, Nectaris,
Serenitatis, Humorum and an Unnamed Basin between Werner and
the Altai Ring show rims whose absolute and relative heights
are correlated with the sharpness and crispness of the features.
On the assumption that the decline in average outer rim height,
not scarp height, measures the age of the basin and also that
the decline represents a cold flow in rocks of very high
viscosity, absolute ages were derived . Basins were found to
increase in age in the sequence listed above with a range from
about 3.82 to 4.30 x 10 9 years. The viscosity of the surface
layers down to whatever level was involved in the cold flow was
calculated as increasing from 9.460 x 10 24 poises at about
4.3 x 10 9 years to 1.855 x 10 30 poises at present.

K-2

HOW MANY LAUNCHING SITES SUPPLIED THE LUNAR METEORITES?
Paul H. Warren and Gregory W. Kallemeyn
Institute of Geophysics, University of California, Los Angeles, CA 90024, USA
At least superficially, the four known lunar meteorites (ALHA81005, Y791197,
Y82912, and Y82193) appear nearly identical to one another.
Y82192 and Y82193 were
recovered together, only about 80 km from the recovery site of Y791197. Clearly, this
limited areal range is consistent with the hypothesis that Y791197, Y82"192, and Y82193
come from a single shower. Further, all three of these meteorites are highlands
regolith breccias a remarkable coincidence, considering that this class comprises
only about 10% of the rocks from the lunar highlands, assuming that the Apollo 16
rocks are representative (it is distinctly possible that regolith breccias, which tend
to be far more friable than most other rocks, were systematically undersampled by the
Apollo program). In fact, ALHA81005 is also a highlands regolith breccia. It has been
suggested that all four of these meteorites were brought to Earth by a single impact
onto the Moon's surface.
Regolith breccias form by mechanical consolidation of former lunar soil.
Compositional data for these samples may be appropriately compared with corresponding
data for actual lunar soils artificially brought to Earth. The Apollo and Luna
missions only sampled a tiny region near the center of the Moon's near side,
encompassing just 4.7% of the lunar surface. Although exact sources of lunar
meteorites may never be unambiguously determined, the majority are presumably not from
the limited region sampled by the Apollo and Luna programs. Superficially,
incompatible element concentrations (data from this and other laboratories) appear
remarkably similar in the four lunar meteorites; in all cases, far lower than those of
any Apollo or Luna regolith sample.
The crust in the region(s) that spawned these
meteorites was apparently close to, if not entirely, devoid of K REEP. However, this
similarity among the four meteorites is potentially misleading. Despite pervasive
mixing by great impacts, the ancient, nonmare lunar crust manifests considerable
lateral heterogeneity.
Orbital spectrometry data indicate that abundant K REEP is
found almost exclusively in the central near side, i.e., the very region sampled by
the Apollo and Luna missions.
Enrichments of volatile elements such as Zn and Ga in several analyses of Y791197
led to a suggestion that Y791197 could not have come from the same lunar region as
ALHA81005. Our own analyses indicate more moderate Zn and Ga (as well as Br) contents
for Y791197 and especially Y82192.
A possibly more significant difference between ALHA81005 and the other lunar
meteorites is that ALHA81005 has a far higher !!!.& ratio. The literature average !!!.& for
ALHA81005 is 0 .727 (range from four labs, 0.721-0.739). For Y791197 the literature
average is 0.622 (range among five labs, 0.589-0.659, and for Y82192jY82193 (assumed
to be definitely paired) it is 0 .618 (range among t hree labs, 0 .607-0.635). To put
these disparities in !!!.& between ALHA81005 and the other three lunar meteorites into
perspective, these samples can be compared with the numerous soils and regolith
breccias from Apollo 16. Apollo 16 acquired samples from as far as 8 km apart in an
area specifically chosen to straddle two separate formations (Cay ley and Descartes).
The range in!!!.& among litera ture analyses of 20 different Apollo 16 regolith breccias
is 0 .645-0.719, and the range among reliable analyses of a similar number o f Apollo 16
soils is 0.62-0.70. Thus, the high !!!.& ratio of ALHA81005 imposes a key constraint on
the relationship between ALHA81005 and the other lunar meteorites. If all four were
blasted off the Moon by a single impact, evidently they were not close together before
the impact, or else the impact happened to strike a relatively heterogeneous area.
A strong possibility remains that ALHA81005 and the other three lunar meteorites were
delivered by a single great impact, but this scenar io is not nearly as plausible as
t he hypo thesis that Y791197 was supplied by the sa me impact as Y82192jY82193.
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VOLATILE/MOBILE CHALCOPHILE, SIDEROPHILE AND LITHOPHILE TRACE
ELEMENTS IN LUNAR METEORITES; J. E. Dennison, P. W. Kaczaral and M. E.
Lipschutz, Dept. of Chemistry, Purdue Univ., W. Lafayette, IN 47907.
The recovery of 3 lunar samples in Antarctica demonstrates that the Earth
sampled ejecta from one or more massive impacts on the Moon. As consortia
members, we determined 15 trace and ultra trace elements (Ag, Au, Bi, Cd, Co,
Cs, Ga, In, Rb, Sb, Se, Te, Tl, U, Zn) by RNAA and AAS in 2 or 3 sub-samples
of each.
These studies were intended to establish genetic processes
important in the formation of each lunar meteorite, hopefully to determine
the number of impact events that ejected the 3 samples.
The trace element pattern in Y 791197 is the most different: duplicates
are compositionally heterogeneous and contents of most elements (Co and Se
excepted) are much higher than in other lunar meteorites.
Duplicate
whole-rock analyses of ALH A81005 and Y 82192 each indicate quite
homogeneous trace element distributions. Contents of lithophilic Rb, Cs and
Ga are similar in these samples but U, like Co, is somewhat higher in ALH
A81005. Most mobile chalcophilic and siderophilic elements are higher in Y
82192: their contents indicate differing amounts of micrometeorite admixture
- 1.3 ~ 0.5% (Verkouteren et al., 1983) and 2.4 ~ 0.8% C1-equivalents in ALH
A81005 and Y 82192, respectively.
Shock-melted whole-rock material is
slightly but measurably depleted relative to unmelted regolith in Y 82192.
Data for Y 791197 suggest that it contains condensed exhalations from
lunar volcanic activity (Kaczaral et al., 1985). The other samples represent
highlands regolith mixed with differing proportions of micrometeorite
introduced at different times: Y 82192 also apparently contains ancient
meteoritic component. These observations point to a distinct lunar source
region for each meteorite, fence 3 separate massive impacts on the Moon.
This implies that, on the 10 year time scale sampled by Antarctica, massive
impacts on the Moon were by no means uncommon, in turn strengthening the
liklihood of multiple impacts large enough to eject martian samples above
escape velocity, ~5.0 km/sec.

"
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References: Kaczaral P. W., Dennison J. E. and Lipschutz M. E. (1985) Proc.
10th Symp. Antarctic Meteorites, in press. Verkouteren R. M., Dennison J.
E. and Lipschutz M. E. (1983) Geophys. Res. Lett. lQ, 821-4.
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LUNAR METEORITES Y-791197 AND Y-82192: GEOCHEMISTRY
OF HALOGENS AND OTHER TRACE ELEMENTS.
C. Koeberl and W. Kiesl,
Institute of Geochemistry, University of Vienna, P.O.Box 73,
A-1094 Vienna, Austria.
Until now four lunar meteorites are known: ALHA-81005, Y-791197,
Y-82192, and Y-82193. Three of these meteorites have been found
in the Antarctic by Japanese scientists, and one by U.S. scientists. The study of petrographic and chemical features led to
the recognition that these rocks originated from the moon. One
of the questions still not solved is the relation of the four
meteorites to each other. Arguments have been pre~ented by one
group that they may all come from the same impact, while others
have argeued that the chemical differences are too large and
that therefore the lunar origin site has to be different. Pa rts
of the arguments were based on the enrichment in several volatile
trace elements (like Zn, Ga, Sb, Te) in 791197,88.
To date no 3tudies of the distribution of the halogens have been
performed on these meteorites. We report here the results of
halogen analyses of the meteorites Y-791197 and Y-82192. The
data were obtained by a special radiochemical procedure which
was developed at our institute for lunar sample analysis. Ad vantage is made of short-lived halogen isotopes (CI-38: 37.2 min,
Br-82: 35.4 h, 1-128: 25 min), thus a fast procedure is necessary.
It was demonstrated that very small samples can be analyzed that
way. In addition we report also data for a number of other trace
elements obtained by neutron activation analysis.
Acknowled~ement: C.K. wants to thank the National Institute for
Polar Research, Tokyo, for the samples (Y-821+2 consortium).
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THERMOLUMINESCENCE OF LUNAR METEORITE YAMATO-82192:
EVIDENCE FOR A SMALL PERIHELION ORBIT ; S. R. Sutton, Department of the Geophysical Sciences, University of Chicago, Chicago, IL 60637
Thermoluminescence (TL) measurements have been performed on a third lunar meteorite,
Yamato-82192, employing experimental conditions identical to those used for ALHA-81005 and
Yamato-79U97 [1]. Samples derive from daughter 141, 35 mg of interior material consisting of 1
mm fragments. Individual fragments were gently ground in a mortar to a grain size of < 300 {tm
and heated separately at 2 C/ sec in argon. The detector consisted of an EMI-9635 PMT
equipped with a Corning 5-60 (blue) filter. A 90Sr/90y beta particle source was used for 50 had
irradiations.
0

Artificial TL glow curves are similar for a ll three meteorites exhibi tin g a single low temperature peak at about 150 C . Thus , the TL-producing components of all three meteorites, presumably plagioclase, possess similar eiectron trapping and lum inescence centers. Natural TL (NTL)
glow curv es, however , show two peaks at 225 and 400 C in contrast to the NTL curves of
ALHA-81005 and Y amato-791197 (singl e peak at 350 C). Three of the four measured Yamato82192 fragments produced consistent natura l and art ificial TL, however, a fourth fragment with a
" Iarge" light clast exposed on its surface, yielded similar artifi cial TL but a natural TL glow curve
exhibiting a broad peak at 300 C and a magnitude 100 times that of the other three samples.
Subsequent exposure of this annealed aliquot to a microscope illuminator for 3 hours induced a
TL signal comparable to t hat observed in t h e natural TL. The anomalous NTL, therefore,
appears to have been produced by optical excitation of the clast material during laboratory examin ations prior to allocation. The absence of broad 300 C features in the NTL curves of the other
three fragments suggests that opti cal effects in these h ave been insignificant. Equivalent dose
(ED) curves (natural TL normalized by TL sensitivity) for Yam ato-S2 192 are much lower (less
than 5 krads over the entire glow curve up to 425 C) than those of the other two lun ar meteorites. Unlike the other meteorites, the Yamato-82192 ED curve is ne arly constant between 200 and
300 C, increases steadily above 300 C and fails to plateau at high glow curve temp eratures . The
measured TL stability was comparable to that of ALHA-S1005 (anom alous fading less than 10 %
in 10 hours; thermal decay a fter '10 mins. at 180 C = factor of 2 at 275 C in glow curve). Thus,
the thermal/ irradiation history of Yamato-82192 is signific an tly different from those of ALI-IA81005 and Yamato-791197.
0
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0
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Three possible explanations exist for the low stored TL in Yamato-82192: (1) atmospheric
heating , (2) short transit time preceded by either heavy lunar shielding and/or strong impact
heating or (3) near sun orbit. Atmosph eric heating can be ruled out since 3 separate fragm ents
yield ed similar ED curves whereas thermal gradients produced by atmospheric heating are known
to be large and restricted to the outer several millimeters of meteori tes [2,3]. If the N TL is low
due to a short transit time , that time would be the time required to accumulate a dose of 500
rads , i.e., only 50 years. High lOBe (2-1 dpm/ kg ; [4]) strongly suggests, to t h e cont.rary, that the
meteorite was irradiated in a 4 IT geometry for more than a few milli on years [4]. The best
interpretation of the low TL is , th erefore, that Yamato-82192 resided in a near sun orbit. The
shape of the ED curve aboYe 300 C is qu a litativ ely consistent with this interpretation , i.e., ED
steadily increases with increasing temperature as expected for TL equilibrium. Below 300 C, the
nearly constant ED (about 500 rads) may represent terrestrial re accumul ation in which case a terrestrial age of about 50,000 years would explain t he data. However, the ED curve shows an unexplained dip at 275 C and is not as fl at as would be expected for si mpl e re-accumulation.
0

0

0

REFERENCES: [1] Sutton , S. R., (1985) Proc. T enth Symposium Ant. Mets. , in press. [2]
Sears, D. W., (1975) Mod . Geol. 5, 155-164. [3] Melcher, C. L., (1979) Meteoritics 14, 309-316. [4]
Nishiizumi , et aI., (1986) Abstract 11th Symposium Ant. Mets .
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A NEW NOBLE GAS ABUNDANCE PATTERN IN A LUNAR METEORITE:
YAMATO 82192
H. W. Weber, O. Braun , and F. Begemann
Max-Planck-Institut fUr Chemie
Saarstrasse 23, 6500 Mainz, F.R . G.
Among the many thousand meteorites recovered from Antarctica are four
which are presumably of lunar origin. All four are compacted regolith
brecciae (1-4), and the two analyzed so far for noble gases (Y 791197
and AH 81005) show all the features characteristic for noble gases
in the lunar regolith proper (5-8) . Y 82192 is entirely different in
this respect . Its He, Ne and Ar are dominated by spallogenic and, in
the case of Ar , radiogenic components; the trapped gases are similar
to those in lunar rocks and in "normal" meteorites .
4
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132Xe
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All concentrations are g1.ven l.n units of 10- 8 cm 3 STP/g .
Uncertainties in isotope ratios are ± 3%; nuclide abundances are accurate
to better than 6% for He , Ne and Ar and to better than 25% for Kr and
Xe . Differences larger than these values between the two specimens are
ascribed to sample heterogeneity . The 3 . 61 mg sample was degassed in three
temperature steps •
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There is no indication that Y 82192
contains, or ever contained, any
solar-wind implanted noble gases.
If the meteorite is indeed of lunar
origin then there exist regions in
the lunar regolith which have not
partaken in the soil gardening to
the extent that they were ever exposed
to the solar wind for any considerable
length of time •

132Xe

(1) Marvin U. V. (1983), GRL lQ, 775- 778 . (2) Bischoff A. and Staffler D.
(1985) , LPS XVI, 63-64. (3) Yanai K. and Hideaysu K. (1985) , 10th Symp .
Antarct . Met ., 87- 89. (4) Bischoff A. et ale (1986), Symp.Antarct . Met.,
34- 36 . (5) Bogard D. D. and Johnson P. (1983) , GRL 10, 801-803 . (6) Takeoka
N. ( 1985), 10th Symp . Antarct . Met . , 114- 116. (7) Ostertag R. et aI. , Proc.
10~h Symp . Antarct . Met . ,in print . (8) Eugster o. et al e (1986) , EPSL, in
pr1.nt .
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SIDEROPHILE ELEMENTS IN SOME PECULIAR MOON ROCKS AND EUCRITES
Paul H. Warren, Gregory W. KaJlemeyn, and Eric A. Jerde
Institute of Geophysics, University of California, Los Angeles, CA 90024, USA
Lunar rock let 15363 is a hitherto unstudied 0.5-g rake sample acquired from the
rim of Spur Crater, not far from "Genesis Rock" 15415.
Although thoroughly
brecciated, 15363 appears definitely monomict (pristine). Its content of plagioclase
is a modest 85%, but its silicate compositions place it squarely in the range of
ferroan anorthosites, averaging as follows: plag. An-96.3 (range 95.4-97.2), olivine
F 0-50.2 (range 48.2-51.3), orthopyroxene En-61.3, Wo-2.2 (also within a narrow range),
and augite En-42.0, Wo-42.7. Ferroan anorthosites are suspected to be the most ancient
lunar rocks, having formed by flotation of cumulus plagioclase over a primordial
magmasphere. Presence of relatively abundant primary augite makes 15363 unusual among
ferro an anorthosites. Even more interesting is the presence of about 0.41 vol% (1.2
wt%) Fe-metal in the mode of the 6-mm 2 thin section we studied. This Fe-metal content
far exceeds that usually found even in mafic pristine lunar rocks. The Fe-metal is
mainly clustered as two amoeboid grains, plus numerous smaller satellite grains,
within a single 0.7 x 0.5 mm area of the section. Although these patches appear to be
separated in the two-dimensional section, they probably originated as one or two large
anhedral grains, perhaps later broken apart by brecciation. A few smaller Fe-metals,
as well as about 0.1 vol% troilite, occur elsewhere in the section. The Fe-metals are
uniformly almost pure Fe, with average Co content = 1.19 mglg and average Ni content =
1.14 mg/g. Metal of this composition is unlikely to be of meteoritic origin. A
neutron-activation analysis of siderophile elements in a bulk-rock sample of 15363
(sample 15363,1) is in progress.
Results thus far indicate that 15363,1 happened to
be less metal-rich than the thin section. Based on the bulk-rock Co (6 pg/g) and Ni
(approx. 9 pg/g) data, the Fe-metal content of 15363,1 could not have been much higher
thar. 0.5 wt%.
Other pristine ferroan anorthosites analyzed in this laboratory have
had considerably higher Co contents than this sample. Yet, NAA data for other elements
(e.g., Os = 0.95 nglg, Re = 0.057 ng/g) indicate that most siderophile elements are
considerably higher in 15363,1 than usually observed among pristine lunar rocks,
especially pristine anorthosites. The discovery of 15363 suggests that siderophile
element contents range over many orders of magnitude among pristine lunar rocks. Among
cumulates from analogous terrestrial layered complexes, siderophile elements are
notoriously uneven in distribution. Although this terrestrial analogy should not be
overworked, it may be unrealistic to expect a few tens of analyses of pristine nonmare
rocks to furnish a precise estimate of the overall siderophile element content of the
Moon's nonmare crust.
Apollo 16 ferroan anorthosite 67215 is a 276-g rock that several authors have
speculated might be monomict (pristine). Fe-metals analyzed by electron probe (Warren
et al., 1983: Proc. Lunar Planet. Sci. Conf. 13, A615-A630) are Co-rich and Ni-poor,
suggesting that their provenance is lunar, not meteoritic. However, this rock has a
granoblastic texture, with occasional dark, aphanitic clasts scattered amidst a
groundmass that also includes many coarser, possibly relict-cumulate clasts. Even
bearing in mind the lesson of 15363, our bulk-rock data for several siderophile
elements (e.g., Ir = 0.38 ng/g) tend to indicate that 67215 is not truly pristine.
We have also obtained new analyses of siderophile elements in two pristine
eucrites, Lakangaon and Nuevo Laredo. These two eucrites both have considerably lower
bulk-rock !!!..& ratios than other eucrites. They appear to be the most extremely
"evolved" members of a series of eucrites produced by fractional crystallization. The
few literature data for siderophile elements in eucrites tend to scatter widely, but
our new data for seldom-analyzed elements
(e.g., Os, Re) are similar to several
previous analyses of eucrites reported out of the Chicago lab by J. W. Morgan and
coworkers (e.g., Morgan et al., 1978: Geochim. Cosmochim. Acta, v. 42, 27-38).
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ANCIENT LUNAR GLASSES AS CLUES TO THE EARLY METEOROIO
COMPLEX O. S. McKay, NASA Johnson Space Center, Houston, TX 77058 and S.
J. Wentworth, Lockheed/LEMSCO, 2400 NASA Rd. 1, Houston, TX 77058
Glasses are an ubiquitous component of regolith breccias. These glasses include
ropy, clastic, and quenched crystallized varieties as well as homogeneous glasses.
Several lines of evidence suggest that many, and in some cases most, of these
glasses are not made from local regolith by small scale reworking processes. This
evidence includes high relative abundances of these glass types compared to
agglutinates in many regolith breccias and presence of these glass types in regolith
breccias having very low FMR maturity (an indication of lunar surface reworking
by small impacts) (1), interpretations that ropy glass types are mainly derived from
large impacts (2), and the high abundances of glasses of non-local composition in
some regolith breccias. Specifically, up to 80% of highland composition glasses in
some Apollo 15 regolith breccias are KREEP-rich and were not produced from any
combination of local basalts or soil from the Apennine front.
Regolith breccia glasses record events (impact or volcanic) which occurred
before the regolith breccias were closed to further processing by burial or
lithification. Consequently, if the minimum lithification age of these regolith
breccias can be determined, it follows that this is also a minimum formation age
for the glasses. Actual formation age of the glasses can, in principle, be
determined directly, for example by argon 40/39 techniques. Glasses in ancient
regolith breccias identified in Apollo 16 samples (1) are appropriately termed
ancient glasses. If the estimated age of these lunar breccias are correct, the glasses
in them are on the order of 4 by or perhaps older.
The existence and implications of these ancient lunar glasses have not been
fully appreciated in lunar sample studies. These glasses may record specific large
impacts from that early era, possibly including basin-forming events. They may
contain a chemical signature of the impactor. In fact, some of the ancient Apollo
16 regolith breccias containing these glasses are relatively rich in siderophiles, even
though they lack significant agglutinates and other features of soil reworking (1).
Less ancient glasses, for example those in Apollo 15 regolith breccias, may record
major events spanning a time period back from about 1 by to about 3 by (3), an
interval for which little specific lunar chronology exists.
An attempt to systematically group these glasses from regolith breccias by
both compositional groupings and age clusters might provide a record of the
composition and frequency of major impactors in the earth-moon system over time.
This record could be compared with the terrestrial impact record to further explore
whether such impacts might be episodic.
References: [1] McKay, O. et al. (1986) Proceedings of the Lunar and Planet. Conf.
16th: Jour. Geophys. Res., Vol 91, p. 0277-0303. [2] Fruland, R . et al. (1977)
Proceedings of the Lunar and Planet. Sci. Conf. 8th, p. 3095-3111. [3] Bogard et al.
(1986) Report on the Apollo 15 Workshop, LPI Houston, TX (in press).
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SPECTRAL SlUDIES OF THE TrCHO RIDLON OF THE )()ON. H.R. Hawke. J.F. Bell. P.G. Lucey
and C.R. Coombs. Planetary Geosciences Division. Hawaii Institute of Geophysics.
University Qf Hawaii. Honolulu. HI 96822. C.M.
Pieters. Dept. of Geological Sciences. Brown University. Providence. Rl 02912. R. Jaumann and G. Neukum. DFVLR. 8031
Wessling. W. Germany
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Important information concerning the composition of the lunar crust as well as
insights conce:cning impact cratering processes can be provided by spectral atudies
of lunar craters and their ejecta deposits.
These impacts have excavated materiala
from a variety of depths and deposited this ej ecta in a systematic manner. The purpose of this paper is to present the analysis and interpretation of near-infrared
spectra obtained for both the interior and exterior deposits associated with Tycho
crater. Our specific objectives include the folllMing:
1) to determine the composition and stratigraphy of the highland crust in the Tycho target site. 2) to investigate the nature of spectral units defined in previous studiell. 3) to further
investigate the nature and origin of both the bright and dark haloes around the rim
crest. 4) to determine the likely composition of the Tycho primary ejecta which may
be present in ray deposi';s. and 5) to compare the compositions determined for the
varioua Tycho units which those of Aristarchus crater as well as "typical"hiplands
deposit ••
Near-infrared spectra (0.6 - 2.S ~) for small (-2 km) area. in and around
Tycho were obtainec at the Mauna Kea 2.24-m telescope using the Planetary Geosciences Division indium antimonide spectrometer. Spectra were collected for the follOWing areas:
1) the central peak (four slightly different areas), 2) The west and
southwest crater wall, 3) the southwest floor, 4) the eastern floor (three different
areas), S) the northern rill, 6) the northeast ejecta blaDltet, and 7) the dark halo
nortl\ and west of the crater.
The spectra obtained for areas on the interior of Tycho exhibit similar .pectral feature..
These include relatively strong 1 J.IlIl absorption bands whose minima
are centered between 0.97 and 0.99 ~ and shallow to intermediate oontinuum slopes.
The spectra ,e~rally exhibit indications of a 1.3 jiJII feature consistent with the
presence of Fe + - bearing plagioclase feldspar.
The strong 1 J.IlIl abllorption
features indica te a dominant high-Ca cl inopyroxene component. Tho material exposed
on the interior of Tyoho is a gabbroic assemblage with composition5 ranging between
gabbro and anorthositic gabbro.
Spectra were also obtained for Tycho exterior deposits. The Tycho rim crest is
surrounded by two spectrally distinct haloes.
The inner, bright halo is narrow,
discontinuous, and poorly developed south of the crater.
The outer, dark halo is
more extensive and oontinuous and extends in places to almost one crater diameter
from the rim crest. One spectrum was collected for the bright halo in an area just
north of the Tycho rim orest.
This spectrum is almost identical to those obtained
for interior units and & similar composition is implied.
The spectra obtained for portions of the dark halo north and west of Tycho are
very different from those of the interior units.
These spectra exhibit a wide,
relatively shallow absorption feature centered at 1.01 Jlm, a 1.3 I'-lII absorption, and
a relatively steep continuum slope.
These spectra indicate the presence of pyroxene, Fe-bearing feldspar, and a significant component of Fe-bearing impact melt
gl ass.
The spectra of spots inside of Tycho show, in the context of the highland thus
far investigated, the greatest similarity to certain spectra obtained for features
in the Aristarchus region.
However, the suite of spectra obtained for Tycho exhibits a different trend than that of the Aristarchus spectra in terms of band center
versus width. Aristarchus spectra show a strong correlation between band center and
width which we attributed to a variation in olivine content in the highland units in
the region.
This is not the ca~e at Tycho.
Apparently, olivine is absent or
present in only minor amounts in the Tycho region.
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ORIGIN OF THE MOON BY GIANT IMPACT: CONSTRAINTS ON THE
COMPOSITION OF THE PROJECTlLE. Elisabeth A. McFarlane and Bashar Rizk, Lunar and
Planetary Laboratory, University of Arizona, Tucson, Arizona 85721.
Introduction: No model for the formation of the Earth's Moon has yet gained universal
approval within the scientific community. This work attempts to constrain the composition of the
impactor, which may have triggered the formation of the Earth's Moon, in one popular model, the
giant impact hypothesis. We vary the relative contributions of Earth mantle + crust and projectile
material to the ejecta, which accumulated to form the Moon, and then calculate the composition of
the impactor for each ratio using mass balance constraints. The calculated impactor compositions
are evaluated for their plausibility by comparison with known meteorite types.
Assumptions: The assumptions made for initial calculations follow: 1) the mass of the
impactor equals the mass of Mars; 2) the bulk compositions of the Moon and the Earth's mantle +
crust are as proposed by Taylor [1]; 3) the pre-impact Earth's mantle + crust is equal in
composition to the present-day Earth's mantle + crust; 4) no elements are preferentially lost from
the vapor cloud; 5) the impactor is undifferentiated. These assumptions will be evaluated and
modified as dictated by initial results.
Method: Using the equation Z = aX + ~Y, simple mass balance generates impactor compositions for the entire range of fractional Earth mantle + crust contributions. The dimensionless
parameter a represents the fraction of the Moon derived from the Earth, ~ is the fraction of the
Moon derived from the impactor, and X, Y and Z are the concentrations of an element in the Earth,
impactor and Moon respectively. The composition of the impactor from a=O to a=1 is determined
in increments of 0.1. Seven elements (Si, Ti, AI, Cr, Fe, Mg, Ca) from these calculated impactor
compositions are compared to the compositions of the following undifferentiated meteorites (from
Dodd [2]): Two enstatite chondrite groups, types Hand L(LL) ordinary chondrities, and types I,
M, 0 and V carbonaceous chondrites.
Results: For no value of a and for no class of primitive meteorite is there a strong
convergence in the fractional deviations of all seven elements. At high values of a, Fe shows a
very large positive fractional deviation and Mg shows a very large negative one. ( A positive
deviation implies that the impactor is enriched in the element in question, as compared to a meteorite
class). In general, the refractory elements Ca, Al and Ti show greater than 50% positive deviation
for all meteorite types at all values of a.
Implications: There are four possible reasons why the refractory elements Ca, AI, and Ti
show such large fractional deviations between calculated impactor and known meteorite type: 1)
the bulk compositional estimates of these elements are incorrect for the Moon and/or the Earth's
mantle + crust; 2) the impactor is very enriched in these elements relative to all of the above
meteorite types; 3) the Moon did not form by giant impact; 4) the impactor is differentiated.
Discounting the first three of these implications for the present, there is independent evidence
supporting a differentiated impactor, namely the large (> 50%) negative fractional deviation in Fe
for a< 0.5. Calculations are currently in progress to find convergence in fractional deviation
comparisons for an impactor with an iron core of varying size. Moreover, given the large
fractional deviations in Fe and Mg, no more than 80% of the Moon's material can be derived from
the Earth when impacted by an undifferentiated body. The deviation for Mg will be greater for a
differentiated impactor and seems to rule out impact-induced pure fission as a viable hypothesis for
the formation of the Earth's Moon.
REFERENCES [1] Taylor,S.R. (1982) Planetary Science: A Lunar Perspective, pp. 375-405.
[2] Dodd, R.T. (1981) Meteorites, pp. 13-27.
Supported by NASA grants: NAGW-680, NAG 9-39 and NSG-7558.
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LUNAR ORIGINS AND MARS-SIZED IMPACTORS
Stuart Ross Taylor
Research School of Earth Sciences, Australian National University,
Canberra, Australia
The origin of the moon is considered in the perspective of the formation
of the terrestrial planets. The noble gas abundance patterns of the Earth,
Venus and Mars suggests that accretion of the terrestrial planets took place
after the loss of H and He from the inner solar nebula.
Since most me t eorites
also have "plan('!tary" rather than "solar" noble gas patterns, such dispersal
must have occurred close to To(4.5Ae), presumably by early intense solar
winds and flares, as the sun settled onto the main sequence. An initial
depletion of volatile e lemen ts (e.g., K, Rb), as shown by low KI U ratios of
the inner planets, is ascribed to the same time and p rocess.
This dep letion
of volatiles occurred out to a "snow line" at about 5 A.U.
Formation of the inner planets, through accretion of planetesimals in a
gas-free environment occurred on timescales of 10 7 -10 8 y e ars.
Larg e o bj e ct s
(100 moon-sized, 10 Mercury-sized and several Mars-sized o bjects)
characterised the later stages of plan e tesimal sweep - up. Ov er 50% o f t he mass
of the Earth previously existed in these large precursor objects, which may
have undergone low-pressure metal-silicate fractionation.
Additional
evidence for the existence of massive planetesimals comes from the
obliquities of the planets and the slow retrograde motion of Venus.
The moon has a unique composition among satellites and p lanets.
It is
strongly dep leted in the very volatile elements (e.g. Bi, Tl) by factors of
several hundred relative to CI abundances taken as typical of the nonvolatile composition of the solar nebula. FeO values of 1 3% in the bulk moon
contrast with 36 % in CT and 8 % in the terrestrial mantle.
Tr a ce siderop hile
elements are depleted in order of their metal-silicate partition
coefficients, consistent with their remov al into a small 4 00 km diameter
lunar core. There is probably enrichment of refractory element s (Ca ,Al,Ti,
REE,U,Th) from geochemical balance considerations, heat flow, p resence of a
thick aluminous crust, and need to satisfy seismic v elocity profiles. A
major part of the moon was molten shortly after accretion, foll o wed by
extensive differentiation.
Pre-Apollo hypotheses of capture, fission or double p lanet mo dels for
the origin of the moon all fail to account for the chemical and d ynamical
problems, including the anomalously high angular momentum of the Earth-Moo n
system. Only the impact of a massive Mars-sized (0.1 Earth mass)
planetesimal appears adequate to account for both chemical and d y namical
aspects. Ejection of a portion of the mantle of the impactor in a vapor
phase accounts for the extreme depletion in volatile elements. Selective
recondensation accounts for the enrichment in refractory elements, resulting
in a high-AI moon. The composition of the impactor is a free parameter,
within the general limits of inner solar system chemistry. Mantle-core
separation o ccurred prior to the collision. Relative to the terrestrial
mantle, the impactor mantle was richer in FeO and probably had a lower Rbl Sr
ratio.
The large impactor hypothesis thus accounts for the uni q ue
composition of the moon and the unique nature of the Earth-Mo on system.
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EVOLUTION OF THE INNER ASTEROID BELT: PARADIGMS AND PARADOXES FROM
SPECTRAL STUDIES. Michael J. Gaffey, Department of Geology, West Hall,
Rensselaer Polytechnic Institute, Troy, New York 12180-3590.
Recent years have witnessed a significant increase in the sophistication
of asteroidal surface material characterizations derived from spectral data.
An extensive data base of moderate to high spectral resolution, visible and
near-infrared (-0.35-2.5Jlm) asteroid spectra is now available (1-4).
Interpretive methodologies and calibrations have been developed to determine
phase abundance and composition in olivine-pyroxene assemblages and to
estimate NiFe metal abundance from such spectra (5-7). A modified version of
the asteroid classification system more closely parallels the mineralogic
variations of the major inner belt asteroid types (8). These improvements
permit several general conclusions to be drawn concerning the nature of inner
belt objects; their history, and that of the inner solar system; and the
relationship between the asteroids and meteorites.
Essentially all large inner belt asteroids have - or are fragments of
parent bodies which have - undergone strong post-accretionary heating,
varying degrees of melting and magmatic differentiation, and subsequent
collisional disruption. The surfaces of the dominant S-type asteroids appear
mostly to be the exposed metal-rich internal layers of differentiated or
partially differentiated parent planetesimals (7,9). The shift from an S-type
dominated inner belt population to a C-type dominated outer belt population
(10) appears to be primarily the result of post-accretionary heating of the
inner belt and not the signature of a radial compositional gradient in the
original solar nebula. The S-type asteroids are predominantly olivine-metal
assemblages with a relatively minor pyroxene component [ol/px>2.5] (3,9), but
exhibit a significant range of variation. These asteroids show a systematic,
but not yet well characterized , mineralogic variation with semi-major axis.
Large S-type family asteroids exhibit greater lightcurve amplitudes in
general than large non-family S-objects, and the mineralogic range among
members of the S-families is much smaller than the range in the background Stype population. This suggests that the S-type asteroid families represent
relatively recent «4byr) collisions onto the cores of previously disrupted
parent bodies. A variety of additional constraints (heating requirements for
small bodies, rarity 0f pure olivine mantle fragments, meteorite heating
ages) suggest that the thermal evolution of the inner belt occurred very
early, followed quickly by disruption during single collision events with an
intruding flux of large planetesimals, similar to those invoked to abort the
growth of Mars (11).
REFERENCES: (1) Chapman, C.R. and Gaffey, M.J. (1979) in Asteroids (T.
Gehrels and M.S. Matthews, Eds.), U. Arizona Press, pp. 655-687. (2) Zellner,
B., Tholen, D.J., and Tedesco , E.F. (1985) Icarus 61, 355-416. (3) Feierberg,
M.A., Larson, H.P., and Chapman, C.R. (1982) AstroPhys. 1.:.. 257, 361-372.
(4) Bell, J.F., Hawke, B.R., Owensby, P.D., and Gaffey, M.J. (1985) Bull. Am.
Astron. Soc. 12, 729 . (5) Adams, J.B. (1974) 1.:.. Geophys. Res. 12., 4829-4836.
(6) Cloutis, E.A., Gaffey, M.J., Jackowski, T.L., and Reed, K.L. (1986) 1.:..
Geophys. Res., submitted. (7) Gaffey, M.J. (1986) Icarus, in press.
(8) Tholen, D.J. (1984) Ph.D. Diss ., U. Arizona, Tucson. (9) Gaffey, M.J.
(1984) Icarus 60, 83-114. (10) Gradie, J., and Tedesco, E. (1982) Science 216,
1405-1407. (11) Weidenschilling, S.J. (1975) Icarus 26, 361-366.
This research has been supported under NASA Grant NAGW-642.
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MINERALOGICAL EVOLUTION OF THE ASTEROID BELT.
J. F. Bell,
Geosciences Division, Hawaii Institute of Geophysics, Honolulu, HI 96822

Planetary

Recent advances in asteroid spectroscopy have made it possible to associate
many meteorites with specific narrow zones in the main asteroid belt (or in a few
cases, specif ic asteroids). The petrological and isotopic composition, inferred
condensation temperatures, and metamorphic heating of the meteorites then can be
used to infer the broad outlines of the condensational, thermal. and collisional
history of the asteroid belt. Tbis paper reports a first rough attempt to do so.
Broad-band photometry in the visual wavelength region has been used to divide
the asteroids into 14 "taxonomic types" or "spectral Classes", each of which occurs
at a characteristic distance from the sun. Recent near-IR observing programs have
measured the spectral features of olivine, pyroxene, plagioclase, and bound/adsorbed
water in at least a few asteroids of most of these classes. These new spectral databases give us a much improved ability to assign meteorites to their parent asteroid classes, and thus to orbital position. Aubrites at 1.9 AD suggest a similar
location for E chondrites. Basaltic achondrites, petrologically derivable from Hlike material, are at 2.3 AD, near a variety of differentiated types linked to
ordinary-chondrite-like material. Carbonaceous chondrites are concentrated near 3.0
AD, but are replaced at greater distances by types spectrally inconsistent with
known meteorites.
(These appear to be lower-temperature materials rich in organic
polymers.) The known chondrite classes thus appear to reside in the inner asteroid
belt in the relative sequence inferred from geochemical data . The apparent trend in
FeO/(FeO+MgO) among asteroids is very much steeper than any suggested by the terrestrial planets.
This suggests either that the asteroids have moved outward while
preserving their relative spatial relationships, or that the planets accreted many
planetesimals which had been scattered inward.
The 14 asteroid classes can be grouped into three "superclasses" according to
the degree of metamorphic heating they have undergone. Igneous types dominate the
belt sunward of 2.7 AU, metamorphosed types lie in a narrow zone around 3.2 AD, and
primitive types are dominant outside 3.4 AU. It appears that the heating mechanism
which metamorphosed the chondrites and melted the achondrites was one which rapidly
declined in efficiency with solar distance. A1-26 decay can explain this striking
pattern only if planetesimal formation slowly spread outward over many half-lives of
Al-26. Magnetic induction heating appears to be more consistent with the striking
pattern seen.
The trends in condensation and metamorphic temperatures described above also
may explain the lack of large, telescopically observable parent bodies in the asteroid belt for ordinary and enstatite chondrites ; in their condensation zones the
later heating event was so intense as to melt all large planetesimals. A few very
small (D<Skm) O.C.-like objects (spectral class Q) have been observed on planetcrossing orbits; future large telescopes will be capable of locating similar objects
in the main belt. A remaining puzzle is the rarity of metal-free achondritic asteroids (classes V. R,A, E) relative to metal-rich objects (classes Sand M) in the
inner belt. An answer is suggested by the fact that most stony-irons are composed
of discrete regions of silicates in a continuous metal matrix and are much stronger
than stony meteorites. A differentiated or semi-differentiated parent body will be
rapidly stripped of its weak outer silicate layers; once a metal-dominated layer is
reached, fragmentation will proceed more slowly. Only a lucky few inner-belt objects have retained their basalt/dunite surfaces. This "armour-deck" model is supported by the large difference in exposure ages between stones and irons. (It may
also explain the large proportion of stones among the falls.) However, it creates a
sen.ous problem in explaining the surv ival of many large C-type asteroids slightly
farther out.
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DO OBSERVATIONS OF HIRAYAMA FAMILIES TELL US ABOUT PARENT-BODY
INTERIORS? Clark R. Chapman~ Planetary Science Inst.~ 2030 E. Speedway~
Tucson~ Ariz. 85719.
I t has long been thought that the Hirayama fam ii i es represent the
remains of large asteroids~ catastrophically fragmented by col I isions. Thus
studies of the fragments by astronomical techniques could shed some I ight on
the gross structure (phys i ca I and mi nera I og i ca I) of the inter i ors of the
precursor bod i es. Stud i es of fam iii es in the 1970's were impeded by the
incomplete sampl ing of most famil ies~ but initial results seemed perplexing.
The volumetric representation of different major minerals~ as suggested by
spectrophotometry ~ did not make cosmochem i ca I "sense" inmost cases. Many
fam iii es seemed to cons i st of mixtures of the major taxonom icc I asses of
asteroids~ including C's and S's~ which do not seem I ikely to be part of the
same parent bodies according to most parent-body models (C's are I ikened to
carbonaceous chondrites and 5's either to ordinary chondrites or stonyirons). The studies were also compl icated by the fact that the different
researchers res pons i b I e for the ass i gn i ng fam i I Y membersh i p -- based on
orbital parameters -- came up with somewhat inconsistent lists.
In recent years~ the observational database has been greatly augmented
and it will soon be augmented sti II further. The eight-color survey has
nearly tripled the number of asteroids for which compositionally-sensitive
reflectance spectra are available. Later this year~ the Infrared Astronomica I Sate II i te a I bedo data wi I I become ava i I aD I e for most of the numbered
asteroids~ and we will have an even more complete sampling of the fainter
Hirayama fam i I Y memoers. I n a pre lim i nary study of the Hirayama fam i I Y
members assigned by Wil I iams and Kozai~ using my own 24-filter spectra and
the new a-co I or data~ I have found that the ear I i er conc I us ions are
strengthened: the compos i t ions of mo~t fam i I Y members do not make cosmochemical sense.
There are some exceptions, including the important exceptions of the largest, most populous famil ies.
It is not easy to fault the fami Iy membership assignments~ despite the
d i screpanc i es in fam i I Y def in i t i on between vi i I Iiams and Koza i. Perhaps
there are as-vet-unknown physical processes or observational biases that
tend to cluster the proper elements of phys i ca II y unre I ated astero ids. In
th i s case~ given the read i I Y ca Icu I ated frequency of catastroph i c astero i d
col I isions, there must be rapid diffusion of the orbits of fragments . Such
diffusion, if it occurs~ would tend to place materials into dynamical
"escape-hatches" that shou I d resu I tin a more representat i ve samp ling of
asteroid-oelt materials as meteorites than has sometimes been postulated.
Such an interpretation would also mean that the observable famil ies which do
make compositional sense were created by relatively recent coil isions.
In
most cases~ these real famil ies appear to represent the break-up of compositiona I I Y homogeneous bod i es. If we become forced -to accept the phys i ca I
real ity of the less populous famil ies, with their seemingly random distribution of C's~ 5's, and other types~ then the mineralogical assemolages in the
asteroid belt would represent a severe challenge to parent-body model lers.
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SUN-APPROACHING BODIES: NEITHER COMETARY NOR ASTEROIDAL?
G.W. Wetherill, DTM, Carnegie Institution of Washington, Wash., D.C. 20015
Two Apollo objects have perihelia <0.2 A.U. and aphelia <2.5 A.U. (1566
Icarus and 1983TB). The latter is associated with the Geminids, the second
most prolific of the annual meteor showers. At least 1% of the Prairie
Network fireballs are in similarly small orbits; because of selective effects
the fraction must be higher (e.g. Geminids were excluded in reducing the
data). These orbits are unstable on a time scale of ~107 years and a fairly
productive source is required. None of the known mechanisms (either cometary
or asteroidal) for supplying Earth-crossing material can accomplish this.
This lack of correspondence with known cometary and asteroidal material
has been extended by examination of the atmospheric trajectories of six
-5 to -8 magnitude meteors: three bright Geminids (Jacchia, 1952) and three
non-Geminid Prairie Network fireballs in similar Sun-approaching orbits
(McCrosky et al 1978, 1979). These objects, both Geminid and non-Geminid,
also show physical similarities to one another. All of them are Cep1echa
and McCrosky (1976) type I fireballs, in this way resembling fireballs
identified as ordinary chondrites (Wetherill and ReVelle 1981). Their ratio
of photometric/dynamic mass is at least as small, and often smaller than
ordinary chondritic fireballs, a further indication of strong, dense bodies.
They are clearly unlike typical Taurids (Comet Encke) and other cometary
fireballs (Wetherill and ReVelle 1982) which fragment more easily and are
probably of lower density.
These bodies, however, have much lower ablation coefficients
(0 ~5 x 10- 13 sec 2 /cm 2 ) than ordinary chondritic asteroidal fireballs
(0 ~2 x 10- 12 sec 2 /cm 2 ).
If loss by ablation were all that mattered, a
Geminid would retain 4% of its initial mass while penetrating the atmosphere,
despite its entry velocity of 36 km/sec. Nevertheless, they fail to fully
decelerate in the atmosphere, instead they disappear at velocities of 17-32
km/sec at dynamic pressures of ~107 dynes/cm 2 . For this reason, their
breaking strength appears to be no greater than ordinary chondrites, despite
all this other quantitative evidence for "toughness". The relatively small
mass ( ~ 1 - 100g) of these bodies makes it difficult to know whether or not
any possibly collectible material survives their apparent disappearance.
Measurement and reduction of larger Geminids on fireball network photographs
could permit addressing this question.
Ceplecha, Z., and McCrosky, R.E., 1976. Fireball end heights: A
diagnostic for the structure of meteoric material. J. Geophys. Res. 81,
6257-6275.
Jacchia, L.G., 1952. A comparative analysis of atmospheric densities
from meteor decelerations observed in Massachusetts and New Mexico. Tech.
Rep. 10, U.S. Army contract DA-19-020-0RO-l093, Harvard Reprint Series 11-44.
McCrosky, R.E., Shao, C.-Y., and Posen, A., 1978. Prairie Network
Fireball Data.
I.
Summary and Orbits. Center for Astrophysics Preprint No.
665. Meteoritika iI, 44-59.
McCrosky, R.E., Shao, C.-Y., and Posen, A., 1979. Prairie Network
Fireball Data II . Trajectories and Light Curves. Meteoritika 38, 106-156.
Wetherill, G.W., and ReVelle, D.O., 1981. Which fireballs are
meteorites? A study of the Prairie Network photographic meteor data.
Icarus
48, 308-328.
Wetherill, G.W., and ReVelle, D.O., 1982. Relationship between comets,
l a rge meteors, and meteorites, in Wilkening, L., ed., pp. 29 7-319, Comets:
Tucson, University of Arizona Press.
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SOURCE OF THE OPTICAL RED.SLOPE IN IRON·RICH METEORITES. Daniel T. Britt,
Carle M. Pieters, and Peter H. Schultz, Department of Geological Sciences, Brown University, Box
1846, Providence, RI 02912.
The relationship between ordinary chondrites and the S·type asteroids is an unresolved issue
in meteorite science. S-type asteroids exhibit a positively red-sloped spectrum that has been
interpreted to indicate the presence of elemental iron on their surfaces. Some workers [1] suggest
that S-type asteroids represent undifferentiated parent bodies of ordinary chondrites on which
regolith processes have enhanced the spectral signature of metallic iron relative to laboratory
samples. Other workers [2] interpret the red-slope spectra ~n S-types to indicate the presence of
relatively large amounts of elemental iron and suggest that the differentiated meteorites are better
analogs. The issue hinges on the amount and form of iron required to produce a spectral redslope.
Investigators using integrating-sphere spectrometers [3] note that iron-rich meteorites exhibit
a strong and characteristic red-slope in the visible and near-infrared wavelengths. Optical
constants measured at normal incidence for iron [4] and for iron-nickel alloys [5] also predict a
red-sloped spectrum. The effect of viewing geometry on the reflectance of iron meteorites has
been investigated using NASA's RELAB facility located at Brown University [6]. Figure 1 shows
the spectra of a clean, smooth portion of a nickel-iron meteorite taken from several viewing
geometries (these data are relative to the reflectance of halon and are displayed on a logarithmic
scale). A striking feature of these results is that iron's characteristic red-slope appears only in the
specular portion of the reflectance. All the non-specular geometries exhibit flat, featureless
spectra with the relative brightness being a function of the angular distance from the specular
reflection. These results suggest that the diffuse reflectance spectrum of iron and any iron-rich
complex surface is a weighted average of specular and non-specular components; the degree of
"redness" is a function of the amount of the specular component included in the measurement. As
a test of this hypothesis, bi-directional spectra were obtained of a complex iron surface (an 8 mm
crater produced in an experimental hypervelocity, metal on metal,. impact on the same iron
meteorite [7]). The spectrum of the crater on the meteorite exhibit a red-slope of 30%. The
proportions of shadow and specular, near-specular, and non-specular reflectance were estimated
for the meteorite crater, and a linear mixing model was applied using the spectra of figure 1. Less
than 0.2% of the specular component was required to accurately model the red-slope of the
meteorite crater.
CONCLUSIONS: The characteristic red-sloped spectrum of iron-rich meteorites is produced by
only the specular component of the reflectance. Complex metallic surfaces can be modeled as
linear mixtures of specular and non-specular components. It is the geometry of the metal on a
surface and its interaction with surrounding material, rather than the absolute amount of metal,
that determine the redness of resulting spectra. In order to distinguish between ordinary
chondrite and differentiated parent bodies it is important to understand how regolith processes
affect the nature and form of metal on asteroid surfaces.
I
REFERENCES: [1] Feierberg, M.A., et al.
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(1982) Astrophys. J. 257, P 361-372. [2]
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RADAR DETECTION OF ASTEROID 1986 JK -- S. J. Ostro, D. K. Yeomans,
R. F. Jurgens, and R. M. Goldstein, Jet Propulsion Laboratory, California
Institute of Technology, Pasadena, CA 91109.
We obtained strong echoes from this newly discovered, Jupiter-approaching
Earth-crosser on May 28 and 30, 1986, using the 3.5-cm-wavelength Goldstone
Solar System Radar in California.
The target's minimum distance during the
observations was less than 0.029 AU -- only 11 times further than the Moon and
closer than for any other asteroid/comet radar experiment to date.
1986 JK was discovered on May 4 by C. S. and E. M. Shoemaker at
Palomar.
By May 13, astrometric analyses had revealed this object to be
approaching the Earth on a trajectory that would bring it well within the
Goldstone detectability window during a several-day period two weeks later.
Additional astrometry by some 20 astronomers at six observatories (including
especially critical measurements by A. C. Gilmore and P. M. Kilmartin at Mount
John University Observatory in New Zealand on May 23 and 27) enabled us to
calculate ephemerides having the minimum accuracy necessary to point the
antenna and to tune the receiver to the echo's Doppler frequency.
Although the data are largely unreduced at this writing, certain
preliminary results are evident.
First, the Doppler broadening of the echo
spectra requires that D ) P/6, where D (kilometers) is the maximum breadth of
the asteroid's polar silhouette and P (hours) is the synodic rotation
period. Second, the echo's polarization signature seems to vary dramatically
as the asteroid rotates, suggesting that the surface is structurally very
heterogeneous at some scale(s) no smaller than the wavelength and probably
much larger. On average, 1986 JK appears smoother at centimeter-to-decimeter
scales than either asteroid 433 Eros or Comet IRAS-Araki-Alcock (the only
other small bodies whose 3.5-cm polarization properties have been measured).
In addition to constraining 1986 ~K's physical properties, our data yield
extremely precise (one part in 10) measurements of its line-of-sight
velocity.
This information will greatly improve our knowledge of the
asteroid's orbit and will help to ensure that it will be recovered optically
during its next close approach to Earth, in 1995.
This research was conducted at the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Aeronautics and
Space Administration.
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LARGE EARLY SOLAR MASS LOSS - 1 . SOLAR SYSTEM EVOLUTION. G. H. Bowen
and L. A. Willson, Astronomy Program, Physics Department, Iowa State
University, Ames, IA 50011
It has been hypothesized by Willson, Bowen, and Struck-Marcell that
stars with initial main-sequence masses up to about 3Ma commonly have
stellar winds strong enough to remove a substantial fraction of their mass
during the first few hundred million years of their main sequence life.
The wind is thought to be driven by a combination of pulsation and rapid
rotation; it is expected to weaken as rotation slows and end at about 1MG
as a surface convection zone develops, ending large scale pulsation. The
hypothesis is plausible on various grounds and leads to a variety of
significant consequences for stellar and galactic evolution. It offers
possible solutions to a number of persistent problems.
If the Sun was such a star there would have been dramatic effects on
early solar system evolution. Calculations based on the effects to be
described below suggest a value of about 2.0 MG, 15 Le, and 9200 K for the
Sun's initial mass, 1um!nosity, and effective temperature; the solar wind
would have been some 10 times its present strength. The consequences
include:
1.

Smaller early planetary orbits, because of the Sun's greater mass.
This contributes to all of the following.

2.

Much stronger early solar tidal torques, which are proportional to
(M 1 /r' b.t). The integrated effect would have been great enough to
spIMndoafi Venus completely and to play an important role in the
capture of Mercury in spin-orbit resonance.

3.

Higher early planet surface temperatures, because of the greater solar
luminosity and smaller orbits. This would help to explain the
geological evidence for a warm early Earth, which conflicts with the
prediction of a faint early Sun by conventional stellar evolution
theory . It would also help to explain the evidence for large scale
flow of liquid water on Mars.

4.

Vaporization and loss of much of Mercury's presumed silicate-rich
mantle, leading to Mercury's present, very unusual composition-(60-70%
iron). Calculations indicate that this would have occurred within
N20 Myr, and that Mercury's present orbit in fact corresponds closely
to the smallest initial orbit in which a planet could have survived.

5.

A strong pseudo Poynting-Robertson effect by the solar wind, causing
all but the largest bodies to spiral inward toward the Sun, affecting
the formation of the terrestrial planets (i.e., their size, number,
distribution, and composition), and producing intense bombardment of
the planets during the final phase with a time dependence similar to
that deduced from the lunar surface record.

This picture of the early solar system suggests many possible
consequences for meteorites because of its implications for the origin ,
thermal history, and radiation exposure Qf materials composing meteorites,
and for the nature of meteorite parent bodies. Some of these are discussed
in an accompanying paper.
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LARGE 1 EARLY SOLAR MASS2LO~S - 2. CONSEQUENCES FOR METEORITES.
Kracher and G. H. Bowen, Department of Earth Sciences, and
Astronomy Program, Physics Department, Iowa State University, Ames,
IA 50011

~.

The suggestion that the sun has lost a significant fraction (50 %) of
its original mass shortly after inception of nucleosynthesis has important
consequences for the formation of meteorite parent bodies.
Location : Because of the strong pseudo-Poynting-Robertson (PPR)
effect, no meteorite parent bodies can have formed within 1 AU, and only
relatively large ones within 1.5 AU. The region which later became the
asteroid belt may initially have been shielded from the strong solar wind
giving rise to the PPR effect, allowing chondrule-sized objects to have a
reasonable life time. Nevertheless, accretion to km-sized bodies must have
I_
I
.
b een rap~'d. !
Energy source: Energetic events have taken place at a distance of
several AU from the Sun in the early solar system, in particular heating
to form CAIs and chondrules. With few exceptions, energy sources proposed
for these processes derive from the gravitational collapse prior to
formation of the Sun, either as a direct consequence of gravitation
(infall heating, condensation) or from rotational energy (collisions,
lightning, gas turbulence). The solar mass loss model makes it possible to
transfer energy derived from nucleosynthesis out to several AU distance in
the form of shock fronts, electric induction, and possibly other
mechanisms. Thus a new class of heat sources has to be considered for
chondrule formation, planetary differentiation, etc.
Fractionation : Radiometric ages of achondrites suggest that
differentiation occurred within a very short time after f0 mation . The
2
response of a planetesimal to the PPR effect depends on M~ (M = mass, ~ =
de~sity) . For a body consisting of a metallic core and a silicate mantle,
~
hardly changes if the mantle is eroded by collisions. Thus in a mostly
destructive regime, the objects with the longest lifetime against the PPR
effect are denuded cores . Since surface temperatures of small bodies
orbiting a more luminous, heavy Sun are above 200 K to beyond 7 AU (beyond
the orbit of Saturn for a Sun of 2~), these cores will be highly
resistant to further breakup. This may explain the preponderance of
asteroids whose spectra suggest high metal abundances in the inner
asteroid belt, and the fact that iron meteorites seem to represent samples
of a much larger number of bodies than chondrites.
Isotopic anomalies : In light of the very high particle flux from the
early Sun, the question of producing isotopic anomalies by particle
irradiation has to be reconsidered . Although most nuclei of the strong
early solar wind have low energies, it is possible that a small fraction
becomes accelerated to sufficiently high energies to induce nuctear
reactions. The required energy increase is about a factor of 10 . Such
energies may be available either episodically through flares, or
continuously at very high latitudes. Either alternative would only produce
isotopic anomalies in a very small fraction of the available matter.
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THE PRIMITIVE COMETARY MATTER; J-P. Bibring and Y. Langevin,
Laboratoire Rene Bernas, 91406 Orsay Campus, France
We shall present data obtained by the infrared spectrometer IKS (1)
and tbe mass spectrometer PUMA (2) on board the VEGA 1 Soviet probe which
flew-by comet Halley. They give information about the composition of the
main constituents of the nucleus, both in gazeous and solid form. One of
the most striking result concerns the parent C-rich species.

The IR

spectra reveal the presence of CO

molecules, C-H and C-C bounds, while
2
the PUMA spectra indicate that the composition of a large fraction of

cometary particles is dominated by light elements (H, C, 0 and N).
These

results

indicate

that

the

model

of

"dirty

ice"

previously considered should be revised in order to account

nucleus
for

the

presence of high concentrations of C-rich grains. These grains, detected
up to large distances from the nucleus (200 000 km), survived against
solar

radiation

for

periods

of

several

days.

It

is

therefore very

unlikely that these grains are primarely constituted of ice.
We have compared these data with those we have obtained by ion
irradiation of mixtures of ices (3). We have observed that under either
keV or MeV irradiation, molecular synthesis takes place that leads to the
presence of stable species. These species present spectral IR signatures
at wavenumbers similar to that of the emission bands of comet Halley.
They can also account for the very low albedo of the nucleus.
We thus propose a model for the formation of comets by the accretion
of grains and ices irradiated by the early solar wind. Such a primitive
irradiation would be responsible for

the presence of organic matter

blocked within H 0 ice and mixed with other refractory grains, mainly of
2
silicate composition.
Combes M. et al.(1986) Nature, 321, 266-268
Kissel J. and al. (1986) Nature, 321, 280-282
Rocard F. (1986) These de Doctorat d'Etat, Universite d'Orsay
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ANALYTICAL ELECI'RON MICROSCOPY OF 'IHIN-SEGrIONED INTERPLANEI'ARY
DUST PARTICLES (IDP's). J.P. Bradley, McCrone Associates, Chicago, IL,
D.E. Brownlee, Dept. of Astronomy, Univ. of Washington, Seattle, WA
Thin-sectioned IDP's make possible a range of novel electron microscopic observations, including quantitative thin-film analyses and solar
flare track implantation phenomena. Sections <1000 Kthick are ideal
for quantitative studies, because in combination with focused probes
(20-100 X diameter) it is possible to obtain results with optimum
lateral resolution. This is very useful for studying IDP's because in most
particles mineralogical heterogeneity can exist on a very fine scale.
Solar flare tracks are difficult to image in unsectioned IDP's because of
spurious contrast effects arising from thickness variations. However, in
thin-section they are easily imaged, and can provide information about
exposure ages, thermal histories, and possibly the source(s) of IDP's.
Thin-film analyses have been performed on both anhydrous and hydrated
chondritic IDP's. Anhydrous particles consist of three basic building
blocks, single mineral grains (e.g. olivines, pyroxenes), carbonaceous
material, and "tar balls" (1). "Tar balls" are aggregates of 0.01-0.1 ).lIIl
mineral grains embedded in a carbonaceous matrix. Even in thin-section it
is difficult to obtain a "clean" chemical spectrum because of over lapping
crystals. "Tar balls" are of special interest because they appear to be
discrete structural units that have undergone an accretional event even
prior to incorporation into IDP's. Thin-film analyses indicate that most
"tar balls" are very iron-rich (relative to their parent IDP's) and the
most common mineral species are iron-nickel alloy (kamacite), iron
sulfides, and olivine.
Hydrated particles consist largely of one phase, namely an iron- and
magnesium-rich layer lattice silicate. This phase has been identified as
either smectite or mica(2). This particle type sometimes contains
pyroxene whiskers and platelets(3), and "tar balls", which suggest that
smectite-mica IDP's may be genetically related to anhydrous IDP's. Ideally
smecti te or mica should exhibit a 10-12 K basal spacing and a total
cation/Silicon ratio between 0.5 and 0.75(2), but quantitative thin-film
analyses indicate that in IDP's it is almost always very poorly crystallized and the total cation/Silicon ratios vary widely. We have also
identified a less common ~drated particle composed of either serpentine
or septachlorite(1). This type of particle is usually well crystallized
and the total cation/silicon rntios cluster around 1.5, which is
consistent with stoichiometric serpentine or septachlorite(2). Within less
well crystallized regions this rntio deviates significantly from 1.5.
Solar flare track densities may be useful for distinguishing between
cometary and asteroidal IDP' s(4). This requires careful measurement of
maximum track densities and assessment of the effects of shielding during
track implantation. Both of these variables can cnly be determined by
examination of thin-sectioned IDP's. The abilit¥ to distinguish asteroidal
IDP's from cometary IDP's represents one of the fundamental goals of
interplanetary dust research.
REFERENCES: (1) J.P. Bradley and D.E. Brownlee, Science, 231, 1542 (1986).
(2) K. Tomeoka and P.R. Buseck, Earth Planet. Sci. Let., 69, 243 (1984).
(3) J.P. Bradley, D.E. Brownlee, D.R. Veblen, NatUre, 301, 473 (1983).
(4) S.A. Sandford, Abstract (this volume); S.A. Sandford, Icarus, in press
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AUGER MICROPROBE ANALYSIS OF PRIMITIVE SOLAR SYSTEM MATERIALS
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and
interplanotary dust particles (lDP) is necessary in order to develop a
Dettt'lr understanding of the formation historie8 of these materials.
Accurate chemical analyses coupled with textural relationships will impose
constraints on the formation mechanisms of these objects. To date, electron
beam and X-ray microanalysis techniques have provided most of our knowledge
of the chemistry and texture of these ultrafine-grain, primitive solar
system materials.
However, the current state of knowledge is limited
because of the inherent difficulty in characterizing light elements (i. e. ,
C, Nand 0) in micrometer (11m) and submicrometer size phases by these
methods.

Auger
electron
spectrometry
(AES)
has
the
potential
for
providing
quantitative characterization of light elements in ul trafine - grain phases
while preserving textural relationships.
AES has not found general
acceptance in the meteoritical conununity mainly because of severe problems
encountered with electrical charging on the surfaces of dielectric samples.
Recently, a method of AES analysis employing microtomed thin sections has
been developed which eliminates essentially all problems associated with
sample surface charging (1).
The method permits point probe analysis of
dielectric materials with sub-micron lateral resolution.
Figure 1 is an
Auger energy spectrum from a 2000 Angstrom thick section of Murchison
meteorite matrix.
The spectrum was obtained with lateral resolution of
approximately 211m.
The relatively high intensities of the light element
signals in this spectrum demonstrate that AES could provide quantitative
characterization of the carbonaceous phases in meteorite matrices and IDP.
Elemental maps of the matrix have also been obtained at submicrometer
lateral
resolution,
thus
providing
a
method
for
characterizing the textural
800
relationships
in
these
materials.
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THE USE OF SOLAR FLARE TRACK DENSITIES MEASURED IN INTERPLANETARY
DUST PARTICLES (lOPs) TO DETERMINE AN ASTEROIDAL VERSUS COMETARY ORIGIN OF THE
ZODIACAL DUST CLOUD; Scott A. Sandf?rd 1 , NASA/Ames Research Center, MS 245-6,
Moffett Field, California 94035. (NRC Research Associate)
Dust particles in the 1 to 50 micron diameter size range, when injected
into the solar system· from comets and asteroids, will spiral into the sun due
to the Poynting-Robertson Effect (1). During the process of spiraling in,
such dust particles accumulate solar flare tracks in their component
minerals. The accumulated track density for a given dust grain is a function
of the duration of its space exposure and its distance from the sun.
Using a computer model, it was determined that the expected track density
distributions that would be observed at 1 A.U. in grains produced by comets
are very different from those produced by asteroids. Individual a steroids
produce populations of particles that arrive at 1 A.U. with scaled track
density distributions containing "spikes," while comets supply particles with
a flatter and wider distribution of track densities. The figures below
demonstrate the different calculated track density distributions produced by
individual asteroids (Eos, Koronis, and Themis and comets (come~ Tuttle).
Particles with track densities above 3x10 (spA/v) tracks / cm (where s is
the lOP's radius, p is the lOP's density, v is the fraction of incident solar
radiation the particle absorbs, and A is the solar flare track production rate
at 1 A.U.) have probably been exposed to solar flare tracks prior to injection
into the interplanetary medium and are therefore likely to be asteroidal.
Particles with track densities below O.7x10 7 (spAlv) tracks/cm 2 must be derived
from comets or earth-crossing asteroids.
The track densities observed in the stratospheric dust (2,3) are
consistent with the calculated values. The earth-crossing asteroids can not
be responsible for all the dust collected at 1 A.U., since they cannot produce
the large track densities already observed in some of the stratospheric
dust. There is also some indication that asteroid associations like the EosKoronis-Themis complex do not produce the majority of the dust, since such
associations could not produce the track density ranges observed in the
collected dust (2,3). A more complete discussion of the sources of lOPs will
have to wait until a larger number of measured track densities are available.
References: (1) H.P. Robertson (1937), Roy. Astron. Soc., M.N. 97, 423-438,
(2) J.P. Bradley and D.E. Brownlee (1986), Science 231, 1542-154~ (3) R.
Christoffersen and P.R. Buseck (1985), (abstract) 16th Lunar Planet. Sci.
Conf., Houston, 127-128.
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IDP ' S;

EFFECTS OF ORBITAL EVOLUTION ON ENCOUNTER VELOCITY AND EXPOSURE AGE OF
G. J. Flynn , Dept . of Physics , SUNY-Plattsburgh, Plattsburgh , NY 12901

The heating of interplanetary dust particles (IDPs) on atmospheric entry
causes morphological changes and solar flare track fading. The peak temperature is proportional to the density, diameter and the third power of the entry
velocity of the IDP1 . In estimating the distribution of temperature maxima for
IDPs (1 to 100 ~m in diameter) Fraundorf 2 used an IDP velocity distribution
based on that for radio meteors (>100 ~m diameter) since this distribution was
known and the smallest radio meteors are only slightly larger than IDPs .
For particles whose parent bodies are in prograde elliptical orbits with
perihelia less than 1 au (typical of the dust producing short-period comets) ,
Poynting-Robertson drag (PR) causes the aphelion to decrease with only a small
reduction in the perihelion until the orbit is near
circulars -+-(fig . 1) . As the
-+orbit circularizes , the earth encounter velocity (Vparticle - Vearth , not including earth gravitation effects) decreases (fig. 2) . This circularization
reduces the radial component of the particle velocity at 1 au, increasing the
time (T) to cross the earth ' s orbit . The earth encounter frequency (f) also
increases as the orbital period decreases. The product Tf , which is proportional to the earth collection probability , increases dramatically as the
aphelion nears 1 au (fig . 2) . Thus particles from a given parent which spiral
into the sun under PR are most likely to be captured at much lower encounter
velocities than the parent object . For any given size and density they should
exhibit a sharply peaked distribution of space exposure ages .
The infall time under PR increases with density and diameter. Particles
larger than -100 ~m (including radio meteors) a r e destroyed by catastrophic
collision 4 before their orbits evolve significantly under PR . Thus IDPs have
significantly lower earth encounter velocities than radio meteors from the same
parent body , consistent with Sandford's observation that IDPs are less heated
than predicted using radio meteor data 5 • A variety of initial orbits give encounter velocity reductions for IDPs of 30% to 90% from those of the parent
objects . Since collection is most likely as the aphelion nears 1 au , we should
see few IDPs with low solar flare track ages if morphological or chemical criteria identify particles heated above the track annealing temperature .
References : (1) Whipple, F.L. (1950) Proc . Nat . Acad. Sci . , 36, p. 687-695. (2) Fraundorf, P.
(1980) Geophys . Res . Lett., 10, p . 765-768. (3) Wyatt, Jr., S:P. , and Whipple , F.L. (1950) Astrophys. J . , 111, p. 134-141. (4) Grlin, E. et ale (1985) Icarus , 62, p. 244-272 . (5) Sandford , S.A.
(1986) Luna7and Planet . Sci. XVII , p. 754-755.
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A PRELIMINARY COMPARISON OF HALLEY DUST AND METEORITIC MATERIALS
.
J. Kissel a , D. E. Brownleeb , K. BUchler c , B. C. Clark d , H: Fechtig e ,
E. GrUn f , K. Hornung g , E. B. Igenbergs h , E. K. Jessberger 1 , F. R. Krueger J ,
H. Kuczera k , J. A. M. McDonnell l , G. M. Morfill m, J. Rahe n , G. H. Schwehmo ,
Z. SekaninaP , N. G. Utterback q , H. J. V/:Jlk r , and H. A. Zook s .
a) MPI Heidelberg, b) U. Wash., c) Martin Marietta, d) Technical College,
Munich, e) MBB, Munich, f) U. Kent, g) MPI Garching, h) Arheiliger Apotheke,
i) U. Bamberg, j) ESTEC, k) JPL, 1) Dawn Laser, k) JSC.
The PIA mass spectrometer obtained over a thousand mass spectra of
individual submicron dust particles during the Giotto flyby of Comet Halley
(1). Similar results were also obtained from the essentially identical
instruments that were carried on the Vega 1 and 2 spacecraft (2). The
compositional data from these instruments provides the first opportunity to
make a detailed comparison of the various classes of meteoritic materials with
a bonafide cometary sample.
The PIA instrument is a time-of-flight spectrometer that determined mass
spectra of positive ions emitted from individual particles impacting a Pt-Ag
foil at 68 km s-l. The mass resolution during the encounter was sufficient
that the Ag 107 and 109 peaks from the target are clearly resolved. Peaks
due to multiply charged ions and molecular ions appear to be minor in most
spectra and the masses of nearly all significant peaks correlate with elements
expected to occur in chondritic material at the few percent level or higher.
Because the impact ion production mechanism is not well understood, it is not
presently possible to determine quantitative compositions for individual
samples. With future refinements in impact theory, calibration with high
velocity particles, and the use of the Halley data itself for calibration,
it is expected that relative ion yields will be determined to an accuracy
adequate for quantitative analysis. The observed mass peaks from chondri tic
composition particles and what appears to be single mineral grains, suggest
that the relative ion production efficiency for Mg, AI, Si, S Ca and Fe are
rather similar.
Preliminary examination of the PIA data shows 3 main particle types.
Over 75% of the particles have mass peaks consistent with their being
mixtures of H, C, Nand 0 and high Z elements (Na, Mg, AI, Si, S, Ca and
Fe). Rarer particles are composed of pure low Z material (CHON) or pure
high Z elements. Many of the high Z particles appear to be approximately
chondritic but a significant number appear to be single mineral grains.
Several pure Mg silicates and iron sulfides were seen. Although it is
not yet possible to determine quantitative abundances, it is clear that
most Halley dust has a high C abundance probably much higher than CI
chondrites. The abundance of chondritic compositions suggests that the
silicate material is fine grained even at the submicron level. Even at
the present level of data reduction it appears that Halley dust is distinguishable from most meteoritic materials.
1.
2.

J. Kissel, et a1. (1986), Nature, 321, 336-337.
J. Kissel, R. Z. Sagdeev, et al. (1986), Nature 321, 280-282.
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OLIVINES AND IRON-SULFIDES IN CHONDRITIC POROUS AGGREGATE U20l5*B FORMED AT
LOW-TEMPERATURE DURING ANNEALING OF AMORPHOUS PRECURSOR MATERIALS.
Frans J.M. Rietmeijer, Lockheed/EMSCO, Mail Code C23, NASA Johnson Space
Center, Houston (TX) 77058.
Fine-grained primitive extraterrestrial materials collected in the Earth's
stratosphere include interplanetary dust that may be solid debris released by
short-period comets [1]. A subset of this dust is formed by chondritic porous
(CP) aggregates of varied and complex mineralogy that still contain evidence
for the presence of amorphous materials in the early history of the Solar
System [1-3]. This study presents new Analytical Electron Microscope (AEM) data
on two CP aggregates, U20l5A8 and U20l5B9, which are probably from the larger
chemically heterogeneous CP aggregate U20l5*B [4]. Identification of minerals
is possible by a combination of AEM imaging, selected area electron diffraction
(SAED) and energy dispersive spectroscopy.
In both CP aggregates, rounded (diam. 2.0-90nm) and hexagonal , (40x70nm upto
230nm, in size) platey grains are embedded in a matrix of carbonaceous material
similar to the very fine-grained matrix of CP aggregate W70l0*A2 [3]. The SAED
patterns are consistent with randomly oriented poly-crystalline silicates and
sulfides with occasionally superposed single crystal patterns of Mg-olivine.
MATRIX MINERALOGY. The silicates in both aggregates are pure forsterite,
Fe-bearing forsterite, (Ca,Fe)-bearing forsterite with minor Mn or Al and
(Mn,Fe)-bearing calcic forsterite. Rare Fe,Al-bearing enstatite is present. The
silicates occur randomly, albeit in close spatial distribution, within the
carbonaceous matrix of each aggregate and are generally accompanied by sulfide
minerals. The sulfide SAED patterns and (Fe+Ni)/S ratios (ca 0.9-1.3) in both
CP aggregates correspond to pyrrhotite and pentlandite. Both hexagonal and
monoclinic pyrrhotite are tentatively identified. Ni-free and low-Ni pyrrhotite
and pentlandite (Ni/Fe = 0.01-0.07) occur intermingled. In CP aggregate U20l5A8
an Fe-Ni-Zn sulfide (Ni/Fe=O.l; Zn/Fe-O.l) is tentatively identified as Fe-rich
Ni-bearing sphalerite since Zn has little or no solid solution in pyrrhotite
and pentlandite. Rare Ni-free, Fe-sulfide with minor Cr is present in CP
aggregate U20l5B9. This sulfide may belong to a solid solution between Fe(l-x)S
- Cr(l-x)S (daubreelite, Cr 2FeS ). A large (0.35xO.45pm) rounded whitlockite
4
grain occurs dispersed in the rine-grained matrix of CP aggregate U201SB9.
ORIGIN OF MATRIX MINERALS. Olivines and pyroxenes in CP aggregates U20l5*B
and W70l0*A2 [3] show similar chemical variations while the unidentified Fe,Mg,
Si,Ca,Mn-phase in low-Ca chondritic lOP U22l2l [5] may be similar to olivines
in these two CP aggregates. Ni-free sulfides are present U20l5*B and W70l0*A2
while low-Ni sulfides with comparable Ni/Fe ratios occur in all three particles
[3, 5]. Uncommon Fe-rich sphalerite has been observed in non-chondritic IDP
R2l-M2-8 in which nuclear tracks in olivines clearly show its extraterrestrial
origin [6]. The compositional variations of olivines; esp. the Ca-contents [7]
and sulfides in CP aggregates U20l5A8 and U20l5B9 are difficult to reconcile
with direct condensation in a cooling solar nebula. However, solid state
processes such as annealing of amorphous precursor materials [3] may lead to
heterogeneous, non-equilibrium assemblages of metastable, high-temperature
minerals with variable compositions. Low-Ni pentlandite, high-Fe sphalerite and
co-occurrence of monoclinic and hexagonal pyrrhotite in both aggregates suggest
o
that temperatures during annealing were <250 C [5, 8]. This interpretation
implies that annealing of amorphous precursors to silicates and sulfides with
initially variable chemical compositions occurred in closely related locations
in the early Solar System.

REFERENCES. 1. Fraundorf P. 1982 In: Comets (ll ~ilkening, ed), 383; 2. Rietmeijer FJM & lOR Mackinnon 1985 .
. JGR Supl. 90, 0149; 3. Rietmeijer FJM & OS McKay 1986. lPS XVII, 710; 4. Clanton US et al. 1984 Cosmic Oust
Catalog 5/1, NASA/JSC Planet. Mat. Branch Publ. 70; 5. Tomeoka K & PR Buseck 1984. EPSl 69, 243; 6.
Christoffersen R. & PR Buseck 1985. lPS XV1, 127; 7. Brown GE 1982. Orthosilicates. In: Rev. Mineral. 5 (Ribbe
PH, ed), 275; 8. Graig JR & SO Scott 1982. Sulfide Mineralogy. In: Rev. Mineral 1 (PH Ribbe, ed), CS-41.
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SPHERULES FROM POLAR ICE AND EARTH ATMOSPHERE: AN
ATTEMPT TO CHARACTERIZE THE COSMIC DUST COMPONENT.
K.Thiel 1 , J.Peters 1 , W.Schroder2, W. Graf 3 , and 0.Reinwarth 4
lAbteilung Nuklearchemie, Universitat zu Koln,
ZUlpicher Str. 47, 0-5000 Koln 1
2Inst itut fUr Neurobiologie, KFA JUlich, 0-5170 JUlich
3 Inst itut fUr Radiohydrometrie, GSF MUnchen, 0-8042 Neuherberg
4Bayerische Akademie der Wissenschaften, 0-8000 MUnchen 22
Approximately 1000 spherules in the size range 0.5 ...
were extracted from 2 Antarctic ice samples taken

70 0

500~m

37'S/8 o 22'W

(Neuschwabenland, Antarctica) and from the snow and rain precipitation during one year at 50 0 55'N/6 o 56'E (Koln, Federal Republic
of Germany). The ice samples originate from a geometrically well
defined pit of

~2.5m

depth and from a bore hole of 10m depth. The

snow and rain samples were taken monthly between January 1 and
December 31, 1985 by means of a special collector device covering
0.5m 2 effective area. All spheres were handpicked from the filter
residue of the melt or rain water under optical microscopes and
studied in single grain analyses by X-ray

diffractio~

electron

microprobe and electron microscope techniques, neutron activation
analysis, laser microprobe mass analysis, and accelerator mass
spectroscopy. The following criteria were applied to characterize
the dust particles:

(1) Comparison of the bulk and trace element

contents with those of selected terrestrial and extraterrestrial
materials (volcanic and industrial fly ashes, dust from crustal
rocks, different meteorite classes etc.).

(2) Element correla-

tions, especially the correlation of K with La.
inventory as deduced from X-ray diffraction.

(3) The mineral

(4) The content of

cosmogenic Be-10. These criteria indicate that potentially extraterrestrial spherules predominate in the polar samples whereas
fusion spherules from industrial fly ash, as expected, are more
frequent in the rain and snow samples. The estimated cumulative
particle flux of cosmic spherules is compared with the latest
interplanetary meteoroid flux model (GrUn et al., 1985).

GrUn E., H.A.Zook, H.Fechtig, and R.H.Giese,
244-272.

Icarus~,

(1985)
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lOBe AND 26 Al IN GREENLAND COSMIC SPHERULES;
EVIDENCE FOR IRRADIATION IN SPACE AS SMALL OBJECTS
AND A PROBABLE COMETARY ORIGIN
G.M. RAISBECK, F. YIOU, D. BOURLES AND M. MAURETTE
(Laboratoire Rene Bernas, 91406 ORSAY, FRANCE)
The

extraterrestrial

magnetic objects of

~50-500

origin of

deep

sea

"cosmic"

spherules,

rounded

micron diameter collected from the ocean floor, is

no longer in doubt. We have previously argued (1), based on their cosmogenic
10
26
Be and
Al concentrations, that a significant fraction of these objects
were irradiated in space as small «lcm) bodies. If, as generally believed
(see however Ref 3), the majority of small meteoroids entering the atmosphere
have

cometary

debris.

origins,

then

these

spherules

probably

represent

cometary

Recently Maurette and Hammer have discovered similar spherules in

"melt lake" regions of Greenland ice (2). In addition to "classic" stony and
iron type spherules, the Greenland collection includes a number of new types
such as pure glassy and non-magnetic spherules. Using a Tandetron accelerator
mass spectrometer facility we have measured lOBe and 26Al in seven of these
spherules, including, 3 classic chondritic type, 2 non-magnetic "vesicular"
chondritic spherules, 1 nonmagnetic glassy spherule and 1 iron type. The lOBe
26
and
Al concentrations confirm the extraterrestrial origin for all seven of
these spherules, and once again indicate irradiation in space as small objects
10
26
for most of them. The iron spherule has both
Be and
Al concentrations ~ 2
times larger than observed in previous iron spherules (4) or in saturated iron
meteorites. This could result from irradiation in a region of reduced solar
modulation (5),

(which would again strongly suggest a cometary origin), or

from a concentration process due to evaporation of the metallic phase during
atmospheric entry. These Greenland spherules thus constitute an important new
source of extraterrestrial (probably cometary) matter.
(1) Raisbeck, G.M. et al., 1983, Lunar Planet. Sci. 14, 662; Raisbeck, G.M. et
a1., 1985, in "Properties and Interactions of Interplanetary Dust", R.H. Giese
and P. Lamy eds. D. Reidel, p. 169-174 (2) Maurette, M. and Hammer C., 1985,
La Recherche 168, 851 (3) Zook, H.A. and Mc Kay D.S., 1986, Lunar Planet. Sci.
17, 977 (4) Raisbeck G.M. et al., 1982, Meteoritics 17, 270; Yiou, F. et al.,
1985, Meteoritics 20, 791 (5) Raisbeck, G.M. et al., 1985, Meteoritics 20 734
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ION PROBE INVESTIGATIONS OF REFRACTORY STRATOSPHERIC DUST
PARTICLES. Kevin McKeegan and Ernst Zinner, McDonnell Center for the Space Sciences and
Physics Department, Washington University, St Louis, MO. 63130
Recent transmission electron microscope (TEM) studies have demonstrated that some interplanetary dust particles (lDPs) contain assemblages of refractory mineral phases similar to those that
occur in calcium aluminum-rich inclusions (CAIs) from larger meteorites. The presence of enstatite
laths and ribbons in chondritic aggregates has been interpreted as evidence for high temperature vapor
to solid condensation [1]. A possible connection between carbonaceous chondrites and IDPs has been
suggested by the Arizona State University group based on the observations of fassaite in Skywalker [2]
and of a host of refractory phases (diopside, spinel, anorthite, perovskite) in another chondritic aggregate, SPRAY-8 [3]. It would be desirable to measure the isotopic compositions of several elements in
these refractory phases both in order to investigate the connection to CAIs and also because of the possibility that these phases have unique isotopic signatures which could give new information on
processes of nucleosynthesis and solar system formation. However, the fact that these refractory phases
are usually tiny (most are sub-micron) and are intermixed with fine grained chondritic material poses
great experimental difficulties.
Zolensky has used the TEM to identify particles from the stratospheric collection which consist
mainly of refractory mineral phases (and hence are not chondritic) common in fine grained CAIs. He
has pointed out that these particles are compositionally and morphologically unlike any known contaminants and has therefore suggested that they are IDPs [4]. If this hypothesis proves true then these particles would represent a new class of extraterrestrial material.
We have used the ion probe to measure the Mg isotopic composition in 4 of these refractory
particles: W7017 1A114, W7017 IA92, W7029 H15, and W7017 IA55. A major goal was to search
for 26Mg * from the decay of 26AI, the presence of which would prove the extraterrestrial nature of the
particles. However, no such effects have been found to date. In addition, no extreme Mg mass fractionation effects of the type previously seen in AI-prime particles [5] were observed. In 3 of the particles
high AVMg phases could not be spatially resolved from the abundant Mg-Al spinel, so the lack of
resolvable 26Mg * effects is not surprising since the Mg isotopic composition was dominated by the
spinel. The remaining particle, 1A92, consists mostly of very pure corundum mixed with minor silicate
phases. During analysis, the AV24Mg ratio increased from ,.. 650 to 5200 as the attached small Mgrich phases were sputtered away. If we consider the mean values for the analysis, an upper limit of 1.3
x 10-6 (2 a level) can be set on the (26Al/27 Al)o at the time of Mg isotopic closure in 1A92. There are
several possible explanations for the observed lack of 26Mg * in this grain including late formation and
26 Al heterogeneity, in addition to the possibility that the grain is not of extraterrestrial origin. Further
isotopic measurements are planned and will be reported at the meeting.

Acknowledgement: We would like to thank M. Zolensky for providing the samples.
REFERENCES: [1] Bradley J. et al. (1983) Nature 301, 473-477. [2] Tomeoka K. and Buseck P.
(1985) Nature 314, 338-340. [3] Christoffersen R. and Buseck P. (1986) Lunar Planet. Sci. XVll,
127-128. [4] Zolensky M. (1985) Meteoritics 20,792-793. [5] McKeegan K. (1986) Lunar Panet.
Sci. XVll, 539-540.
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CHARACTERIZATION
PARTICLES;
R.H. Carr and
F.J.M. Rietmeijer, LEMSCO,
Wright and C.T. Pi11inger,

OF CARBONACEOUS MATERIALS IN INTERPLANETARY DUST
E.K. Gibson, SN4, NASA-JSC, Houston , TX 77058,
NASA-JSC, Houston, TX 77058 and M.M. Grady, I.P.
The Open University, Milton Keynes, England.

Carbonaceous material in chondri tic interplanetary dust particles
(IDP's) constitutes the embedding medium for fine-grained minerals that
include silicates, sulphides, oxides and metallic phases. In general, this
carbonaceous material is present as polymerized hydrocarbons and amorphous
carbon (1-3), although in the more fluffy particles, carbon occurs
predominantly in a poorly graphitized form (4). This diversity makes the
characterization of these carbonaceous species an important task in
elucidating the origins of IDP's.
Studies with a laser microprobe - quadrupole mass spectrometer system
show that the volatile species produced by 'ZAPPING' a type C particle
(W7027B8) are similar to those seen during analyses of the matrices of the
carbonaceous chondrite meteorites Orguei1, Murchison and Allende (5) and
include CO~, H~O, CO + N~, CH4and CS~. Semi-quantitative measurements give
values of ca. 1% water and 1% carbon released as carbon dioxide from the
particle. Analysis of particle W7027C7 (a TCA or A1 particle) showed the
expected low volatile content.
Refractory components in carbonaceous chondrites show anomalous carbon
isotopic compositions which can be measured on as little as 150 pgC. To
establish whether similar components are present in IDP's, a sample of five
10 pm particles were subjected to stepped combustion analysis. Since high
temperature phases should have survived heating during entry into the
Earth's atmosphere, any 'interstellar' carbon present in the grains would
be evident by an elevated S l3C value. The experiment revealed no isotopic
values greater than -30 ~ at temperatures above 600 o C; the bulk isotopic
value measured was only just distinguishable from the blank by ca, 2 ~.
Within the limits of detection, no isotopically heavy carbon
from
interstellar grains could be recognized in the cosmic dust - a result in
keeping with ion probe measurements (6).
Pursuing the measurement of carbon isotopes in cosmic dust, a single
35}nR chondritic particle (U2022C13) has been selected for study because of
the high bremsstrahlung background in its bulk energy dispersive spectrum
(7). Preliminary analytical electron microscope results from a fragment
(U2022C26) of the parent show that chemical variations of Mg-rich silicates
and low-Ni iron-sulphides are similar to those for ultra fine-grained
silicates and sulphides in the microcrystalline matrix of the chondritic
porous (CP) IDP's W7010*A2 (3) and U20l5*B (8). The carbonaceous material
in the matrices of the these IDP's occurs predominantly as hydrocarbons and
amorphous carbon, with minor amounts of poorly graphitized carbon (3). The
carbon isotopic composition of U2022C13 is currently under investigation.
(1) Fraundorf P. and Shrick J., PLPSC, 10, 951 (1979). (2) Bradley J.P. et
a1., Science, 223, 56 (1984) . (3) Rietmeijer F.J.M. and McKay D.S., LPS,
17, 710 (1986). (4) Rietmeijer F.J.M. and Mackinnon I.D.R., Nature, 315,
733 (1985).
(5) Gibson E.K. Jr. and Sommer M.S., LPS, 17, 260 (1986) .
(6) McKeegan K.D. et ~., GCA, 49, 1971 (19~5). (7) Zolensky M.E. et ~.,
Planet. Mat. Branch Pub1., 74, JSC 20917 (1985). (8) Rietmeijer F.J.M . ,
Abstr. 49th Ann. Meeting. Met. Soc., This volume (1986).
RHC is a NASAjNRC Research Associate.
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IMPLICATIONS OF FABRIC RELATIONS IN THE ALH 82130 UREILITE
John L. Berkley, Dept. of Geosciences, SUNY, College at Fredonia, NY 14063
ALH 82130 (paired with 82106) is the most reduced ureilite known, and
displays other unique or rare compositional and textural features compared to
other ureilites (1). The origin of this meteorite (and ureilites in general)
is controversial, opinion being split between igneous (1,2) and partial melt
residue (3,4) origin proponents. Described here are detailed petrographic
constraints including a) olivine petrofabric analysis, 2) olivine triple-juncture angle measurements, and c) determination of cpx exsolution lamellae
orientations in pigeonite host grains.
ALH 82130 does not display an obvious mineral elongation lineation as
observed in some other ureilites (5). Its overall texture consists of large
Mg-pigeonite grains poikilitically inclosing granular olivine aggregates with
minor Mg-augite (modal 01:pig=1.75). Similar textures occur in RKPA
80239 and Yamato 74130 (6). Olivine orientation in 82130 (100 grains) shows
weak preferred fabrics. The Y indicatrix axis (c-cryst.) shows a weak (max.
7% of 1% area) lineation in a diffuse girdle. The Z axis (b-cryst.) forms a
diffuse girdle normal to the Y lineation. X (a-cryst.) shows a nearly random
pattern with a possible very weak lineation parallel to the Y=c lineation.
Olivine triple-juncture angles were measured to assess degree of grain
boundary adjustment caused by recrystallization (7). 0Highly recrystallized
rocks should show relatively low deviation from a 120 mean. Avg. std. dev.
for two 82130 sections is 34.7 compared to 14.7 (type-I) and 25.7 (type-II)
for olivine in San Carlos mantle-derived, ultramafic nodules.
Universal stage determinations of Mg-augite lamellae orientations in
Mg-pigeonite host grains show two sets of lamellae per grain, one parallel to
(001) and the other parallel to (010). Also, some large Mg-augite grains
represent exsolution lamellae (oriented parallel to the PTS cut), but other
augite grains apparently represent independent crystals. Exsolution of this
type could be produced in either an igneous or residue scenario since both
propose that pigeonite crystallized from a silicate liquid (1,4).
Although texturally similar in some ways to terrestrial ultramafic
cumulates, ALH 82130 shows features that are consistent with a partial melt
residue origin. In this model pigeonite-saturated liquid (partial melt?)
was frozen in the act of permeating a disaggregating ol-cpx parent residue.
However, this study shows that olivine shows preferred fabrics (albeit weak)
previously interpretted as igneous in origin (5). Also, triple juncture
ang es in olivine-rich aggregates depart significantly from an equilibrium
120 mean, inconsistent with a metamorphic, residue origin. This, combined
with the presence of cohenite-bearing spherules in olivine (2), points to an
igneous, rather than residue origin for ALH 82130. This does not preclude
an earlier residue origin for ureilite parent materials.
References: (1) Berkley et al. (1986) Meteoritics 20 607-608. (2) Goodrich
and Berkley (1986) GCA 50 681-691. (3) Boynton et-al. (1976) GCA 40 14391447. (4) Takeda etal-. (1986) LPS XVII 863-864. (5) Berkley et aT. (1980)
GCA 44 1579-1597. (6) Takeda et al. (1979) Mem. Nat. Inst. Polar Res. 15
54-76: (7) Prinz et al. (1977) EPSL E 317-330. - -
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NOBLE GASES IN ALH 82130:
COMPARISON WITH ALHA 78019
AND DIAMOND-BEARING UREILITES.
U.
Ott, H.P.
Lohr and F.
Begemann,
Max-Planck-Inst.
f.
Chemie, Saarstr.
23, D-6500 Mainz, F.R.G.
The finding of a large number of meteorites in Antrarctica
has
contributed about half of all the ureilites that are known
today;
it
also has
significantly changed
the
population
characteristics of the
ureilite meteorite group.
Especially
noteworthy is the occurrence of a
number of very
low-shock
ureilites
such as
ALHA78019,
ALH83014 and ALH82130 (1).
The
latter meteorite is also of interest because of its unique
petrographic features
and mineral compositions (2).
It is for
this
reason
that J.L.
Berkley has
organized an
informal
consortium study of this meteorite.
As part of the study, we
have measured the noble gases in a bulk sample of ALH82130.
Results are given below with abundances in IOE(-8) cc STP/g.
3He
4He
20Ne
21Ne
22Ne
36Ar
38Ar
40Ar
4.8
34
2.00
0.73
0.97
42.5
8.3
<550
The cosmic ray exposure age based on 21Ne is 1.8 m.y.
The
abundance
of trapped 36Ar is at the lower end, but within the
range typical for ureilites.
A further sign of the low-shock nature of ALH82130
is
the
apparent
absence or very
low abundance of diamond.
In x-ray
diffraction of a HF/HCI resistant residue no diamond lines were
observed.
If the absence of diamonds can be confirmed, ALH82130
is the second case of a diamond free ureilite after ALHA78019.
Compared with this meteorite
the abundance of trapped Ar in
ALH82130 is about 4x lower.
Primordial gases in diamond-free ureilites are
of special
interest,
since work on diamond-bearing ureilites had indicated
the gases to be associated with the diamonds
(3).
For
this
reason,
ALHA78019 has been the subject of several recent noble
gas studies (4,5,6).
Extending these studies, we have subjected
an
HF/HCI residue from ALH78019 to closed system combustion, in
which the release of noble gases
and carbon was monitored
simultaneously.
Carbon is released in one peak centered around
880 C, similar to the findings in (7).
This temperature is more
than
100 C higher
than for all other ureilites investigated.
Release of noble gases is bimodal,
essentially
identical
with
that
from
the bulk sample
investigated in (5).
It does not
parallel the release of C,
and
therefore appears
not
to be
directly related
to the major carbon phase (graphite) present.
Very little carbon «1% of
the total)
is
combusted ln
the
temperature range of the low T noble gas release peak.
The high
ratio 132Xe/C (>lxIOE(-9»
in this peak coupled with
the
low
combustion temperature, leads us to maintain (5) that there is a
possible link between the host phHse
'c' for noble gases in
chondrites and the noble gas carrier in diamond free ureilites,
contrary to the conclusions of (6).
R~f~!~~~~~~
(1) Goodrich C.A.
(1986) LPS~Yll,273.
(2) Berkley
J.L.
et
al.
(1985) Meteoritics ~Q,607.
(3) Gobel R.
et al.
(1978) JGR §~,855.
(4)
Ott
U.
et al.
(1984)
Meteoritics
1~,287.
(5)
Ott
U.
et
al.
LPS~Yl,639.
(6) Wacker J.F.
(1986) GCA §Q,633.
(7) Grady M.M.
et al.
(1985) GCA 1~,903.
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PRELIMINARY STUDIES OF THE YAMATO-791839 UREILITE WITH MELT-PORTION;
Keizo Yanai and Hideyasu Kojima, National Institute of Polar Research, 9-10,
Kaga 1-chome, Itabashi-ku, Tokyo 173, Japan
Of processed samples among about 3,700 of the Yamato-79 meteorite
collection, there was found the second ureilite with unique portion of melted
and crystallized.
Yamato-791839 specimen is classified as an ureil ite for its mineral
assembledges and texture, with some metals, melt-portion and fusion crust.
The melt-portion has unique texture of many euhedral grains of olivine in
brown glass and very simple mineral assemblages of 01 ivine and opaques.
Droped-fonned intergrowths of metal and sulfide were recognized in the
mel t-portion.
This specimen is 5.8 grams in weight, small, irregular shaped stone.
The melt-portion is about 5 to 8 mm in thick and full of vesicles such as
scoria or piece of coke, and appears ropy lave like shape of brownish yellow
and dark grey-black in color. However, itls core (unmelted portion) is
coarse grained of yellowish brown to dark brown in color and differ from
those textures of brecciated and recrystallized ureilite.
The thin section from the core-portion shows all characteristics of
ureilite texture, and consists of coarse grained olivines and pyroxenes with
little carbon matter and opaques. The compositions of olivines ranged
Fa17.1 to Fa25.4 with average composition Fa24. The composition range in
pyroxenes is En68.8-82.3Fs10.0-15.7W04.5-21.0.
On the other hand, the melt-portion of the specimen shows unusual
texture with a lot of euhedral grains of olivine in brown glass. In this
portion, some dusty olivine crystals which might be as unmelted remains of
core's olivines were contained. The dusty olivines are subhedral to anhedral
grains and are relatively larger grains than euhedral ones, but 1 ittle
amount. The compositions of olivines give bimordal peaks, in which both
peaks are related the compositions of the euhedral olivines and dusty
01 ivines respectively. The brown glass is partly crystall ized to 01 ivines.
The compositions of the euhedral olivines ranged Fa6.2-14.5 with average
composition Fa10.6, on the other hand the dusty olivines ranged Fa15.1-25.1
with average composition Fa19.4. The euhedral olivines are more magnesian
than those of dusty olivines.
Drop-fonned intergrowths of metal and sul fide are characteristically
recognized in the melt-portion. Most of metal grains in the melt-portion
appear as rounded shapes in the sulfide grains. Analyses of those metals
show a little variation around mean of 90.5 %Fe, 8.7 %Ni and 0.6 %Co (chiefly
kamacite). The accompaning troilites are relatively Ni-rich of average
composition 1.6 wt.%Ni. However the intergrowths of metal and sulfide are
very rare in the core-portion.
Olivines in the fusion crust differ from those of the melt-portion and
the core-portion for their features and compositions. Analyses of olivines
in the fusion crust show the lowest iron composition among them, with ranged
Fa 5. 5- 1O. 1.
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ELEMENTAL ABUNDANCES OF SIX UREILITE METEORITES: A SEARCH FOR THE
LIGHT RARE EARTH HOST PHASE
A.H. Spitz and W.V. Boynton, Lunar and Planetary Laboratory, University of
Arizona, Tucson, AZ 85721
Rare earth element (REE) and other element abundances were determined in
six ureilites: ALHA77257, ALHA81101, ALHA82130, PCA82506, Kenna and Novo
Urei and the two terrestrial analogs (dunite U.S.G.S. DTS-l and peridotite
U.S.G.S. PCC-l) using instrumental neutron activation analysis (INAA). Both
the ureilites and the terrestrial analogs produced characteristic v-shaped
REE patterns, but the INAA data were not sufficient to fully characterize the
patterns .
The REE host has been suggested to be carbonaceous vein material (1) and
primary interstitial liquid silicate material (2) . These conclusions are
based on the comparison of an untreated and nitric acid treated sample of
Kenna and two bulk samples of Roosevelt County 027. In order to further
define the light rare earth host in the ureilites, a leaching experiment in
conjunction with radiochemical neutron activation analysis was undertaken.
Samples of Kenna, PCA82506, DTS-l and PCC-l were irradiated, then treated
with concentrated nitric acid to produce residue samples and leachates. The
two components for each specimen were then analyzed via both INAA and
radiochemical neutron activation analysis (RNAA). The rare earth patterns
displayed by the residue were depleted in the light rare earth elements but
retained the heavy rare earth abundances typical of untreated bulk ureilite
samples. The leachates of the ureilite samples exhibited light rare earth
enrichments comparable to those of bulk samples. The data indicate a
preferential loss of the light rare earths to the leachate. The siderophile
elements were also preferentially enhanced in the leachate over the residue.
The terrestrial samples DTS-l and PCC - l, which display the v - shaped rare
earth pattern similar to that of the ureilites, did not exhibit the same
behavior as the meteorites in the leaching experiment. Neither the light
rare earth host nor the siderophile element carrier showed enrichment in the
leachate component. This implies that the light rare earth host is different
from that of the ureilites and that any analogy between the terrestrial
samples and the meteorites is limited.
Petrographic examination was made on a polished slab of Kenna following
various strengths of acid etching to identify the phases removed by the acid
leach. Preliminary examination suggests that both the carbonaceous and
silicate interstitial phases were removed.
Discussion
At present, our first experiments do not distinguish between the
carbonaceous and silicate interstitial material; either could be the REE
host. Based on REE modeling studies, however, it seems that it is difficult
to account for the light REE enrichment as being a primary feature of the
liquid from which the ureilites formed.
References
(1) Boynton W.V., Starzyk P.M. and Schmitt R.A. (1976) GCA 40, 1439-1447 .
(2) Goodrich C. A. (1986) Proc. Lunar Planet. Sci. Conf. 17th, 273-274.
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VOLATILE TRACE ELEMENTS IN SOME ALLAN HILLS UREILITES, R. L. Paul,
R. H. Verkouteren and H. E. Lipschutz, Dept. of Chemistry, Purdue Univ., W.
Lafayette, IN 47907.
The 10 non-Antarctic ureilites (including 4 falls) have been augumented
by Antarctic discoveries of 12 different ureilites (18 fragments). Among
the latter are two unusual samples, ALH A78Ol9 - an unshocked ureilite - and
ALH 82130 - an undoubted igneous cumulate being studied in consortium mode.
Here, we report data for 15 trace elements (Ag, Au, Bi, Cd, Co, Cs, Ga, In,
Rb, Sb, Se, Te, Tl, U and Zn), most of which are highly volatile/mobile and
constrain possible genetic processes. We compare these data with those for
ALH A77257 (Biswas et aI., 1980) and 3 non-Antarctic falls and Goalpara
(Binz et aI., 1975; Wasson et aI., 1976).
Data for all elements but Zn fall far below carbonaceous chondrite
levels. Results for the 3 Antarctic ureilites follow a systematic trend:
contents of 11 of 15 elements are highest for unshocked ALH A78Ol9 and 12 of
14 elements are lowest in ALH A77257. Only Bi and lithophilic Ga, Rb and Cs
are anomalous in ALH A78)19 where ALH 82130 is richer: Co and Cd are
exceptional in ALH A77257. Non-Antarctic ureilites do not exhibit analogous
systematic
effects.
Data
are
too
sparse
as
yet
to
compare
Antarctic/non-Antarctic ureilite popUlations meaningfully: there are hints
of differences, particularly for mobile elements.
Trace element data for Antarctic ureilites could be interpreted in two
ways. Either the parent body was well-stratified or ALH A78019 reflects
pre-shock parent material that was compositionally altered by shock-induced
loss of siderophiles and mobile elements as e.g.
were non-Antarctic L
chondrites (Walsh and Lipschutz, 1982; Huston and Lipschutz, 1984) and the
LL7 chondrite Y 74130 (Takeda et al., 1984). Additional data are required to
permit choice between these.
It is difficult to enV1S10n any process
involving carbonaceous chondrites that would yield ureilites.
References: Binz C. H., Ikramuddin H. and Lipschutz M. E. (1975) Geochim.
Cosmochim. Acta 39, 1576; Biswas S., Ngo H. T. and Lipschutz M. E.
Naturf.
35a,
191; Huston T.
J.
and Lipschutz M.
E.
(198O) Z.
(1984) Geochim. Cosmochim. Acta 48, 1319; Takeda H., Huston T. J. and
Lipschutz M. E. (1984) Earth Planet. Sci. Lett. I.!, 329; Walsh T. H. and
Lipschutz M. E. (1982) Geochim. Cosmochim. Acta 46, 2491; Wasson J. T.,
Chou C.-L., Bild R. W. and Baedecker P. A. (1976) ibid. 40, 1449.
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TRAPPED NOBLE GASES IN THE LOW-SHOCK UREILITE ROOSEVELT COUNTY 027.
John F. Wacker, Enrico Fermi Institute, University of Chicago, Chicago, IL 60637
Most ureilites are heavily shocked and much of their carbon is diamond. This feature has led some
researchers to suggest that the noble-gas-bearing Cwas injected into the ureilite assemblage by the shock
event [1,2] , as opposed to a magmatic origin for the C[3]. However , studies of the low-shock,
diamond-fr ee ureilite ALHA 78019 [ 4] suggest that the Cand noble gases were present before the shock
event, a conclusion that is strongly supported by petrologic stUdies of other ureilites [5] . The ALHA780 19
results also suggest that the noble gases were trapped by Cwhile in the solar nebula. Roosevelt County 027
(hereafter RC027) is another low-shock, diamond- free ureilite. I have measured noble gases in two bulk
samples of RC027 to further examine the origin of trapped noble gases in ureilites.
Results: Elemental data for both samples are listed below. Of interest is the almost 10-fold
difference between the gas concentrations in the two samples. Apparently, the distribution of noble- gasbear ing C is non-uniform. However, as the /arf}'Jr sample (RC027 ,2) has more gas and l.7Ullllt to be more
representative of bulk, RC027 is one of the most gas-rich ureilites, second only to Hajmah [6]. In the
context of the model put forth by [ 4] (ureilites contain two types of C: one graphitic and gas- poor, the other
amor phous and gas- r ich), RC027 appears to contain much more of the gas-rich Cthan most ureilites.
~: Both samples have similar 3He and 21Ne concentrations , with 3He and 21Ne cosmic rfllj
exposure ages of 1.7 ±O. 2 and 1. 89± 0.19 Myr. These ages are ~ 10x smaller than that of Kenna (23 Myr
[7]). Thus , while both meteorites were found in Roosevelt County, NM, they are independent falls.
Helium: The 4He concentrations in both samples of RC027 is high but is apparently primordial. Both
RC027,2 and ,3 have similar 4He/ 20 Ne ratios ( 136 and 97; corrected for cosmogenic), despite the 10fold difference in absolute gas contents. Moreover. these ratios are higher than found i n other ureilites [8J
end are only ~2x lower than chondritic [9] . If this He was r adiogenic, then the U contents for RC027,2 and
,3 would be ~ 12 and ~ 1 ppb (for a gas retention age of 4.5"£). However, U contents for other urei1ites are
generally ~ 1ppb and ar e mostly upper limits [ 10]. Thus, unless U and noble gases correlate closely, most
of the 4He appears to be trapped and suggests either a preferrential loss of radiogenic He or U contents
«1 ppb. The high 4He suggests that RC027 may have lost less trapped He than have other ureilites.
Trapped ~ses: The noble gas compositions in ureilites are chondritic, especially for Ar . Kr, and Xe.
Mor eover, the 32Xe/C ratio for the gas-rich C in ALHA780 19 falls between C30 and unequilibrated
or dinary chondrites values [ 4]. However, ureilites have lower 20Ne/36Ar ratiOS than most chondrites and
their Xe appears to be devoid of anomalous components, such as CCFXe [4,7] . They best match E- chondrites
[ 11] , especially since their C isotopic compositions are similar [ 12], but this match fails the "oxygen
test" since the two groups have different 0 isotopic compositions [13]. Thus, the material from which the
ur eilites evolved is chondrite- l ike but is not represented by any chondrites currently known.
132Xe

RC027,2
RC027,3

77.0
22.7

3.21
3.1

2040
155

15.5
2.6

2.10
1.15

2500
259

325
54.9

16.1
1.59

7.48
0.59

References: (1 JW.v .Boynlon et o/~ GCA 40. 1439 (1976);(2 J J.T.Wasson et 0/.• GCA 40. 1449 (1976); (3J
J.L.Berkley tit o/.. GCA 44. 979 (1980);(4J J.F .Wacker. GCA 50. 633 (1986);(5) C.A.Goodrich and J.L.Berkley.
GCA 50.681 (1986);[6) U.Olt et 0/ .. LPS XVI. 639 (1985);[7) L.L.Wilkening and KJlarti. GCA 40. 1465
(1976); [8) R. Gobel tllo/'. JGR 83. 855 (1978);(9) E. Mazor et o/.. GCA 34. 781 (1970);[ 10) H. Higuchi et o/~
GCA 40. 1563 (1976)( 11] J.Crabb and E.Anders. GCA 45. 2151 (1981); J.F .Wacker and K.Marli. EPSL 62. 147
(1983);[12) M.M.Grady elo/~ GCA 49. 903 (1985);(13) R.N.ClayLon el il/~ EPSL 30.10 (1976).
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THE PHYSICAL SETIING OF UREILITE FORMATION. C.A. Goodrich, Lunar and Planetary
Laboratory, University of Arizona, Tucson, AZ 85721.
The molar ratios Fe/X (where X is Mn, Cr, Ca, AI, Ti, Ni or P) vs. FelMg for olivine cores in 8 low-shock
ureilites show well-defmed trends (e.g. Fig. I, 2), suggesting that the ureilites are related by some petrogenetic
process [1, 2]. These trends show dominantly the effect of reduction or oxidation, and no systematic effect of
fractional crystallization or partial melting. Goodrich and Berkley [1, 2] argued for progressive reduction of a single
magma. I subject this model to further scrutiny and consider its implications for the physical setting of ureilite
formation.
L Modelini based on Lithophile Element Trends. The data for lithophile elements other than Mn show scatter that
might indicate multiple magmas. These magmas must have had essentially identical Mg/Mn but different Mg/X
(X*Mn) ratios and have undergone different degrees of reduction. However, if they were all derived by partial
melting of identical sources (CI?) the minimum range in degree of partial melting required to produce the observed
ranges in Mg/X, would lead to variation in Mg/Mn far greater than that observed. Therefore, either all the magmas
were derived by melting of variously fractionated sources, or all 8 ureilites are comagmatic. The Mn data require '"
40% partial melting of a CI source.
Assuming that they are comagmatic, a simple reduction model (removal of FeO from the magma to form metal)
can generate the lithophile element trends with crystallization (fractional or equilibrium) of '" 5 mol% metal (Fig.
1). Co-crystallization of as much as 5% olivine results in trends distinct from those observed (Fig. 1).
U. Modelini Based on Siderqphile Element Trends. Modifying the reduction model so that Ni and P are partitioned
into the metal, it is possible to generate the observed P trend by either fractional or equilibrium crystallization of
metal. The Ni trend, however, can only be generated by equilibrium crystallization of metal, and only if at least
20% metal is initially present (Fig. 2).
III. Physical Settini The progressive reduction model requires a magma derived by a large degree of partial melting
of a CI source, in equilibrium with a large body of metal. If no olivine crystallized during the reduction, then
either the magma was originally superheated or its temperature rose as reduction proceeded. These conditions
suggest a large magmatic system. One possibility is that the reduction occurred at the core/mantle boundary of the
ureilite parent body (UPB) and represents the late stages of core formation. Batches of magma were periodically
injected into the crust as small magma chambers in which ureilites formed as cumulates. We have not seen the
large body bf metal because we have only sampled the crust of the UPB.
Though satisfying many constraints, this picture nevertheless leaves unanswered many questions about the
ureilite magmatic system: Why do we see no feldspathic rocks related to ureilites? What is the origin of the intergranular (intercumulus?) metal [3] and silicate material [4]? How are augite-rich ureilites related to the others [5]?
References.' [1] Goodrich C.A. and Berkley JL. (1985) LPS 16, 280-281. [2] Goodrich C.A. and Berkley J.L.
(1986) GCA (in revision). [3] Goodrich C.A. and Berkley J.L. (1986) GCA 50, 681-691. [4] Goodrich C.A.
(1986) LPS 17, 273-274. [5] Goodrich C.A. (1986) (this volume). Supported by NASA grant NAG 9-39.
Flg.1. Fe/Mn vs Fe/Mg of olivine cores in 8 ureilites [2]. Calculated curves for fractionation of 20% olivine, fractionation of 5% Fe metal, and fractionation of 5% metal plus 5% olivine. Mole percents. Flg.2. Fe/Ni vs Fe/Mg
of olivine cores in 6 ureilites [2]. Calculated curves for fractionation of 5% olivine, and equilibrium crystallization of
metal with various initial amounts (0, 5, 10, 20%) of metal. Mole percents.
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THE REE CARRIERS IN THE SHERGOTTY METEORITE. Laura L.
Lundberg, Ghislaine Crozaz, and Ernst Zinner, McDonnell Center for the Space Sciences and Earth
and Planetary Sciences Department, Washington University, St Louis, MO 63130 USA.
Numerous aspects of the petrogenesis and geochronology of Shergotty remain poorly understood
despite the recent studies of the Shergotty Consortium (see (1) and references therein). Jagoutz and
Wanke(2) suggested that the crystallization age of this meteorite is 350 MY, on the basis of an internal
Sm-Nd isochron for three pyroxene separates. As representative points for the whole rock and a
leachate do not plot on this isochron, Laul et al.(3) have suggested that Shergotty was subjected to a
metasomatic alteration. According to them, the leachate (presumably phosphates), that contains the bulk
of the REE, would have two components: whitlockite (LREE-depleted) and apatite (?) (LREE-enriched
and introduced during the alteration event).
In addition, the pyroxene Sm-Nd "isochron" critically depends on whether the Fe-rich rims of the
pyroxenes, from the fraction with the lowest Sm to Nd ratio, are indeed LREE-enriched. In order to
determine whether or not the LREE enrichments are intrinsic to the Fe-rich pyroxene rims, McKay et
al.(4) measured Ce, by electron microprobe, in a variety of Shergotty pyroxenes. They did not find
any pyroxene with a Ce concentration as high as reported by Laul et a1.(3) but, because of the large
errors associated with their measurements, could not exclude a Ce concentration as expected from an
extrapolation of the data of (2). Their recent determinations of pyroxene REE distribution coefficients
in shergottite-like melts (5) are also not consistent with LREE enrichments in rim pyroxenes.
In the present study, we have determined the REE contents of individual grains of phosphate,
pyroxene and maskelynite, with an ion probe. The REE patterns of whitlockite are flat, except for a
small negative Eu anomaly, at levels 480-620 X chondrites, consistent with the the HClleach results
of Laul et al. (3). Apatite grains are relatively rare and, with flat REE patterns at less than 20 X
chondrites, do not significantly contribute to the REE budget of the leachate. No evidence for different
REE patterns in equant and skeletal whitlockite grains (6) was found. Whitlockite thus appears to be
the only component required to account for the REE content of the leachate.
Maskelynite, as expected, contains little REE; Eu is at 6 X chondrites whereas the concentrations
of all the other REE is below .2 X chondrites. No pyroxene with LREE enrichment has been found.
Pyroxene REE patterns monotonically increase from La to Lu, without a hump at Dy as reported by
Laul et al.(3). Because the LREE enrichments reported in two different splits of the same pyroxene
fraction are so different (Nd to Sm ratio of 4.3 in Jagoutz and Wanke, and of 18 in Laul et a1.), the
LREE carrier is probably a minor or trace phase that contaminated the Fe- rich pyroxene fraction.
Measurements of such phases are in progress.
REFERENCES: (1) Laul J. C. (1986) Geochim. Cosmochim. Acta, in press. (2) Jagoutz E. and
Wanke H. (1985) Lunar Planet. Sci. XVI A, 15-16. (3) Laul J. C. et a1. (1986) Geochim.
Cosmochim. Acta, in press. (4) McKay G. et al. (1985) Meteoritics, 20, 710-711. (5) McKay G. et
al. (1986) Lunar Planet. Sci. XVII, 537-538. (6) Jones J. H. et al. (1985) Meteoritics, 20, 674-675.
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WHITLOCKITE/MELT PARTITIONING AND SHERGOTTY
CHRONOLOGY G. McKay (SN4, NASA-JSC, Houston, TX 77058), L. Le, J. Wagstaff,
and S.-R. Yang (LEMSCO, 1830 NASA Rd I, Houston, TX 77258).
Crystallization ages of shergottite meteorites are of particular interest because of
the probable Martian origin of these objects. However, because of post-magmatic shock
and the resulting disturbance of isotopic systems, shergottite chronology has been very
difficult to unravel.
Shih et al. (1981) proposed a 1200 my crystallization age for Shergotty based on a
whole-rock Sm-Nd isochron. Jones (1985) interpreted the Rb-Sr data of Shih et al. as
indicating a crystallization age of 180 my. Jagoutz and Wanke (1985) proposed a 350
my crystallization age based on Sm-Nd data for Shergotty pyroxene separates which
they interpreted as a mono-mineralic isochron which had escaped shock-resetting due to
the retentiveness of pyroxene.
McKay et al. (1985) reported that intrinsic LREE enrichments in late-stage
Shergotty pyroxenes are much lower than those inferred from mineral-separate data
(Laul et al., 1985), indicating that the LREE-enriched separates responsible for the Smdepleted portion of the Jagoutz et al. isochron were probably contaminated with a
REE-rich minor phase. Leaching experiments subsequently confirmed this suggestion,
and whitlockite was proposed as the LREE-bearing phase (Jagoutz et al., 1986).
We have performed partitioning experiments for several REE between whitlockite
and synthetic late-stage Shergotty interstitial melts. The goals of this study were (1) to
determine if something other than normal magmatic processes was required to produce
the unusual Fe-rich compositions of Shergotty whitlockites (e.g., Stolper and McSween,
1979), and (2) to evaluate whether whitlockite could be the LREE-contributing phase in
the mineral separates of the Jagoutz et al. isochron.
Results indicate that (I) the synthetic whitlockites are very enriched in iron, and
are quite similar in composition to the Fe-rich whitlockites found in Shergotty, and (2)
the degree of Sm-Nd fractionation between whitlockite and melt is less than 20%.
The first result suggests that, based on major element composition, there is no
reason to ascribe an origin to the Fe-rich Shergotty whitlockites other than as normal
crystallization products from an evolved interstitial melt.
The second result indicates that whitlockite crystallizing by normal equilibrium
processes cannot produce the extreme Sm-depletion observed in the Shergotty mineral
separates of Jagoutz and Wanke. It is most likely that this depletion is contributed by
an as-yet unidentified minor phase. In this case, arguments supporting the 350 my
isochron as the crystallization age, which are based on phase retentiveness, are no
longer valid, and there is no reason to favor this age over other proposed
crystallization ages.
References: Jagoutz and Wanke (1985) LPSC XVI. Sup. A, 15. Jagoutz and Wanke (1986)
Sr and Nd isotopic systematics of Shergotty Meteorite, GCA, in press. Jones (1985)
LPSC XVI, 406. Laul et al. (1986) Chemical Systematics of the Shergotty Meteorite and
the Composition of its Parent Body (Mars). GCA, in press. McKay et al. (1985),
Meteoritics 20, 710. Shih et al. (1981) GCA 46, 2323. Stolper and McSween (1979) GCA
tl. 1475.

N-10

SHOCK-IMPLANTED NOBLE GASES: AN EXPERIMENTAL STUDY WITH
IMPLICATIONS FOR THE ORIGIN OF MARTIAN GASES IN SHERGOTTITE METEORITES.
Donald Bogard and Fred Horz, NASA, Johnson Space Center, Houston, TX 77058
Shocked phases in the EETA79001 meteorite contain gases that were
apparently shock-implanted from the Martian atmosphere. We have made an
extensive study of artificial shock-implantation of noble gases into a basalt
in order to understand the basic process, assess the reasonableness of such a
process as the explanation for gases in EETA79001, and determine whether
shock implantation produces a compositional fractionation relative to the
ambient gas phase. In laboratory shock-recovery experiments made with a
fresh, terrestrial basalt, we have found it relatively easy to implant
signif i cant concentrations of both atmospheric gases and an artificial noble
gas mixture into both consolidated and powdered samples. A series of
experiments with powdered basalt shocked to 20 GPa showed that the amount of
noble gas shock-implanted is linearly proportional to partial pressure of Ar
for Ar partial pressures between 0.0001 atmosphere (approximately the value
on Mars) and 0.1 atmosphere, and for total gas pressures between 0.0002 and 3
atmospheres. We have found no evidence for isotopic fractionation (to within
+0.1% per mass unit for Kr and Xe) of shock-implanted gases. The elemental
composition of shock-implanted gases also resemble the ambient gas phase,
except that Ne is very lightly retained and readily leaks from the sample
after the shock event. Fr om the calculated porosities of the shocked powered
samples and measured concentra t ions of shock-implanted gases, we have
calcula t ed the efficiencies of the gas implantation process (defined as the
fraction of available gas actually implanted). For increasing shoek levels
of 2, 5, 20, and 35 GPa the gas implan t ation efficiencies increase from
approximately 1% to greater than 50%. High implantation efficiencies occur at
shock levels (>20 GPa) which just begin to produce significant melting in
powdered samples. These studies suggest that the concentrations of gases in
shock-produced EETA79001 glass are consistent with implantation from the
Martian atmosphere . The glass may have been produced from a porous,
fragmental material containing ambient atmosphere such as probably occurs on
the Martian surface. This explanation implies that EETA79001 glass was
formed by shock melting fragmented rock with the EETA79001 composition and
injecting this melt, containing Mars' atmosphere, into the host rock, an
explanation also consistent with other data. Shocked rocks from several
terrestrial impact craters (including Ries, Lonar, and Manicouagan), however,
do not show obvious evidence for shocked-implanted noble gases, which
suggests that natural occurrence of this process may require specific
conditions.
Stepwise temperature release of gases implanted at vario~s shock
pressures enable us to calculate the diffusion parameter D/a and associated
activation energies for the noble gas elements. Both the gas release
patterns and the diffusion parameters show a complex dependance on shock
pressure and suggest that gas implantation occurs into microcracks and/or
grain surfaces. The activation energy, Q, of shock-implanted Ar ranges from
7 to 14 kcal/mole for shock pressures of 2 to 20 GPa. These Q values are
considerably lower than typical values for radiogenic Ar in feldspar (30-45
kcal/mole) and mafic minerals (about 60-75 kcal/mole). Those phases of the
meteorites Shergotty, Zagami, and ALHA77005 which contain excess radiogenic
Ar above their shock age also show unusually low Q values for Ar diffusion,
which suggests that the excess Ar in these other shergottites was also shock
implanted.
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SHERGOTTITE
EETA79001:
PETROLOGIC HETEROGENEITY AND SECONDARY
ALTERATION IN LITHOLOGY C.
S. J. Wentworth (a) and J. L. Gooding (b).
(a) Lockheed/EMSCO, Mail Code C23, NASA Johnson Space Center, Houston, TX
77058 (b) SN2/Planetary Materials Branch, NASA Johnson Space Center.
As
a
continuation of previous work [1], an intensive petrologic
examination of seven chips of Lithology C from shergottite EETA79001 was made
by scanning electron microscopy (SEM) and energy-dispersive x-ray spectrometry
(EDS).
Lith-C denotes pockets of (presumably) impact-produced glass that
occur in both basaltic lithologies (Lith-A and Lith - B) [2]. A Martian or~g~n
for shergottites is strongly indicated by the presence of trapped Mars-like
gases which, in EETA7900l, \ are concentrated in Lith-C [3,4].
Detailed
petrologic knowledge of Lith-C is of threefold importance. First, petrologic
heterogeneity could confuse results from elemental and isotopic analyses done
at scales below the threshold of representative sampling.
Second, any
terrestrial weathering products might complicate all types of analyses.
Third, identification of alteration products of possible Martian origin would
be of key importance in understanding weathering, regolith formation, and
volatile storage on Mars. Preliminary results for Lith-C [1], obtained from
EETA7900l,180 (traceable to sample . .. ,27 that was analyzed for trapped gases
[3,4]),
included evidence for Lith-C heterogeneity at the scale of a few
milligrams. Glassy material in chip 180 included both truly vitric areas and
areas of ribbed (partly crystalline) glass. Rust and clay mineraloids, which
are common weathering products in Antarctic achondrites [5], were absent from
chip 180. A few 10 - MID-sized grains of secondary aluminosilicates rich in Fe,
S, and Cl were found in vesicles and on fracture surfaces, however.
A large
portion of the bulk sulfur in chip 180 occurred as sulfate, in contrast with
the dominance of sulfide in chip 179 (a nearby chip of Lith-A) [1].
Seven new samples (EETA7900l,54; 185; 187; l88A; l88B; 197A; and 197B)
included Lith-C samples from both Lith-A and Lith-B . Some of the chips were
chosen because of their unusual optical features, including rusty colorations
and white vesicle fillings.
Preliminary SEM/EDS of the samples showed a much
wider range of textures than was found in chip 180. In addition to smooth and
ribbed glass areas [1], some samples displayed well-developed variolitic
textures. Chip EETA7900l,54, for example, appeared to be almost entirely
crystalline and was dominated by acicular crystals up to at least 60 ~m in
length which, based on qualitative EDS, might be calcic pyroxenes.
Grain
morphologies indicated that other mineral species may also be present as
quench crystals. In addition, two samples contained sialic rust (major Fe,
Si, Al, minor S) which probably formed by aqueous alteration of silicate
material [5]. Fine-grained material, filling some vesicles in chip l88B,
appeared similar in morphology and composition to clay mineraloids found in
other EETA79001 samples and in other weathered Antarctic achondrites [1,5].
Although the secondary aluminosilicates found in chip 180 were almost
certainly pre-terrestrial in origin, the case is less clear for the more
extensive deposits in the new chips. Secondary mineral(oid)s in the deep
interior of the meteorite, associated with Lith-C pockets but away from
obvious
fractures
[6], sustain the possibility that,
indeed, Martian
weathering products might be found in EETA7900l. Further work is needed to
resolve this issue. Both past and future analysts of Lith-C, however, should
consider possible effects of heterogeneity and secondary phases on their data.
REFERENCES:
[1] Gooding J. L. and Muenow D. W. (1986) GCA, 50, in press.
[2]
McSween H. Y. and Jarosewich E. (1983) GCA, 47, 1501-1513.
[3] Bogard D. D.
and Johnson P. (1983) Science, 221, 651-654 .
[4] Becker R. H. and Pepin R. 0.
(1984) EPSL, 69, 225-242.
[5] Gooding J. L.
(1986) GCA, submitted.
[6]
Antarctic Meteorite Newsletter, 2(1), NASA/JSC, Houston, 23-29 (1986).
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DARK CLASTS WITH VARIABLE REE CONTENTS IN THE KHOR
TEMIKI AUBRITE: ORIGIN BY IMPACT BLACKENING OF HETEROGENEOUS
TARGET MATERIAL; H.E. Newsom, K. Keil and E.R.D. Scott, Institute of
Meteoritics, Dept. of Geology, Univ. of New Mexico, Albuquerque, NM 87131
The enstatite achondrites (aubrites) are pyroxenites from a differentiated parent body that is even less understood than the eucrite parent body.
Wolf et al. [1] found a dark clast in the Khor Temiki aubrite regolith breccia
that is enriched in rare earth elements (REE), illustrated in Fig. 1. They
suggested that this clast could be the basaltic complement to the cumulate
pyroxenite. Their clast was destroyed by RN AA procedures and, therefore,
could not be studied petrographically. In order to test the nature of dark
clasts in Khor Temiki, we studied numerous clasts by INAA, optical and
SEM/EMX procedures.
We find that the dark clasts are highly variable in
REE contents. Fig. 1 indicates that some are enriched by factors up to 20
(KTG) over bulk Khor Temiki, whereas others are lower by factors of 3
(KTC) than the bulk. Petrographic and SEM/EMX studies indicate that the
dark clasts consist of crushed pyroxenitic material identical in composition to
Khor Temiki host. Thus, these dark clasts are not the basaltic complement to
the aubritic pyroxenites but, rather, impact shock blackened host rock. We
further suggest that the highly variable REE contents of these clasts are the
result of heterogeneous distribution of the major REE carriers in the target
material. We have carried out a leaching experiment on clast KTQ indicating
that 90% of the REE content is in a phase soluble in dilute HCI. The leach
contains significant Ca, suggesting the presence of a Ca sulfide, such as
oldhamite, as the carrier of the REE.
A similar result for the Bishopville
aubrite was reported by [2], and oldhamite is known to occur in Khor Temiki
[3] . We have found no evidence for an insoluble magnetic phase enriched in
REE, as reported in Mayo Belwa [4]. We therefore conclude that the dark
clasts in Khor Temiki formed by impact shock blackening of host material and
that the variable REE contents are due to heterogeneous distribution of the
100
LEGEND major REE carrier, probably oldhamite,
in the target material.
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CHEMISTRY OF MINERAL SEPARATES FROM THREE ANTARCTIC AUBRITES FROM ALLAN
HILLS. Carol Schwarz, Northrop Services Inc., P.O. Box 34416, Houston, TX
77234, Graham Ryder and A. V. Murali, Lunar and Planetary Institute, 3303
NASA Road One, Houston, TX 77058
We are studying the petrography and chemistry of three aubrites from
Antarctica to provide data relevant to the origin of aubrites and to assess
their possible pairing.
The samples are ALH84007, 84008, and 84011. In
this abstract we report our preliminary chemical data (INAA) on mineral
separates. Run conditions were such as to obtain precise determinations for
the REE despite their low abundances, and for Au, Ir, Co, and Ni abundances.
Each meteorite consists of pale-colored cataclasized clasts, mainly
enstatite, in a brecciated generally darker matrix. To assess both inter
and intra-sample variations, two subsamples, each consisting of clasts and
matrix, were taken from each meteorite for thin section and chemistry. For
each subsample, we attempted to obtain pure white clast separates and dark
separates by crushing and handpicking. The small amount of dark material
obvious under binocular stereoscope precluded pure dark separates, so these
fractions (one or two per subsample) were variously dark-enriched.
None
should be taken as representing whole rock abundances. A total of fourteen
splits were analyzed.
The white clast separates, on the basis of FeO(0.12 to 0.18 wt %),
Na20(0.025 to 0.08 wt%), and Au(l to 3 ppb) appear to be very (but not quite
perfectly) pure enstatite or enstatite plus forsterite separates. The dark
separates are variously enriched in Fe-bearing phases, with REE abundances
increasing with Fe abundances; all but two have positive Eu anomalies.
The
"enstatite" separates have V-shaped patterns with positive Eu anomalies, but
one (84007,18) has a flat light REE pattern. Although the rare earth
patterns appear fairly uniform in comparison with previous data on aubrites ,
we cannot tell at this point if this results more from our better precision
or from the meteorites being from a single fall. The rare earths measured
cannot be modelled as a mixture of two components.
The positive Eu
anomalies in the enstatite do not result from plagioclase contamination, and
must be a feature of the enstatite itself, or be from a very Eu-rich minor
phase which is spatially associated with the enstatite rather than with
matrix.
The dark fractions are enriched in Fe, AU, Ir, Ni, and Co compared with
the enstatite separates, consistent with the petrographic observation of
Fe-metal. The Ir/Au ratio is consistently approximately 1±0.5, presumably
the ratio of the metal itself. The REE abundances correlate positively with
siderophiles, hence some minor phase spatially associated with Fe metal is
the dominant REE carrier.
Figure. Rare earths in separates from three Antarctic meteori.tes.
Numbers are identifications (e.g . 7,23 = ALH84007,23) and FeO%
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ORIGINS OF EH3 CHONDRITES:
CHONDRULES,
MATRIX AND
BRECCIATION D.
Lusby,
E.R.D.
Scott and K.
Keil,
Institute of
Meteo~itics
and Dept.
Geology,
University of
New Me:·: i co,
Albuque~que, NM 87131
In ou~ SEM/EMX survey of four EH 3 chond~ites (ALH A77295,
ALH A81189,
Kota-Kota and Qingzhen),
we studied three types of
pyroxenes and olivines:
high-FeD (>3 wt. % FeD); impure, low-FeD
with up to about 1% each of Mn,
Cr,
Ti,
AI;
and pure, low-FeD
with < 0.04 wt.
% minor oxides.
Two Reductions. The textural
~elations
shown by these silicates suggest that some have
undergone two reduction "events".
The first took place in the
nebula during chondrule formation,
produced impure from high-FeD
silicates,
and
represents
motion of
chondrules
through
environments of va~iable oxygen fugacity during crystallization
(1).
The
second p~obably took place during parent
body
metamorphism and produced pure silicates (2,3). Most olivines and
py~oxenes formed as reduced components,
and have not experienced
changes in oxygen fugacity.
Disequilib~ium
Assemblage.
These
silicates coexist
in a disequilibrium assemblage,
including
olivines with va~iable Fa (3-25) ove~ distances of 10 um.
Such
compositional
gradients
could not have
survived
thermal
metamorphism.
Further,
these chond~ites cannot be ar~anged
in
order of decreasing variability of silicate Fe/(Fe+Mg),
as can
type 3 ordinary chondrites.
However,
we suggest that the pure
silicates are the product of parent body metamorphism. Therefore,
these chond~ites are not simple metamo~phic rocks:
they are
breccias
composed
of materials with
diverse
metamorphic
histories.
Mat~ix
Textu~es.
Type 3 ordinary chondrites contain
fine-grained opaque matrix, which shows a range of textures (4);
contrary to (5) we found no such matrix in the ~H3 chondrites we
examined.
Type 3 ordinary chondrite regolith breccia matrix
contains poorly sorted angular material which is lithified by
shock-generated feldspathic glass (6).
We find that the matrices
of all
four EH 3 chondrites we examined consist of
angular
to
rounded,
micron- to submicron sized fragments of the same phases
which comprise the coarse-grained materials in these rocks. HighFeD silicates occur only in the matrix
of
ALH A81189.
These
phases appear
to be lithified by small amounts of
feldspathic
glass.
ALH A77295 contains solar wind gases and is a regolith
breccia
(7);
yet all
four EH 3's have matrix
textures very
similar to ALH A77295.
We conclude that all four are fragmental
breccias.
Conclusions. The EH 3 meteorites we examined are not
simple metamorphic rocks;
they are mixtures of materials with
diverse redox/metamorphic histories. We have argued that the type
3 ordinary chondrites are post-metamorphic fragmental
breccias
(8);
we conclude that the EH 3 chondrites are post-metamorphic
fragmental
breccias that were assembled after peak metamorphism.
Refe~ences.
(1) Rambaldi,
E.
et a1. (1984) NatLlY"e 311: 138-140.
(2) Nagahara,
H.
(1985) LPSC XVI,
607-608.
(3) Prinz,
M.
E'~t
ala (1985) Meteoritics 20:
731-732.
(4) Recca,
S.
et al a (1984)
Meteoritics 19:
296-297.
(5) Rambaldi,
E. R. et ala (1983) EPSL
66:11-24.
(6)Bischoff,
A.
et ala (1983)
EPSL:
66,
1-10.
(7)
Weiler,
T.
et ala (1985) LPSC XVI, 902-903. (8) Scott., E.R.D. et
ala (1985) JGR: 88, B275-B286.
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APPLICATION OF THE SPHALERITE COSMOBAROMETER TO THE ENSTATITE
CHONDRITES . S.A . Kissin, Dept. of Geology, Lakehead Univ., Thunder Bay,
Ont o P7B 5El Canada
The sphalerite cosmobarometer (1) employs the pressure effect on the
iron-content of sphalerite (B-ZnS) to obtain confining pressures during the
formation of the sphalerite grains. Sphalerite in contact with troilite and
kamacite occurs in a number of enstatite chondrites of differing petrologic
type . The sphalerite cosmobarometer has been previously employed in a study
of group lAB iron meteorites (2) but can used in a modified way on the
enstatite chondrites . The extremely high iron-contents of sphalerites from
the enstatite chondrites suggest that all formed at low pressure and that
differences reflect differing thermal histories. If P is taken as zero and
the relation between mole fraction FeS in sphalerite, T, and P solved for T,
apparent blocking temperatures for diffusion of iron are obtained. These may
be used in a relation derived by Dodson (3) to obtain cooling rates,
assumi ng a radi us for diffusi on of 25~m and usi ng diffusi on data of Mi zuta
(4) . The EH3 members have the lowest b1ocki ng temperatures and cool i ng
rates, although some variation toward higher values is seen in Qinzhen and
Y6900l, perhaps reflecting metamorphism or the effect of impact melting. The
EH4 member I ndarch, however, has undergone an extremely rapi d quench from
hi gh temperatures. The EL6 members have hi gher b1ocki ng temperatures and
cooling rates than EH3, but nearly overlap the range of these in Qinzhen and
Y6900l. These results are another factor to be considered in the current
discussion concerning the relationships among the enstatite chondrites .
REFERENCES :
(1) Hutchison M.N. and Scott S.D. (1983) Geochim. Cosmochim. Acta, 47,
101-108.
(2) Kissin S.A., Schwarcz H.P. and Scott S.D. (1986) Geochim. Cosmochim.
Acta, 50, 371-378.
(3) Dodson ~. (1973) Contr. Mineral. Petrol., 40, 259-274.
(4) Mizuta T. (1978) Prog. Joint Meeting Soc. MinTng Geol. Japan, Mineral.
Soc . Japan, Japan-Assoc. Mineral . Petrol. Econ.~l., B34.
(5) Mcl<Ti1ley S.G. (1982) pers . comm.
-- -(6) Prinz M., Weisberg M.K., Nehru C.E. and Delaney J.S. (1985) Meteoritics,
20, 731-732.
(7) Eliboresy A., Yabuki H. and Pernicka E. (1983) Meteoritics, 18, 293-294.
(8) El Goresy A., Woolum D.S., Ehlers K. and Ivanov A.V. (1986) IUnar
Planet . Sci, 17th, 202-203.
(9) Buseck P . R~nd~dsworth E. (1972) Meteoritics, 7, 429-448.
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type
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ALHA77156*
EH3
0.434
539.3
ALHA81189
546.6
EH3
0.437
Qinzhen
EH3
0.468
63l. 7
Y69001
EH3
0.493**
716.4
Indarch
EH4
1543
0.607
Pillistfer
EL6
0.495
723.9
Yilmi a
EL6
918.6
0.537
1 mole fraction FeS in sphalerite
2 blocking temperature for cessation of diffusion
3 cooling rate
* paired with ALHA 77295; ** "primary" sphalerite
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4.67
6. 57
14.38
6.72
9. 72

5
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7
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METAL-SULFIDE ASSEMBLAGE IN SAINT MARK'S EHS CHONDRITE
N. Z. Boctor, Geophysical Laboratory, Washington, DC

20008

Saint Mark's EHS chondrite is an intermediate member between the
equilibrated EL6 chondrites and the nonequilibrated EH3 and EH4 chondrites.
It is characterized by a metal-sulfide assemblage indicative of very low
oxygen fugacity. The metal is karnacite with 2.8 to 3.2 wt.% Si in solid
solution, an average Ni content of 5.64 wt.%, and an average Co content of
0.52 wt.%. Ti-Cr triolite, the next mineral in abundance in the opaque
mineral assemblage, contains up to 0.44 wt.% Ti, 2.28 wt.% Cr, and 0.04 wt.%
Ni. Daubreelite contains 4.6 to 5.2 wt.% Zn and 0.15 to 0.25 wt.% Cu in solid
solution. Two Na-Cr sulfides similar to those reported by El Goresy et al.
(1) and Rambaldi et al. (2) in Qinzhen EH3 chondrite are present in association with daubreelite-and rarely as discrete phases. Typical analyses of the
first Na-Cr sulfide (Mineral A) are 0.88 wt.% Na, 0.15 wt.% K, 39.79 wt.% Cr,
and 49.24 wt.% S. Compared to Mineral A, the second Na-Cr sulfide (Mineral B)
contains higher Na (2.00 wt.%), higher K (1.08 wt.%), lower Cr (35.79 wt.%),
and lower S (40.80 wt.%). The two Na-Cr sulfides appear to be primary.
Attempts to determine whether the Na-Cr sulfides are hydrous and to characterize their crystal structure are in progress. Other sulfides present are
oldhamite, dijerfisherite, and alabandite. As in Qinzhen EH3 chondrite, K
partitions strongly with Fe in dijerfisherite, whereas Na partitions with Cr
in Cr-sulfides. The presence of significant amounts of Si in metal and the
chalcophile nature of K, Na, Cr, Mn, and Ti suggest that Saint Mark's formed
in a highly reducing environment.
El Goresy A., Yakubi B., and Pernicka E. (1983) Abstracts of the Meteoritical
Society Meeting, p. 293-294.
Rambaldi E.R., Housley R.M., Rajan R.S., Cirlin A., El Goresy A., and Wang D.
(1983) Abstracts of the Meteoritical Society Meeting, P. 380-382.
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. 40 Ar- 39Ar ages of EH chondrites Indarch
Laser probe and stepwise heatlng
and Vamato 691
N. MUller, T. Stephan and E.K. Jessberger
Max- Planck-Institut fUr Kernphysik, Heidelberg, Germany
The unequilibrated EH chondrites Qinzhen and V-691 show evidence for late
planetary hydrothermal alteration. For example in both meteorites djerfisherite is partly (Qinzhen) or nearly completely (V-691) replaced by
troilite (1). A laser probe 40 Ar _39 Ar age study on Qinzhen showed that the
meteorite was formed about 4.4AE ago and that the alteration process ended
or took place at mo~t 1.7AE ago (2). The low K-Ar age of 1.6AE (3) (Qinzhen
2.88AE (4)) and the minimum age of 0.8AE from a stepwise heating 40Ar _39 Ar
experiment (5) makes V-691 a promising candidate for obtaining a much lower
age limit for the hydrothermal alteration, since the areas of secondary troilite are large enough to be dated individually by the laser 40 Ar _39 Ar technique. In contrast to V- 691 the EH4 chondrite Indarch has not been subjected
to the hydrothermal alteration processes. So its age will give the time
ei ther of meteorite formation or of the end of the thermal metamorphic evolution . Previous K- Ar ages on this meteorite range from 3.7AE to 4. 4AE for
various components (6). 40Ar_39 Ar dating of a whole rock sample yielded an
almost perfect age plateau ( 80% 39Ar ) at about 4.2AE. It thus appears that
the EH chondrites formed at about 4. 5AE, experienced two metamorphic episodes,
one ending at about 4. 2AE and the other much later. Data from stepwise
heating experiments of whole rock samples of V- 691 and Indarch and of two
individual chondrules from V- 691 as well as laser probe results of sections
of both meteorites will be presented. These data set further constraints on
the planetary history of enstatite chondrites.
(1) A. El Goresy et al . (1986) Lunar Planet. Sci. XVIII (1986) (2) N. MUller
and E.K. Jessberger (1985) Lunar Planet . Sci. XVII (1985)
(3) M. Shima et
al. (1973) Earth Planet. Sci. Lett. ~ (4) E.K. Jessberger (1983) Meteoritics 18 (5) M. Honda et al. (1983) Mem. Natl . Inst. Pol . Res.
(6) O.A.
Schaeffer et al . (1965) J. Geophys. Res. 70
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AN ACHoNoRITIC TROCTOLITE CLAST IN THE BARWELL, L5-6, CHoNDRITE.
R. Hutchison C.T. Williams, and V.K. Din, Mineralogy Department, British
Museum (Natural History), London SW7 5Bo, U.K., and M.E. Lipschutz, Chemistry
Department, Purdue University, West Lafayette, Indiana 47907, U.S.A.
Barwell fell as a shower of stones on 24 December 1965. It is unshocked,
having escaped the -500 Ma event recorded by many L-group chondrites (1,2),
and macroscopically there are no signs of brecciation. In thin-section, however, granulation (mosaicism) is seen in narrow zones in and around large
olivines, suggesting that they were mildly shocked. Metal and troilite occur
as single crystals (3), indicating either that the shock was too mild to produce recrystallization, or that it occurred early when there was still enough
residual heat to anneal out any grain boundaries so produced. The second possibility is preferred because the U-Pb systems are unperturbed (2).
An oval protrusion about 1 cm high and 1.5 cm in diameter was found on an
otherwise flat, interior, broken surface of one specimen. The surface of the
object is dark grey, smooth, and not bonded to the host chondritic material.
The object proved to be an olivine porphyry with the 0 isotopic signature of
H-group chondrites (4), although the olivine has a uniform composition identical to that of the L-group host, F07S'S' Interstitial to the olivines is
crystalline to microcrystalline feldspathic material ranging from An70 orO'S
to An 23 or2 in composition. Chromite occurs as rare grains <30 urn across and
randomly distributed throughout the rock. Each grain is homogeneous, although
ilmenite is occasionally present at the margin. Chromites near the centre of
the inclusion have 27 wt% Al 2 0 3 and 37 wt% Cr 2 0 3 ; these gradually change to
10% and 50%, respectively, in grains at the edge of the inclusion. Metal
occurs very rarely as grains <25 urn in diameter, two of which have kamacite,
with 4.4% Ni and 1.0% Co, in contact with taenite having 47% Ni and 0.2% Co.
These compositions are indicative of slow cooling and the maintenance of equilibrium through 400°C (5). Chlorapatite is present as grains <10 urn across
within interstitial, feldspathic areas, and one was found enclosed in olivine.
An estimate of the bulk composition was obtained from the mean of 44
electron microprobe analyses using a beam of 100 urn diameter (Table, no.1).
The norm has 70 mol.% olivine, F074, and 30%
1
2
26 (all ppb)
plagioclase, An42orl; 1.2% corundum is
Si0 2
42.3
Ag
present, indicating that the rock is
Ti0 2
0.11 Au
2.4
slightly peraluminous. Trace element
Al 2 0 3
9.3
Bi
1.7
25
analyses by RNAA (Table, no.2) indicate
Cr 2 0 3
0.21 Cd
62
depletion of siderophiles by more than an
FeD
16.4
Cs
order of magnitude relative to H-group
Mno
0.33 Ga
4.5
0.10
chondrites and confirm the achondritic
Mgo
26.9
In
affinity of the clast. The clast is LREE
CaD
2.64 Rb
605
enriched, La/Yb=3.5, when chondrite normaNa 2 0
1.91 Sb
3.3
lised. The REE and U contents are consisK2 0
0.03 Se
91
5.5
tent with an igneous origin for the clast;
FeS
0.15 Te
the positive Eu anomaly of 2.7 is indicaNi
0.01 Tl 1075
16 ppb
tive of plagioclase enrichment by fracU
Co
20 ppm
tional crystalization.
Sum
100.3
Zn
75 ppm
(1) Turner, G. et. al. (1978) Proc. Lunar Planet. Sci. Cont. 9th. p.989-10 25.
(2) Unruh, D.M.-et.-al. (1979) Ibid 10th, p.1011 - 1030. (3) Jobbins, E.A. et.
al. (1966) Mineralog. Mag. 35, p.881-902. (4) Clayton, R.N. Priv. Comm.
(5) Romig, A.D., Jr and GoldStein, J.I. (1981) Geochim. Cosmochim. Acta, 45,
1187-1197.
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IODINE-XENON AND ~OAr_39Ar DATING OF AN UNUSUAL INCLUSION FROM THE
BARWELL METEORITE. C. Kirschbaum, Dept. of Physics, University of California,
Berkeley, CA. 94720.

An inclusion consisting mostly of olivine but with small amounts of
feldspathic material has been identified in the Barwell meteorite (an L5
chondrite) by Hutchison l . The oxygen isotopic ratios of the inclusion are
similar to H type chondrites rather than the L type isotopic ratios obs erved in
the bulk meteorite l .
Inclusions of H-type material in L chondrites are rare
but interesting since they may provide insight into the different formation
sites of the two types of meteorite. We report here the results of
iodine-xenon and 4oAr-39Ar studies done on the bulk Barwell meteorite and it's
inclusion with the laser microprobe mass spectrometer recently developed at
Berkeley for dating studies 3 .
The figure shows the results of the iodine-xenon study for the inclusion
on the left and the bulk meteorite on the right. The 1l8Xe*/ ll9 Xe r ratio of
the inclusion is well established and because of the relatively high gas
amounts we doubt that there is a significant amount of uncorrelated iodine.
For the bulk meteorite, however, two 50 shot data points showed significant
evidence of a hydrocarbon contamination. These points have been omitted from
the line labeled "Barwell Bulk" which is used in this abstract . Furthermore,
since the gas amounts in the bulk meteorite are relatively low, uncorrelated
low temperature iodine may be important. Additional experiments, including
preheating studies, are needed to firmly establish the 1l9Xe r /I ratio of the
bulk meteorite . The 1l9Xe r /I ratios inferred for inclusion and bulk meteorite
from the irradiation parameters 3 are 1.43~0.08X10-4 and 8.9~1.6X10-s
respectively.
The 4°Ar-39Ar age of bulk Barwell has been previously determined as 4 .45
By4. Five laser microprobe shots in the inclusion, give an average 4oAr -39Ar
age of 4.43~0.07 BY - consistent with the bulk meteorite.
References 1. Hutchison, R. - private communication. 2. Clayton , R. N. private communication. 3. Kirschbaum, C. (1986). Phd. Dissertation, University
of California, Berkeley. 4. Turner, G., M. C. Enright and P. H. Cadogan (1978)
Proc. Lunar Planet . Sci. Conf. 9 th , 989-1025.
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THE JULESBURG, COLORADO, METEORITE, A NEW L3 FIND.
A.L. Graham, Department of Mineralogy, British Museum (Natural
History), London U.K. and G.I HUBB, American Meteorite
Laboratory, Denver, Colorado, U.S.A.
The Julesburg meteorite, a 56.6kg stone, was found in a
landfill at Julesburg, Sedgewick County, Colorado, USA
(39058' 30 "N ., 102010' W.) in 1983. The rounded mass is fairly
fresh but has some superficial oxidation and a few internal
cracks along which terrestrial weathering has occurred. There is
also a little light-brown staining of the silicates. The stone
consists of abundant closely packed rounded and sub-rounded
chondrules. A few of these have thin, dark rims, often
incomplete, consisting mainly of metal and troilite.
The
chondrules range in size from 0.4mm to 4mm across and are so
closely packed that the amount of interstitial material present
is very small. There is no dark veining or apparent brecciated
texture but a few thin troilite veins 3um across occur. The
troilite throughout the section is polycrystalline and shows a
little oxidation along polygonal cracks. Twinned, monoclinic,
low-Ca pyroxene is common and there are abundant chondrules
containing micro-crystalline interstitial material, probably once
glass. True isotropic glass is, however rare. The olivines
range in composition from Fa8 to Fa24 but the value Fa23 much
predominates. The low-Ca pyroxene ranges Fs4-24. One rounded
inclusion consists of olivine (Fa18-22), low-Ca pyroxene (Fs14)
and a bytownite glass (An83Ab17).
Petrographically this
inclusion is very similar to that reported in the Bovedy stone,
also a partially equilibrated L3 chondrite (Graham et al. 1976,
Rubin et al. 1981).
The Julesburg stone is an L3 chondrite with olivines which
have been partially equilibrated. The presence of Ca-rich glass
in inclusions suggests a variety of sources for the components of
this stone.
Refer~Dces~
Graham, A.L., Easton, A.J., Hutchison, R. and
Jerome, D. 1976. Geochim. Cosmochim. Acta, ~Q, 529;
Rubin, A.E.,
Keil, K., Taylor, G.J., Ma, M.-S., Schmitt, R.A. and Bogard, D.O.
1981. Geochim. Cosmochim. Acta, 45, 2213 .
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BRUNFLO, THE FIRST FOSSIL CHONDRITE
Frans E. Wickman and J.O. Nystrom
Department of Geology, University of Stockholm
S-106 91 Stockholm, Sweden

The H-chondrite Brunflo fell in calcareous mud in (present) central
Sweden ca. 460 Ha ago. Only chromite has been preserved of the original
minerals, all the other ones have been replaced by alteration reactions.
In some parts of the chondrite the delicate textures and structures
have been preserved (Thorslund et al. 1984).
New results show that the chondrules now consist of calcite, layersilicate mixtures or apatite. Elements like As, Ba, Co and V have been
added, while Fe has been lost. Around 20 minerals have been found, among
them several Ni-arsenides, 'gersdorffite' and some Cu-Fe-S minerals.
Pyrite and pyrrhotite (troilite) have not been observed . The alteration
processes are of special interest because they may represent ambient
temperature reactions and time scales of 104 _10

6 years. The results are

also of interest for future identifications of fossil meteorites in
limestones.
Thorslund,P.,Wickman,F.E . and J.0.Nystrom,1984. Lithos, 17, 87.
==

0-9

A PRELIMINARY SORTING OUT OF NEW
NULL ARBOR PLAIN, WESTERN AUSTRALIA; A.W.R.
Western Australian Museum, Francis Street,
R.A. Binns, Division of Mineralogy, CSIRO,

METEORITE RECOVERIES FROM THE
Bevan, Department of Mineralogy,
Perth, Western Australia 6000, and
North Ryde, NSW, Australia 2113.

For climatic and geological reasons, the Nullarbor Plain in Western
Australia is one of the most productive areas of the world for recoveries of
meteorites outside of Antarctica. To date, thirty-eight well documented finds
are recorded from the region, comprising three irons, one stony-iron
(pallasite), thirty-two chondrites and two ureilite achondrites (1).
Since 1971, 430 previously unrecorded individuals and fragments of
meteorites (predominantly ordinary chondrites) have been recovered from the
Nullarbor Plain and deposited at the Western Australian Museum. Most of this
new material has not been reported in the Meteoritical Bulletin, and the total
number of distinct meteorites represented has yet to be determined. However,
preliminary mineralogical studies indicate that material from at least 62
separate falls has been collected. Details of the discovery, classification,
state of weathering and distribution of individuals of 61 previously
undescribed ordinary chondrites and one achondrite will be presented.
Nomenclature; Owing to the general lack of geographical names on the
Nullarbor Plain, nomenclature has always been a major problem associated with
the description of meteorites from the region. In the past (e.g. ref. 2), the
problem has been dealt with in three ways; a) by inventing locality names, e.g
Dingo Pup Donga; b) by appending a directional term to the few existing
geographical localities, e.g. North Reid; or c) by a combination of a) and b),
e.g. Mulga (north). All these methods of naming contradict the general guidelines on meteorite nomenclature. More recently, in line with item 3.3 of the
Guidelines For Meteorite Nomenclature (3), parenthesized lower case letters
have been appended to some Nullarbor finds, e.g. Forrest (a) and (b).
In general, the numbers of distinct meteorites recovered from anyone
area of the Nullarbor no not yet exceed the number of letters in the alphabet.
Notwithstanding, the large number of recent finds, many from the sites of
previously documented but distinct meteorites, demonstrates that the problem
of nomenclature is cumulative, and many more meteorite recoveries can be
expected in the future. In addition, the complexities of 'pairing' are likely
to render the conventional system of nomenclature unworkable.
The problem of naming meteorites from the Nullarbor is similar to that of
Antarctic meteorites and may be overcome by adopting an 'Antarctic-style'
numbering system. In contrast to the Antarctic situation, co-ordinates are
available for most of the meteorites recovered from the Nullarbor and it is
possible to map the distribution of the large,widely dispersed showers thus
aiding decisions on pairing.
Essentially, the main source of names on the Nullarbor are the stations
which occur at regular intervals along the Trans Australian Railway bisecting
the region from west to east. Additionally, there are a few officially named
caves, rock-holes, pastoral stations and bore-holes scattered about the Plain.
Subject to the approval of the Nomenclature Committee, and on the basis of the
available geographical names, it is proposed to delineate named area~ on the
Nullarbor Plain. New rreteorites will take an area name and a number In order
of discovery.
(1) Graham, A.L., Bevan, A.W.R. and Hutchison, R. (1985) Catalogue of
Meteorites, British Museum (Natural History), 460 pp.
(2) McCall, G.J.H. and Cleverly, W.H. (1970) Journ. Roy. Soc. W.A., 53, 69.
(3) Guidelines for Meteorite Nomenclature (1980) Meteoritics, 12, 102.
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RECENT CHONDRITE FALLS FROM CHINA . Daode Wang, Institute of
Geophysics and Planetary Physics, Un i versity of California, Los
Angeles , CA 90024 , USA and Institute of Geochemistry, Academia
Sinica, Guiyang, Guizhou Province, People's Republic of China.
As pa r t of an ongoing study of Chinese meteorites , ten
previously incompletely described chondrite falls have been
class i fied . Nine are equ ilibrated ordinary chondrites; one is
a CV3 chondrite . The Zaoyang H5 chondrite (Fa = 18 . 3; aFa =
0 . 35) fell as a single 14.15 kg mass in a field in Hubei province, on October 18 , 1984. Nantong (H6) (Fa = 19.1; aFa = 0 . 34)
fe l l as a single 529 g mass on June 15, 1984 in Jiangsu provinc~
Zhaodong (L5) (Fa = 24.5 ; aFa = 0.36) fell as a small shower of
stones in He i longjiang province on October 25, 1984; the largest
reco vered fragment has a mass of 25 kg . Qidong (L5) (Fa = 25.5;
aFa = 0.58) fell on July 2, 1982 in Jiangsu province; one stone
weighing 1275 g was recovered . Raoyang (L6) (Fa = 24.6; aFa =
0 . 66) fell as a single 4.9 kLmass in Heibei province in 1919.
The Sheyang (L6) chondrite (Fa = 24.4; aFa = 0 . 46) fell in
Jiangsu province on July 11, 1976 as a single 605 g mass. Guang ing (L6) (Fa = 24 . 9; aFa = 0.47) fell on Februar y 7,1983. Suizhou (L6) (Fa = 24 . 6; aFa = 0 . 28) fell in Hubei province on
April 15 , 1986; twelve fra~ents totaling ~70 kg were recovered .
The Daohe (L6) chondrite (Fa = 24.7; aFa = 0.26) fell on July 11,
191 7 in Gansu province; a single stone weighing 52 . 9 kg was recovered . The Ningqiang CV3 chondrite (Fa = 3.0(1.1 - 10.5);
aFa = 1 . 93) fell on June 25 , 1983 in Shanxi province; fotir' fragments totalling 4.6 kg were recovered. Most of the material is
located ~t the Department of Geology, Nanjing University.
Ningqiang is a member of the oxidized CV3 subgroup . It contains well-defined chondrules (many with coarse-grained rims)
amoeboid olivine inclusions and refractory i~clusions (containing
spinel, melilite and anorthite) embedded in fine-grained matrix
material. Opaque minerals include troilite, pentlandite, magnetite and awaruite; these phases form complex intergrowths and
.
occur as blebs inside chondrules, discontinuous rings around
chondrules and isolated aggregates in the matrix . The bulk composition (determined by wet chemical analy&is) is (in wt.%):
Si02 , 33 . 92; CaO, 2.19; MgO, 24 . 51; FeO l 24.68 ~ Fe, 1.57; A1203,
2. 99; K20, 0.045; Na20, 0.32; ,P205, 0.213; MnO, 0.188 ; Ti02,
0 . 140; FeS , 5 . 59; NiS, 0 . 79; CoS, 0 . 07; C02, 0 . 23; H20+, 0.18;
C, 0 . 34; Co, 0 . 01; Ni, 0.93; Cr203, 0 . 469. Total Fe is 24.30.
The cosmic ray exposure age of Ningqiang is 4 x 10 6 years.
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OBSERVATIONS ON THE ATEOSPHERIC DISRUPTION OF lvETEORITIC BODIES.

Glenn I Huss, American :Heteorite Laboratory, F.O. Box 2098, Denver, CO 80201
The disruption of meteoritic bodies in the atmosphere has been recognized
almost since the first fall officially recognized by science--the L'Aig1e,
France, fall of 1803, which deposited from 2,000 to 3,000 stones. However,
there has been little unanimity on the mechanics by which atmospheric
disruption takes place. The most notable suggestions for its accomplishment
have been: (a) the build-up of internal heat to such an extent that the
meteorite explodes (1); (b) meteorites that fall as showers have entered the
atmosphere as swarms rather than as individuals (2); (c) they have a: brittle
nature which causes them to break up in the latter portion of their flight
(3); (d) deep fissures develop as a result of sharp braking in the region of
retardation (4); (e) irregularities in the shape of the body result in
differences in the compressive force acting upon different parts of it, which
usually causes the body to split (5); (f) fracturing cownonly occurs along
pre-existing cracks produced by i mpacts with other space debris prior to
capture by the earth (6).
Studies of the shapes and interria1 s tructures of specimens collected
from meteorite showers give partial credence to some of these sUF'pestions
while strongly refuting others. Evidence of strong internal heating of
meteorites during ablation has not been found in meteorites so far studied-particularly in stones, where heat penetration is on the order of a few
millimeters only. So far, meteorites entering the atmosphere as swarms have
not been docQmented, although several meteors appeared as swarms durinp their
transit of the atmosphere. The most probable disruptive process is a
combination of irregularity of form, cracks formed in space collisions, veins,
inclusions, and deep fissuring during retardation.
Photographic evidence is presented.
E8V. minera. met. y ine. Q, 1('7-8.
Olivier, C. P., 1925. l1ete orl;l. ', Hlliarrw &wi1hms Co., Baltimore, ~·V.
11errill, G. F., 1929. f.il"!era1s from Earth and Sky, Part I, The Stor~
of He_t..~ori tes. Smithsonian Scientific Series.
Krinov, E. L., 1960. Fr:ipciples of Mete2ritiQ,2. Pergamon Press, N.Y.
Hutchison, E., 1983. The S§~h f...9r Our oeg,innirJ,g. BMNH& Oxford TTniv.
Press.
Wasson, .T. T., 1985. Meteorites. W. H. Freeman Co., New York.

( 1 ) Hauser, E., 1896.

(2)
(3)
(4)
( 5)
(6)
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qTTANTITATIVE M~TALLOGRAPHY OF ZONED TAENITE GRAINS IN
ORDINARY CBONDRITES. R. Knox, Jr. 444 Woodbine Avenue,
Narberth, PA 19072.
Measurements were made wifu the filar micrometer of a Buehler
Microhardness ~ester on section widths of zoned taenite grains
and their interior taenite II zones in ten lightly shocked ordinary chondrites. In several of the meteorites the presence,or
lack, of martensite, or Type III plessite, in the TIT zones was
recorded .
~id ths of the TIT zones plot linearly in Cartesian co-ordinates against corresponding grain widths for ei ght of the ten
chondrites studied. In -such a plot the grain-width axis intercept indicates the grain width for which the TTl zone disappears
and is entirely replaced by cloudy taenite . The disappearance
occurs when the center of a measured grain section contains an
estimated 33-3 5« nickel. It is suggested that if one-half of this
intercept grain width for a chondrite is plotted a gainst the
above Ni valu e O E the i.~Iillis - Goldstein (1) revision of tIw ".' ood.
(21 coolin g curves an approximate cooling rate may be obtai ned
for t he chon drite.
It is thou ght that wide scatter in the grain width-TIl zopp
width graph of a chondrite may indicate that the meteorite consists of a mix ture of materials that cooled at widely ~iffering
rates before consolidation in the parent body, as discussed by
Scott and Pajan (3). Some measurements on zoned taenite grains
of a small specii"'l en of the 1::;ur- Gheluai xenoli thic chon dri te su 8gest that it ~ay be such a Deteorite.
mhe estimated mini mum grain section widths for the appearance of martensite in the zoned taenite grains of the Bath, Mocs,
and '''a conda chondrites are 32 microns, 140 microns, and 130 micro ns respective ly . Martensite was not actually observ ed i n the
stu di ed speci mens 0 f ~10 cs and ~~.'aconda, as it was i n Bath, bu tits
prior existence in lar ge zoned taenite grains in these me teorites
is probab ly implied by the first appearance of Type III plcssite
near the above se c tio n widths. ~ ~.' hcn t he above three es tirna te d
wi d ths are referre d to the ~ illis- G olstein (1 ) curves, central
TIT'
' u t .)v
-z nol
I. 01
.,
' . c., lca
.
t e d_ f or Bt'
l va 1 ues 0 f aoo
.: , 2 ,+
-e , an
o. 29 . r-j i01) are ln
a D,
MO cs , and "'aconda respe c ti ve ly . Plot ti1".g 0 f these 1~ i values i n
turn on the Kaufman-C0hen curve (4) relating the martensite
start temperature (Ms) to Ni co nten t su ggests that TIT should also have transfor ~ ed to martensite at consi derabl y higher Ni
levels, if ordinary chon drites have been exposed to the low te mperatures of the asteroid belt. This see ming discrepancy may possibl y be explained by assuming that there is a considerable amount
of carbon i n solid solution in the TIl, since C lowers the Ms
te mperature of taenite.
(1)

Willis~.

(2 1
(3'

and Goldstein J . -I . (19 8 1) Froc. Lunar Pl ane t S ci.
r: onf. 12th, p. 1135.
Wood -. )\. (1967) Icarus, 6 p. 1-l.j9 .
Scott E. R. D. and Rajan ~. s. (1981 ) Ge o chim. Cos mochi m.
(l. cta, p. 53-67 .

(l.j l

Kaufman I.. and Cohen M. (1956) Trans . AH1"S, 206, p. 13931 L~O 1 •
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STATUS OF ALPHA TRACK IMAGING OF CHONDRITES FOR B/Li DISTRIBUTIONS
D.M. Shaw, M.D. Higgins and M.G. Truscott, Department of Geology, McMaster
University, Hamilton, Ontario LBS 4Ml, Canada
Concern over possible terrestrial contamination problems has directed
our continued study of B/Li distributions in chondrites by induced alpha
track images (ATI) of sections and by prompt gamma neutron activation
analysis (PGNAA) for bulk B abundances.
PGNA analysis of seven Antarctic meteorites, selected for low degrees
of weathering, gave B abundances in the range of 0.29-0.72 ppm (11 analyses),
indicating that these samples show no gross contamination. Our analyses of
ALHA 77003 (a C30) are 0.49,0.51 ppm, similar to Curtis and Gladney (EPSL ~,
p.311) who found 0.44,0.45 ppm.
ATIs were made of polished thin sections of these 7 meteorites plus 3
others from the JSC collections, 4 Yamato meteorites from the Japanese
collections, one slab of Allende cleanly prepared using no epoxy cement
(Field Museum, Chicago). Five sections of Murchison, prepared under ultraclean conditions (Smithsonian, Washington, D.C.) are about to be studied als~
We confirm the ability of the ATI method to reveal petrographic
textures based on indigenous B/Li distribution within chondrites.
The method
is however sensitive to alteration effects and enhanced B or Li concentrations are associated with some (not all) alteration products, particularly
within fusion crusts, even in the freshest specimen whose bulk B content is
only 0.3 ppm.
Metal and sulphide grains are free of Band Li, as are chondrules in
meteorites of low metamorphic grade:
enhanced concentrations are seen in
some chondrule rims.
In objects of higher grade the distinction between
chondrules, clasts and matrix is less pronounced.
PGNA analysis of materials used in polished thin section preparation
shows low bulk B abundances « 2 ppm) in mineral spirits, two oils, paper,
two epoxy cements, glass slides, silica slides:
these materials will not
contribute ambiguous signals to ATls. However a diamond grit paste sample
contained 150 ppm B, the possible effects of which are still being assessed.
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CAMEL OONGA, A NEV'J EUCRITE FROM THE NULLARBOR PLAIN, WESTERN
AUSTRALIA: Brian Mason and Eugene Jarosewich, Department of Mineral
Sciences, Smithsonian Institution, Washington, DC 20560 and W. H.
Cleverly, Western Australian School of Mines, Kalgoorlie, Western
Australia 6430.
Twelve stones, ranging up to 504 g (total weighi 2.92 kg), of
a very fresh eucrite have been collected from a 1 krn area on the
Nullarbor Plain in Western Australia.
The location is approximately
75 krn N60E from Nurina Siding on the Trans-Australian Railway;
0
0
coordinates 30 l9'S, l26 37'E.
This eucrite consists almost
entirely of pyroxene (mean composition Wo 16 Fs 49) and plagioclase
(mean composition An 85) in approximate proportions 3 I 2, with 2\
almost pure Fe metal and accessory. amounts of troilite, ilmenite, and
an Si02 phase. Gabbroic and aoleritic clasts are present in a
groundrnass of comminuted pyroxene and plagioclase.
The chemical
composition (weight per cent) lSI Si02 49.53, Ti02 0.74, Al203 12.49,
Cr20 3 0.33, FeO 16.07, MnO 0.56, MgO 6.31, CaO 10.41, Na20 0.49,
~o 0.04, P205<0.Ol, H20+<0.1, ~o- 0.07, Fe metal 2.07, Ni<O.Ol,
CoC::O.Ol, FeS 0.19, C 0.03, sum 99.33.
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KAMEL OONGA , A EUCRITE WITH HIGH METAL CONTENT. H. Palme, F. Wlotzka,
and B. Spettel, Max-Planck-Institut fUr Chemie, 0-6500 Mainz, F.R.Germany.
The Kamel Oonga meteorite was found in Australia in 1984. A chemical analysis shows that this meteorite is a eucrite (Table 1). Texturally it is a
brecci a. Morphology and compos it i ona 1 vari at ions of pyroxenes are comparab 1e
to those of Stannern . Since the results of several bulk analyses and a separate analysis of a coarse grained basalt clast agree with each other, Kamel
Oonga should be classified as a monomict eucrite.
On cut surfaces abundant metal and minor sulfide are visible. Although
metal appears to be present in all eucrites , Kamel Oonga is probably the most
metal-rich eucrite known so far. A detailed study that should reveal the origin of the metal was therefore undertaken .
From a 1.46 g piece a metal-rich fraction was prepared . The results
(Table 2) indicate about 1.5% metal including some sulfide, for the bulk meteorite. The metal is Ni and Co poor and has very low concentrations of other
siderophile trace elements. The low Na and Eu and the high Mn, Cr, and Sc conten~s relative to the bulk reflect the association of metal with pyroxene.
The metal usually occurs in patches of small grains inside pyroxene crystals, either as oriented rectangular gra i ns or as small i rregular globules,
nearly always associated with a SiOz-phase of about the same gra i n size. This
association of metal and SiOz was never found in anorthite. Troilite droplets
may be present in the same pyroxene crystal, but they are not associated with
SiOz. In some cases we have found metal as massive mantles around SiOz-rich
grains, enclosed in pyroxene.
Metal occurs in fine grained as well as in coarse grained lithologies. In
late crystallizing SiOz-rich associations troilite globu l es are often f ound,
but never metal.
Interpretation: Kame l Oonga ' was originally a sulfide-rich eucrite. After and /
or shortly before the end of crystallizati on metal was formed according t o the
reaction
2 FeSi03 + FeS = 3 Fe + 2 SiOz + SOz (g)
Brett (1976) suggested that reduction of FeO by FeS is the main process f or
the formation of meta l lic iron in lunar mare basalts. The model proposed here
is in agreement with textural observations and the trace element data of
Tables 1 and 2. There is some evidence that other eucrites suffered s imilar,
but less spectacular, reduction processes.
Ref.: R. Brett 1976, GCA 40, 997. T.S. McCarthy et ale 1973, EPSL ~, 433.
Table 1
Composition of Kame l Donga (preliminary data ) and
Stannern ( INAA ) .
Stannern*
Kamel
Kame l Stannern*
Donga
Donga
ppm
%
4210
Mn
3450
0.72
Ti Ol 0.84
7.8
7.2
Co
12.33
Ah03 11. 53
<10
<20
17.28
Ni
FeO** 18 .24
3.34
5. 08
6.97
La
MgO
6.03
3.15
10 .67
Sm
2. 08
CaO
10 .30
0.78
0.67
ppm
Eu
2.90
Vb
1. 94
4270
Na
3620
0.40
0. 28
703
Lu
K
390
2.34
Hf
1.56
30 . 6
Sc
31. 0
<0.003
<0.02
71.2
Ir
V
0.41
0.60
2200
Th
Cr
2090
0.10
0.16
U
* major elements: McCarthy et al. (1973 ), trace
elements, INAA Mainz-laboratory; ** t otal Fe as FeO.

Table 2
Compositi on of a metal -rich fracti on from
Kamel Donga (27.1 mg separated from a 1.47g
piece, INAA ) .
ppm
ppm
%
521
0.12
Cr
Ca
1. 2
Eu
Fe
77.3
Co
176
Vb
0.67
ppm
4.64
Ni
600
W
Na
590
0.23
Ir <0. 01
As
K
La
1. 03
Au
0.007
80
Sc
8.8
Sm
0. 73
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LITHIC CLASTS IN POLYMICT ACHONDRITIC BRECCIAS K. Metzler, Institute of Mineralogy ,
University of MUnster,D-4400 MUnster, F. R. of Germany
Lithic clasts from 4 polymict eucrites (Petersburg, Bialystok, Y-744S0, Y-790260) and 2
howardites (Zmenj, Y-7308) were studied by optical and electron microscopy and by an
electron microprobe. From the frequency distribution of these lithic clasts it was
expected to obtain information about the nature and composition of the crust or deeper
sections of the achondrite parent body and to find possible differences or similarities
in the clast populations of the different meteorites. The following rock-types appear
as fragments in these polymict breccias: gabbros, basalts, granulites, monomict
eucritic and diogenitic breccias , olivine-bearing orthopyroxenites and other dlogenetic
lithologies, impact melt rocks, orthopyroxene-kamacite-association and granulitic rocks
consisting of fayalite, hedenbergite, plagioclase and an Si02 -Phase. The En-An-diagram
for coexisting plagioclase and pyroxene after Delaney et al. (1981) was applied to
compare mafic clast-types from the achondritic breccias listed above (Fig. I). Average
En-An-values of about 3-20 lithic clasts of all observed lithologies in all samples are
plotted in this diagram. Four basaltic lithologies of polymict eucrites plot in or
slightly beside the "howardite"-field; the basalt of the howardite Zmenj plot in the
field of the eucrites. Three main groups of clasts can be distinguished according to
textural criteria: gabbros, basalts and granulites. Generally plagioclases in basalts
are Ab-richer than plagioclases in gabbros and granulites, although the gabbro No . I is
dist i nctly different from the other gabbrolc rocks regardIng its pyroxene compositions
and thereby similar to the basalt in Zmenj and the granulite in Petersburg. These three
lithologies may be closely related to each other. The basalt and the gabbro may have
been formed from the same parent magma and the granulite may be a metamorphosed product
of these rocks. The lithology with shock-induced modified texture No. 10 in Zmenj and
No. 15 in Y-7308 may be tentatively assigned to the field of eucrites; the original
texture of the parent rocks is unknown. The En-An-values of the granulitic lithologies
vary, because all lithologies can be transformed into granulites by thermal
metamorphism. The only observed bronzite-plagioclase-assoclation (No.5) plot slightly
beside the diogenite-field. The bulk compositions of impact melt rocks indicate that
they are mixtures of eucritic lithologies and diogenites.
A major conclusion of this study is that the basalt clasts of the polymict eucrites are
different from the group of basaltic eucrites and similar to one type of basalt in
howardites whereas the basalt clasts of the howardite Zmenj belong exclusively to the
eucritic basalts. This observation, the ubiquitous presence of true granulites, the
occurance of orthopyroxene-kamacite-associations, and the large compositional variety
of impact melt rocks emphasize the highly polymict nature of both polymict eucrites and
howardites and give evidence for impact-induced mixing processes involving a rather
deep vertical section of the parent body .
Lit.: Delaney , J.S . (1981) LPS XII.211-213
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PETROLOGY OF LITHIC CLASTS IN THE EET83212 AND 83227
POL YMICT EUCRITES.
Steven C. Okulewiczl ,2, J.S. Delaneyl, (l)American Museum of Natural
History, New York, NYI0024; (2)Hunter College, CUNY, New York, NY10021.
Three main groups of mafic clasts have been examined in Elephant
Moraine (EET) 83212,7 and 83227,10. These are (i) very fine grained basalts
(mg# 0.5-0.7) similar to the dark clasts from the Allan Hills polymict
eucrites [l] containing partially resorbed xenocrysts of feldspar and
pyroxene; (ii) variolitic to subophitic fine grained mafic clasts with blocky
unexsolved pyroxene (mg# 0.5-0.62); (iii) granular, fine to medium grained
mafic clasts with cloudy euhedral to subhedral plagioclase and subhedral to
anhedral pyroxene (mg# 0.4-0.65). Other granular clasts have abundant
unexsolved subhedral and cloudy pyroxene with minor subhedral plagioclase.
Interstitial material in all clasts consists of ilmenite, silica, chromite,
phosphate minerals, and rare olivine (Fo 46), metal and calcium sulphate.
In the matrix pyroxene clasts are homogeneous, euhedral to anhedral
fragments that are not visibly exsolved but have variable compositions
ranging from diogenetic (En70-83) orthopyroxene to En60-65 pigeonites with
more iron rich pyroxenes (En40-60W02-15) less abundant than in other ALH
and EET meteorites.
Pyroxene in these lithic clasts is more magnesian (En45-70) than in
clasts from EETA 79004 and 79006 [2,3] (En40-55) as are the majority of
the matrix pyroxenes (En 40-83 Wo 1-5). Matrix pyroxenes 200-2000 urn in
size and those less than 200um show the same compositional trends but are
distinct from those in 79006 [2]. EET 83212 is more magnesian than EET
79004 and 79006 but very similar to EET 83227. Matrix in both 83212 and
83227 does not contain much eucritic pyroxene (En 30-40) and has a
limited compositional range similar to pyroxene in the lithic clasts. The
feldspar composition range in both meteorites is An 75-95. In the very
fine grained basaltic clasts the feldspar composition range is An 85-94, in
the variolitic-subophitic clasts An 77-90, and in the granular types An 7095.
These EET 83-series achondrites do not have pyroxenes dominated by
En40-50 that are typical of the homogenised EETA79004 and 79011 group
The absence of
and, therefore, are not as thoroughly metamorphosed.
typically eucritic pyroxene (En30-40) suggests that these breccias have
sampled a region of crust on the parent body that is depleted in this
usually abundant lithology. The range of compositions of the lithic clasts
appears to be compatible with a fractional crystallization sequence producing early pyroxenites/diogenites followed by pigeonite rich rocks (En6050) and finally a sequence of more Fe-rich mafic rocks. If the degree of
homogenization of the pyroxene can be used to suggest pairings of Elephant Moraine achondrites, then 83212 and 83227 do not appear to be
paired with EETA79004 and 79011 as previously suggested [4]. The abundance and range of the pyroxenes and feldspars in both 83212 and 83227
suggests that they may be the same meteorite.
Acknowled ements: NASA NAG9-32, Martin Prinz, Principal Investigator.
REFERENCES: 1 Delaney et al.(1982) Meteoritics 17, 204; [2] Simon et
al.(1982) Meteoritics 17, 149; [3] Delaney et al. (1982) PLPSC 13, A339; [4]
Delaney & Prinz, (1985) Smithson. Contrib. Earth Sci.,in press.
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A YAMATO POLYMICT EUCRITE WITH SOME AFFINITIES TO HOWARDITES.
Hiroshi Takeda, H. Toyoda, Mineralogical Inst., Faculty of Science, Univ. of
Tokyo, Hongo, Tokyo 113, Japan, J. S. Delaney, M. Prinz, Amer. Museum Nat .
History, New York, NY 10024, U.S.A.
The polymict eucrites are suite of polymict achondritic meteorites that
are found initially in Antarctica. Six non-Antarctic meteorites, one Allan
Hills (ALH) and two Elephant Moraine meteorites have some affinities to
howardites (1).
Most Yamato polymict eucrites (Y74159-type) have similar
modal abundance of minerals, but Yamato 790007 and 791960 contain significantly more low-Ca pyroxene (1). Y790007 is believed to be a pyroxene-rich
sample of the Y74159 suite rather than a separate meteorite.
Y791960 is
also reported to be similar to the Y74159 suite, but it is the only Yamato
specimen containing easily detected diogenitic pyroxene (more than 2 vol.
%). There may be local variation within the meteorite. We reinvestigated a
new thin section (91-2) in order to see whether Y791960 is paired with the
Y74159-type by the mineralogical techniques.
The new thin section studied has strong similarities to the old one
(91-1) and to the Y74159 suite.
This specimen differs from most other
Yamato polymict eucrites of the Y74159-type, however, as it
does not
contain the large mesostasis-rich basaltic clasts (Y75011,84 type) so
typical of Yamato polymict eucrites (2) and it contains common granulitic
ordinary eucrite clasts, and rare magnesian orthopyroxene. The largest
magnesian pyroxene reaches 0.66 x 0.48 mm in size. Such pyroxene analysed
falls in the compositional range mg = Mg/(Mg + Fe) = 0.70 to 0.77 and
corresponds to a diogenitic component that is not found in other Yamato
polymict eucrites.
The most Mg-rich end of Y791960 does not extend to
mg = 0.85, which is known in howardites, and the modal abundance of the
diogenitic pyroxene is about 2 % as measured by Delaney et al. (1).
The distribution of all the pyroxene compositions of Y791960 measured
with line analyses with 50 microns intervals by EPMA, and plotted in the
pyroxene quadrilateral differs from those of Y74159 type and howardites.
Noticeable differences are absence of chemically zoned pyroxenes of the
Y75011,84 type and small abundance of the very Mg-rich pyroxene of the
howardites. The more common pyroxenes are those known in ordinary eucrites,
cumulate eucrites such as Binda, Moama and Moore County (2).
If the nomenclature of Delaney et al. (1) is followed, then Y791960 is
a polymict eucrite. However, the texture, clast types, and the distribution
of pyroxene compositions are so similar to ALH78006 and the non-Antarctic
specimens previously classified as howardite (1) that it seems more difficult to equate it with the Y74159-type. The parental mass of Y791960 may
still be the same as other Yamato polymict eucrites, because the amount of
the diogenitic components may vary from one place to the other in the
parental mass. A study on local variation of the clast type within a single
large polymict eucrite is required before solving the important question
raised previously that Antarctic and non-Antarctic meteorites are different
compositionally and texturaly.
We thank the National Inst. of Polar Res. for meteorite samples.
References:
(1) Delaney J. S., Prinz M. and Takeda H. (1984) Proc. Lunar
Planet. Sci. Conf. 15th, in J. Geophys. Res., 89, p. C251-C288. (2) Takeda
H. t Wooden J. L., Mori H., Delaney J. S., Prinz M., and Nyquist L. E. (1983)
Proc. Lunar Planet. Sci. Conf. 14th, in J. Geophys. Res., 88, p. B245-B256.
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SILlCA-BFARING AND OTHER CLASTS IN JUVINAS: AN ION PROBE STUDY.
R. L. HERVIG*, J. S. DELANEY** and C. O'NEILL***
*Dept. Chern, Ariz. St. Univ., Tempe, AZ 85287; **Dept. Min. Sci. AMNH, NY, NY
10024; ***Coll. of Staten Island, CUNY
Ion microprobe analyses of plagioclase in Juvinas showed a large variation
in chemistry fran clast to clast [1]. We have extended the earlier study by
first characterizing 90% of the plagioclase in section AMNH-466-2 with the
electron probe [2] and relati~ the presence or absence of a silica mineral to
the observed chemistry.
Analyses on a Cameca IMS 3f used various standards; positive secondary ions
(SI): Lake Co. plag for Li, Na, K, Sr, Ba in plag and Li, Na, K, B glasses for
silica; negative SI: Durango apatite for P, F. Similar results to [1] were
obtained, with a} K and Li increasi~ with Ab content, b} Ba different fran
clast to clast and c} Sr and Ba correlate positively. Because we analyzed
JOOre Ab-rich crystals, the range of chemistry of Juvinas plagioclase has been
expanded relative to [1]. We find a weak anticorrelation between Ab and Fe
and a strong correlation between Ab and Ce. Plagioclase in a clast containi~
silica was very rich in K (1500-2600 ppn), Ba (110-150 ppn) and Sr (190-210
ppn) while plagioclase in a silica-free clast had < 1000 ppn K, 50-80 ppn Ba
and 140-160 ppn Sr (as in [1]). Fluorine ranged fran 10-13 ppn in all
plagioclase and phosphorous fran 18-22 ppn P. R.ecannaisance analyses of
pigeonite give variable chemistry: Na, Sr, Y, Ba, Ce and B increase with
densi ty of augite lamellae in the 20 I1I!l diameter analyzed area. In a
recrystallized pigeoni te, F is relatively high (26-33 ppn) and P is similar to
plagioclase (16-23 ppn). One analysis of silica for alkalis and B gave very
lCM values (Li 4 ppn, Na 20 ppn, K 120 ppn, B 1 ppn). The lCM K contrasts
with higher values by electron probe ( >1000 ppn K) . Three analyses for F and
P gave 5-9 ppn and 9-12 ppn, respectively. Occasional high signals for F and
P in silica and plagioclase were presumably fran tiny phosphate grains in the
analyzed area.
The chemistry of the phases in various clasts is consistent wi th their
derivation fran crystal-liquid fractionation along the plagioclase-pyroxene
cotectic [3]. ~r, the Ba,Sr-rich plagioclase in the silica-beari~ clast
displays the K--enrichment trend (with only small variations of Na) also seen
in the urrusual eucri te Stannern [4]. Textural observations in [ 5] argue for a
period of prolonged thermal metamorphism in Juvinas. Were temperatures to
reach the solidus, kinetic barriers might lead to a K, Si-rich initial melt
(6] . It is possible (though speculative) that the K--enrichment trend in the
silica-bearing clast is due to very small ammmts of renel ti~ of eucri tic
material.
The sputteri~ of sane silicates with an ion beam enhances differences in
their reflectivity. Apparently this is knc:Mn in other ion probe labs (Ian
Steele, pers. ccmn.), but has not been used to enhance petrographic analysis.
Reflected light photanicrographs of sputtered regions in Juvinas shcM curved
and blocky augi te lamellae and healed fractures. These images relate to the
textural study of [5] and may help in determining the order of
metamorphic/anatectic events.
[1] Steele, I. M., Smith, J. V. (1981) PLPSC 12th, 1281. [2] O'Neill, C.,
Delaney, J. S. (1982) Met. 17, 265. [3] Stolper, E. (1977) GCA 41, 587. (4 ]
Delaney, J. S. etal., (1982) PLPSC 13th, JGR87, A339. [5] HarlCM, G.,
Kl.imenditis, R. (1980) PLPSC 11th, 1131. [6] Tsuchiyama, A. (1985) Con. Min.
Pet. 91, 12.
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ALKALI ELEMENT ABUNDANCES IN ACHONDRITES AND VOLATILE LOSS FROM
ACHONDRITE PARENT BODIES; David W. Mittlefehldt, National Research Council
NASA Research Associate, NASA/Johnson Space Center, Houston, TX 77058.

•

Eucrites and basaltic clasts from polymict eucrites, howardites and mesosiderites are extremely
depleted in alkali elements and show a wide range in alkali element/refractory incompatible element ratios
when compared to basalts from the moon. This suggests either a heterogeneous parent body or volatilization
from the parent body during magmatism. I have attempted to set constraints on the causes of the extreme
volatile depletion by examining a large body of geochemical data on the basaltic achondrites. The data file
includes analyses of whole rock eucrites and diogenites and igneous lithic clasts from eucrites, diogenites,
polymict eucrites, howardites and mesosiderites. For clast samples and cumulates, only data from single
analyses were compared, unless multiple analyses indicated that incompatible trace elements
are
homogeneously distributed. For basaltic eucrites, all available data judged of good quality were averaged .
The volatile alkali elements (Na, K, Rb, Cs) were compared with a cosmic abundance normalized average highly
incompatible refractory (AHIR) element composite (Ba, La, Ce, Nd, Sm, Th, U) to reduce analytical bias.
Ratios of e.g. Rb/AHIR will remain constant during normal magmatic differentiation because the very low and
approximately equal mineral/melt partition coefficients will be inefficient in causing fractionation in the
melt.
BASALTIC EUCRITES. Basaltic eucrites and basaltic clasts show a positive correlation between K, Rb and
Cs and alkali element/AHIR ratios. The ranges, normalized to cosmic abundances for basaltic eucrites are;
K/AHIR = 0.020'0.066, Rb/AHIR = 0.0045-0.015, Cs/AHIR = 0.0028-0.0063. The Na/AHIR ratio (range in basaltic
eucrites: 0.038 -0.067, except Ibitira = 0.023) is essentially independent of Na content and negatively
correlated with AHIR. The negative correlation between AHIR and Na/AHIR is caused by eucrites that were in
equilibrium with cumulate or residual plagioclase (e.g. Nuevo Laredo, Stannern). Inclusion of clast data
extends these ranges.
For Rb/AHIR, the range for all basaltic lithologies is 0.0024-0.024. The positive
correlations between e.g. Rb and Rb/AHIR can be due to either differences in volatile abundances in the
source regions of the eucritic magmas or to progressive volatilization of the alkali elements from the
basalts. The KINa ratio in eucritic basalts is equal to that in chondrites, while Rb/Na and Cs/Na are
greatly depleted relative to chondrites.
CUMULATE EUCRITES AND DIOGENITES. The cumulate samples show a much wider range in alkali element/AHIR
ratios than the basaltic samples. In diogenites, the cosmic normalized Rb/Sr ratio varies from 0.48 to
0.036.
(In diogenites, Sr is incompatible and its abundance is equal to that of other highly incompatible
elements.) The lower values are 4X the mean of basaltic eucrites while the higher values are similar to
those of CV and CO chondrites. It is difficult to directly compare diogenites and eucrites because Rb/AHIR
ratios of cumulates may significantly differ from those of the parent melts. However, it is likely that the
Rb/Sr ratio of diogenites is less than that of its parent melt because of the larger ionic radius of Rb
relative to Sr and because Rb requires charge compensation in orthopyroxene while Sr does not. The highest
Rb/Sr ratio was obtained on the most incompatible poor of the diogenites, Tatahouine.
There are well
defined negative correlations between Rb/Sr and Sr or Rb content in the diogenites. The data are consistent
with progressive Rb loss through volatilization during crystallization of one or more parent magmas.
Crystallization alone will not significantly alter the Rb/Sr ratio of a melt crystallizing orthopyroxene or
will show a positive correlation between Rb/Sr and Rb if significant plagioclase is crystallizing. There
are too few data on cumulate eucrites to make generalizations, but K/AHIR and Rb/AHIR are comparable to the
values from basaltic eucrites.
CONCLUSION.
The parent body of the basaltic achondrites appears to have initially contained alkali
element (and presumably other volatile element) abundances comparable to those in CO and CV chondrites, and
perhaps higher.
Magmatic processes on the basaltic achondrite parent body resulted in >90% loss of the
volatile alkali element inventory from the parent body. The positive correlations observed between e .g. Rb
and Rb/AHIR in basaltic lithologies are the result of volatilization from the basaltic magmas near the
surface of the parent body.
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SERIAL MELTING OR MAGMA OCEAN FOR THE HED ACHONDRITES?
Roger H. Hewins, Geological Sciences, Rutgers University, New Brunswick,
NJ 08903
Introduction The nature of asteroidal heating mechanisms may be
understood if petrogenetic relationships between the HED basaltic
achondrites can be defined sufficiently to make a choice between serial
melting (eg. Stolper, 1977) and magma ocean (eg. Ikeda and Takeda, 1985)
models. This paper therefore examines the relationships between HED
basalts and cumulates.
Basalts Magnesian basalt clasts in HED breccias fall into two
types, the Na-poor eucrite-like trend A and the 'evolved' trend B with a
range of plagioclase compositions (Delaney et al., 1981, 1984; Ikeda and
Takeda, 1985). The compositions of parent magmas in both trends can be
reproduced by adding appropriate cumulus minerals to daughter liquids.
For trend A, parent Yamato 7308 clast PEl generates Sioux County by
fractionating 10% olivine, 8% orthopyroxene and tr . chromite. For trend
B, Kapoeta clast P generates Yamato 74450 by fractionating 4% olivine,
1% orthopyroxene, 2% pigeonite and 1% chromite; and a further 12%
pigeonite crystallization produces Stannern. The important role of
pyroxene crystallization for liquids plotting within the 1 atm. olivine
field in various CMAS projections indicates that fractionation occurred
at pressures greater than 1 atm.
Cumulates The basalts generate olivine-bearing cumulates with
orthopyroxene giving way to pigeonite at low Fe/Mg for trend B but not
for trend A. Eight of 14 diogenites, and both diogenite subgroups,
contain olivine (up to 14%). Group II diogenites are relatively magnesian,
show strong Ca enrichment in orthopyroxene as Fe increases and are
associated with magnesian pigeonite in polymict diogenite. Group I
diogenites are ferroan with Ca-poor orthopyroxene and may be related to
the Yamato 75032 cumulate eucrite-diogenite transition suite. It is
therefore suggested that group I diogenites are cumulates from trend A
basalts and group II diogenites are cumulates from trend B basalts.
Models Ikeda and Takeda (1985) suggested the two basalt trends
could represent a magma ocean in which volatile-loss gave rise to the
Na-poor trend A near the surface. However, mixing calculations cannot
reproduce trend A compositions from a B parent, even involving a Na
vapor phase. The constant plagioclase composition in trend A is due to
low initial Na and the failure of orthopyroxene crystallization to lower
Ca contents of liquids. Trend B liquids probably formed first from a
relatively Na-rich source. Trend A liquids from a plagioclase-depleted
source were extensively fractionated and plot near the 1 atm. peritectic
only by coincidence. They extruded over trend B and therefore were
sampled abundantly as common eucrite meteorites.
Conclusion Sequential melting on the HED parent body produced
trend B basalts and group II diogenites, followed by trend A basalts and
group I diogenites.
References
Delaney, J.S. et al., 1981, Lunar Planet. Sci. XII, 211-213.
Delaney, J.S. et al., 1984, Proc. Lunar Planet. Sci. Conf. 15th, C251-C288.
Ikeda, V. and H. Takeda, 1985, Proc. Lunar Planet. Sci. Conf. 15th,
C649-C663.
Stolper, E., 1977, Geochim. Cosmochim. Acta~, 587-611.
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A PROVINCIAL MODEL FOR THE CRUST OF A
BASALTIC ACHONDRITE PLANETOID.
Jeremy S. Delaney, American Museum Natural History, New York, NY

10024

If the basaltic achondrites and diogenites are samples of the surface of an intact
asteroid [1] then that surface is dominated by two major lithologies, eucrites and
diogenites, as these are the most important components of both the monomict and
the polymict basaltic achondrites [2].
The formation of abundant eucrites and
abundant diogenites is not consistent with a single stage planetary differentation
process involving a chondri tic presursor but requires that fairly pyroxene-rich source
regions be formed from which diogenites and related rock types may later be
produced.
The construction of the basaltic achondrite planetoid may be built up piecemeal
by differentiation in two major stages.
(1) Early partial melting of a chondri tic
precursor produces eucrite like magmas that intrude the outer parts of the planetoid
or erupt on its surface. As a result of this early event the outer portions of the
body are significantly less olivine normative and assimilation and mixing between the
eucritic magmas and surrounding chondrite will produce a spectrum of bulk
compositions ranging from near chondri tic to near eucritic. The migration of the 01an-pyx peritectic point toward the 01-Si02 join as Mg/(Mg+Fe) decreases with
fractionation, may result , in early minimum partial melt that crystallizes to produce
feldspar-rich lithologies of feldspar cumulates as well as more typical eucrites during
these early stages.
If either external heating or internal heat from 26Al decay
(which will concentrate in basaltic magma) is involved, these outer regions are more
(2) This reheating of the
likely to be reheated than the interior of the body.
modified near surface source regions will under some circumstances, produce magmas
that are capable of precipitating pyroxenites, as a result of partial melting or
fractional crystallization mechanisms. Given the variability of the potential source
regions, it is unlikely that a unique process will account for all the observed
li thologies. Some of these secondary source regions will be more able to produce
magmas that precipitate diogenites than others.
These "favored" source regions
represent a significant heterogeneity within the planetoid that is likely to result in
the formation of crustal provinces containing abundant pyroxenites with their
associated mafic lithologies. Other provinces where remelting was not important will,
therefore, be dominated by the earlier formed eucrites, feldspar-rich cumulates and
possibly some chondrite-like material. The feldspar-rich cumulate eucrites can be
readily produced during the early differentiation as a result of the effect of
increasing Fe/Fe+Mg on the portion of the peritectic point in olivine-anorthite-silica
[3] •

The basaltic achondrite planetoid, if it is still intact, is likely to have a bimodal
distribution of rock types on its surface and, therefore, although the dominant rock
types differ, must be considered to have developed its crust by similar processes to
the earth and moon which both have marked crustal bimodality.
Acknowledgements: NASA Grant NAG 9-32 (M. Prinz, Principal investigator).
[1] e.g. Drake (1979) In "Asteroids". p. 765-782;
[2] Delaney (1986) PLPSC, 17, submitted;
[3] Longhi and Pan (1986) LPS, 17, 492-493.
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DIVERSE EUCRITIC PEBBLES IN THE VACA MUERTA MESOSIDERITE: UNA MANADA DE LAS
VACAS MUERTAS, Eric A. Jerde and Alan E. Rubin, Institute of Geophysics and
Planetary Physics, University of California, Los Angeles, CA 90024.
Recent field investigations by Robert Haag of the Vaca Muerta mesosiderite
have resulted in the discovery of subrounded to angular eucrite-like 5-cm pebbles that were liberated from the metal matrix by weathering. We studied seven of these pebbles by petrographic, electron microprobe and INAA techniques;
this is the first comprehensive study of such large discrete rocks within an
individual mesosiderit~. The pebbles are composed predominantly of inverted
pigeonite, calcic plagioclase and silica; accessOry phases include chromite,
ilmenite, merrillite, troilite and metallic Fe-Ni. Pebbles 1-4 have flat REE
patterns at 6-8xH (H-chondrites) with small positive Eu anomalies. Main-group
eucrites are compositionally similar, differing primarily in their REE abundance patterns (which are flat at 8-l0xH with small negative EU anomalies).
The molar MgO/(MgO+FeO) ratios (mg*) of the pebbles are "'0.40. Although similar in composition, the pebbles have diverse textures, including subophitic
(1) hypidiomorphic granular (3) and orthocumulate (4). Pebble 2 is an impactmelt breccia containing subophitic clasts embedded in a matrix of fine (15-25
~m) poorly-crystallized plagioclase.
The compositional similarities of these
pebbles contrast with their diversity of textures; they may have formed from
the same starting material, but experienced different mechanical and thermal
histories.
Pebble 5 is an impact-melt breccia composed of small well-crystallized
plagioclase grains with 120 0 triple junctures. It is depleted in light REE by
a factor of "'2; it has a large positive Eu anomaly. Compositions of cumulate
eucrites are similar, but show lesser depletions of light REE.
Pebbles 6 and 7 are highly weathered. Pebble 6 is unbrecciated, and has
a coarse-grained (1.2 mm) cumulate texture. Compared to pebbles 1-4, it has
more refractory mineral compositions, a higher plagioclase/pyroxene ratio
(1.25) and a higher mg* (0.50), consistent with a cumulate origin. Pebble 7
consists of isolated mineral grains' and polymineralic basaltic clasts embedded
in a fine matrix of annealed pyroxene, plagioclase and silica. It appears to
be a breccia containing annealed comminuted eucrite debris. Pebbles 6 and 7
both show light REE-depleted REE patterns with large positive Eu anomalies.
An important question is whether or not these pebbles are actually eucrites. Pebbles 1-4 haveREE concentrations intermediate between main-group
and cumulate eucrites (closer to the former), their positive Eu anomalies being characteristic of the latter. Pebble 5 is similar to the cumulate eucrites
in REE, but has a more pronounced light-REE depletion. Whole-rock FeO/MnO ratios of pebbles 1-5 are similar to those of main~group eucrites, whereas those
of 6 and 7 are similar to Moama. Pyroxene and plagioclase in the pebbles have
modal abundances and compositions similar to those of eucrites. Relative to
eucrites, the pebbles contain more silica (by a factor of "'2) and much more
merrillite. Reaction of P from the metal with FeO from the silicates may have
liberated silica; concomitant oxidation of P formed merrillite. Thus, the
high abundances of silica and merrillite in the pebbles cannot be used to definitely distinguish them from eucrites. Compositional data suggest only minor differences from known eucrites. Because several pebbles have unusual textures, if they are indeed eucrites, they suffered extensive shock melting and
annealing processes associated with the evolution of the Vaca Muerta regolith . .
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PETROGENESIS OF TYPE lA MESOSIDERITE SILICATES; D. W. Mittlefehldt
(1,3), B. M. Bansal (2), C.-Y. Shih (2), H. Wiesmann (2) and L. E. Nyquist
(1). (1. NASA-Johnson Space Center, Houston TX 77058; 2. Lockheed-EMSCO, 2400
NASA Rd 1, Houston TX 77058; 3. National Research Council, NASA Research
Associate.)
We are continuing our chronological study (1) of basalt clasts from
Patwar (RV-02) and Mount Padbury (RV-05) and have started isotopic and
petrologic work on a gabbro clast from Vaca Muerta (RC-07) and petrologic work
on a basalt clast from Vaca Muerta (RV-03). We are also conducting petrologic
studies on whole rock mesosiderites in order to further detail their history.
Vaca Muerta RC-07 is a coarse-grained gabbro with high tridymite and
merrillite abundances typical of mesosiderite basalts and gabbros (2) .
Much
of the tridymite occurs as euhedral grains enclosed in pyroxene and clearly
indicates that tridymite crystallization in the parent melt started much
earlier in RC-07 than in cumulate eucrites such as Moore County. Pyroxene
also contains abundant rounded grains of plagioclase.
In Moore County,
included plagioclase is much rarer and generally euhedral as opposed to that
in RC-07. The pyroxene compositions show a trend of decreasing Fe/Mn with
Fe/Mg characteristic of FeO reduction, which occurred in the parent magma.
RC-07 has also been affected by localized metamorphic FeO reduction as a
result of regolith processes.
Preliminary Rb-Sr results have been obtained on RC-07 . The whole rock is
relatively Rb-rich for a cumulate (112 ng/g vs 20-90 for cumulate eucrites)
and has a high Rb/Sr = 0.00153. The whole rock lies within error on the
Y75011,84B reference isochron (T = 4.56±0.04 Ga; 3). ARb-rich mesostasis
separate lies above the reference isochron and yields a whole rock-mesostasis
age of 4.68 Ga. Mount Padbury RV-05 has a Rb-Sr isochron age of 0.92±0.25 Ga.
This is a very Rb-poor basalt (Rb = 62.3 ng/g) with very little spread in the
Rb/Sr ratio between pyroxene and plagioclase. The age is defined by an impure
pyroxene separate containing mesostasis material. The Sr isotopic system in
pyroxene and plagioclase were not completely equilibrated at 0.92 Ga.
Therefore, the isochron probably represents an upper limit to the age of
metamorphism.
.
Numerous features of mesosiderite basalts and gabbros suggest that they
may have been generated by impact melt processes.
The high tridymite,
merrillite and augite abundances relative to eucrites are caused by FeO
reduction in the magma by P and/or S. The P and S needed for the reduction
were undoubtedly introduced by the metallic projectile(s) that impacted the
mesosiderite parent body.
The limited trace element data available for
mesosiderite gabbros show that they are depleted in incompatible elements
(e.g. Sm) relative to feldspar cumulate eucrites (4). Trace element data have
been used previously to argue that some mesosiderite gabbros must have been
formed from remelted cumulates (4). A new hand sample of Vaca Muerta basalt
(RV-03) contains what appears to be a large pyroxene xenocryst suggesting that
this is an impact melt. Vaca Muerta RV-03 is petrologically and chemically
similar to Patwar RV-02 (4).
Impact melting is known to have been very
important in the evolution of the mesosiderite regolith (5,6).
We are
evaluating whether this process could also have reprocessed primary basalts
and gabbros to produce the unique mesosiderite basalt and gabbro suite.
(1) Mittlefehldt et al. (1986), LPS XVII, 553. (2) Nehru et al. (1980)
LPS XI, 803 . (3) Nyquist et al. (1986) , JGR, in press.
(4) Mittlefehldt
(1979) GCA 43, 1917.
(5) Floran et al. (1978) PLPSC 9, 1083. (6) Hewins
(1984) PLPSC 15, C289.
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FRACTAL VIKwPOINT OF FRAGMENTATION OF THE ~OWICZ. METE'
ORITE, Bruno Lang and Krzysztof Franaszczuk, Warsaw University,
Department of Chemistry, Zwirki i Wigury 101, 02-089 Warsaw, Poland.
Mechano- ge ometric approach fs likely to provide much more physical information than implications of standard statistical inference as in the case of the lognormal mass/size distribution of
fragments of the WWICZ meteorite .(1J ... Invoking for' such a purpose the fractal geometry of nature(2 ~ 4Jwe considered the behaviour of a meteoritical body fragmented) during its' atm'?spherie'
passage. The record of this event is stored by the set of 98 fragments~ ranging in mass from few up to ten thousand grams. Following Matsushita[5Jwe attempted to identify the mechano-geometric
nature of the involved fracture cas.cade as a fractal by evaluating its' fractal dimension D. We usee!. log-log plots of cumulative
numbers of fragments N(~against their sizes r lin cm/ calculated from masses; as: edges of cubes of dens,ity 5.2 g/ccm(6, 1]. Approximation similar to the latter was applied. in (1). Straight
lines' were fitted; to two pOint. subsets:: I i/ for 38 fragments larger' than 187 g and lii/ for 45 fragments smaller than 83 g .. The
obtained slopes of the straight lines are: x = - 2.0116 .±. 0.0105
and x ...= -0 .. 5893 + 0.0401 /see figure beloll/~ xFrac~l dimension
D canl-be evaluated from the equation N(r)"" r- = r [6J. Hence
we have D,i = 2.0116 and Dii = 0.5893 with precision 0.52% and
6.80% respectively.
The obtained for the two subsets so different values argue
that the considered fracture cascade occurred in two distinct
stages,. Having reached a transient. /"critical"?/productivity giving fragments with masses between 187 g and 83 g the fracture
cascade changed its size-reduction symmetry/reverse to dilation/
- apparently reduced its original impetus. This transition has
been expressed by sharp decrease of the fractal dimension.
REFERENCES: 1 B•. Lang (1972) Earth Planet . Sci.Let. li, 245 (2) B.Mandelbrot(1983) The fractal geometry of Nature, Freeman, S.Franciseo
(3) D•.Turcotte (1985) LPSC XVI, 872 (4) B.Lang and A.Vityazev (1986)
LPSC XVII, 454 (5) M.Matsushi ta (1985) J .Phys.Soc ..Japan 54, 857
(6) C..AIl€fgre, J .Mouel
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Hg GEOTHERMOMETRY: FURTHER APPLICATIONS.* S. Jovanovic and
G. W. Reed, Jr., Chemistry Division, Argonne National Laboratory, Argonne, IL 60439
We report geothermometry results on ocean ridge and ocean island basaltic glass
samples. The temperatures measured are Hg thermal equilibration temperatures of
the lavas at the time of or soon after eruption. Hg geothermometry is based on the
distribution of Hg, measured by stepwise heating, between low (release at ~ 450°) and
high (> 450° up to -1200 0 C) temperature sites. A requisite for equilibration is a
closed system; open systems permit loss of low temperature Hg.
To constrain the samples as much as possible, we measured a single sheet flow at
Juan de Fuca consisting of quenched top and bottom glasses and more slowly cooled
crystallized material sandwiched between. We find equilibration temperatures of
1240°, 1180°, and 1150 0 C (with uncertainties of ±25°C) for the top and bottom glasses
and basalt, respectively. Because of assumptions made about the initial Hg concentration systematic errors exist; but the temperatures are in the correct relative order
and close to those determined by direct measurements and by major element systematics.
A second set of samples consisted of Kilauea subaerial (0 meter) and 1400 m and
4680 m submarine lavas. The latter are the much studied JM 1742 and JM 1712 dredge
samples of J. G. Moore. Temperatures obtained indicate quenching of the 1400 m
glass at 11400 C but the 0 m and 4680 m samples were equilibrated at 920° and 770°C,
respectively. These temperatures are near that of 880°C for a more crystalline fragment from the 4680 m sample and are, therefore, consistent with slower cooling.
Hg concentrations in all the samples are in ppb's. If further measurements continue to give data consistent with those from other techniques, Hg becomes a useful
geothermometric trace element whose measurement may be applied to a broad spectrum of samples: terrestrial (igneous and metamorphic rock), meteoritic, and lunar.
Work supported by the Gas Research Institute under Contract No. 5084-260-1029.
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LUNAR PALAEOMAGNETISM AND ITS IMPLICATIONS
S.K.Runcorn (School of Physics, University of Newcastle upon Tyne, Newcastle
upon Tyne , NEI 7RU, England, U.K.)
The remanent magnetization of the Apollo rocks can be shown to be evidence
for an early lunar magnetic field which existed at least until 3.2 by ago. The
data on palaeointensities of this field by the Thellier-Thellier, ARM and I~\I
determinations on the returned samples are in broad agreement showing the
existence of a strong field up to about 1 gauss at 3.9 by ago diminishing
exponentially to about .02 gauss at 3.2 by ago.
This dependence of palaeointensity of age is strong evidence against various explanations of remanent
magnetization invoking local processes and strongly supports the existence of
a core dynamo field.
This conclusion is strongly supported by the analysis of the palaeomagnetic directions (inferred by Coleman, Russell and Hood from the Apollo 15
and 16 sub-satellite 3-component magnetometer surveys).
On the hypothesis of
an early lunar dynamo,the dominance of the Coriolis force in the magnetohydrodynamic equations would have ensured that the mean dipole field was aligned
along the axis of rotation.
The north magnetic poles calculated from the
palaeomagnetic directions form 3 dipolar groups along 3 axes dated at PreNectarian (4.2 by), Lower Nectarian (4.0 by) and Upper Nectarian - Lower
Imbrian (3.85 by) and different from the present axis of rotation.
Thus it
has been inferred that the Moon reorientated at least three times relative to
the axis of rotation and this phenomena is attributed to the changes in the
axis of .maximum moment of inertia consequent on the creation of the
multi-ring impact basins.
The multi-ring basins of these 3 age groups lie
close to the palaeo equators of corresponding age and this has been shown to be
statistically highly significant by the use of the Bingham frequency distribution.
It is deduced that the Moon had a satellite system with at least 3
satellites,each of which was drawn in by tidal friction breaking up into 6 to
10 major fragments at the Roche limit.
Because tidal friction is inversely
proportional to the 4istance of the satellite to the 6th power, each group of
frp.&ments would impact the Moon within a relatively short period of time before
the Hoon could reorientate and this explains the observed facts that the multiring basins in each group are relatively close to the palaeoequator calculated
from the pole positions.
The mean pole positions of the 3 age groups roughly
form a 90° equi-lateral spherical triangle.
This is shown to be the conseThus lunar palaeoquence of Euler's law of the rotation of rigid bodies.
magnetism and the laws of rotational dynamics show remarkable congruence which
. strongly supports the conclusions drawn in this field of lunar studies.
The restricted three body problem in terrestrial mechanics suggests that
satellites could be stable within a certain distance of the Moon and suggests
that a similar group of satellites might have been in orbit around the Earth
and their infall into the Earth may yet prove to be of significance in early
Earth history.
The existence of such primeval bodies is of importance in
connection with the origin of the Earth/Hoon system.
Evidence for the composition of these satellites may lie in the lunar regolith.
General. References
S. K. Runcorn, D.W.Collinson, W.O'Reilly, H.H.Battey, A.Stephenson, J.H.Jones,
A.J.Hanson and P.W.Readman. "Magnetic properties of Apollo 11 lunar samples"
1. Proc. Apollo 11 Lunar Sci.Conf. 2369-2387, 1970.
S. K.Runcorn, D.W.Collinson & A.Stephenson. "Magnetic properties of Apollo 15
and 16 rocks". Proc.4th Lunar Sci.Conf., Geochim.et Cosmochim.Acta, Suppl. 4,
1. 2963-2976, 1973.
S.IC.Runcorn. "Lunar magnetism, polar displacements and primeval satellites in
the Earth-Hoon system". Nature, 304, 589-596, 1983.
S.IC.Runcorn, "Primeval displacements of the lunar pole. PhysiCS of the Earth
and Planet.lnts., 1i, 135-147. 1982.
S.K.Runcorn, "The primeval axis of rotation of the Hoon. Phil.Trans.Roy.Soc.,
313 , 77-83. 1984.
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COSMOGENIC NUCLIDE PRODUCTION IN THE EARLY SOLAR SYSTEM.
Robert C. Reedy, Los Alamos National Laboratory, Los Alamos, NM 87545 USA.
Caffee et aI. (1) have observed that track-rich grains in gas-rich meteorites have
more spallogenic nuclides than nonirradiated grains, which can best be explained if the fluxes
of cosmic-ray particles to which these grains were exposed in the early solar system were
"considerably higher" than the contemporary fluxes. The neon isotopic and other data (1)
suggest that this ancient particle spectrum was more like that of the present galactic cosmic
rays (GCR) then of the modern solar cosmic rays. The results presented here extend my earlier
calculations (2,3) for nuclide production by primary cosmic rays to look at possible nuclide
production by GCR particles that have not be modulated by solar activity (4), as it is possible
that these grains were irradiated by the unmodulated GCR while the sun was not active.
Three estimates of the fluxes and spectra of GCR protons in interstellar space (IS)
were used (5,6,7) along with a power-Iaw-in-rigidity spectrum (3) that could be present near
the source of the GCR. Also used for comparison was the present long-term average flux and
spectrum of the primary GCR protons at 1 AU (2,3). Cross sections for the production of three
important cosmogenic noble-gas nuclides by protons and a C2-chondritic chemistry (2,3) were
used to get production rates by these primary cosmic-ray particles. No secondary particles,
important for nuclide production in an asteroidal regolith, were included in these calculations,
but as n~utron production is proportional to the 3He production rate (2,3), these results can
be used to see how much the production rates could increase relative to current ones.
In Table 1, there is a wide range in the calculated nuclide-production rates by the
three IS spectra, but these IS rates are 2-11 times higher than those now seen near the earth.
A low-energy tail, such in the rigidity power-law spectrum, would add to the production rate.
Thus exposing these track-rich grains to GCR particles that have not been modulated by solar
activity could result in much higher production of cosmogenic nuclides. There is evidence (4)
that the present GCR flux is -50% higher than that _10 9 years ago, so one uncertainty in this
scenario is that we don't know the IS intensity of GCR particles near the early solar system.
(1) M. W. Caffee et aI. (1986), Lunar Planet. Sci. XVII, pp. 99-100. (2) R. C.
Reedy (1983), Meteoritics 18, 383-384. (3) R. C. Reedy (1986), Lunar Planet. Sci. XVII, pp.
695-696. (4) R. C. Reedy et al. (1983), Annu. Rev. Nucl. Part. Sci. 33, 505-537. (5) G.
Castagnoli and D. Lal (1980), Radiocarbon 22, 133-158. (6) W.-H. Ip and W. 1. Axford (1985),
Astron. Astrophys. 149, 7-10. (7) W. R. Webber and S. M. Yushak (1983), Astrophys. J.
275, 391-404.
Table 1. Nuclide Production Rates by Primary Galactic-Cosmic-Ray Protons in Interstellar
Space and in the Solar System, Assuming C2-Chondritic Chemistry.

Integral Flux
Nuclide
3He
2 1Ne
38Ar

ll

IS (5)
4.33

IS (6)
2.23

1257.
117.
24.

(atoms minute- l kg-I)
1867.
755.
81.
235.
16.
43.

aIn protons cm- 2 s-1 for E > 1 GeV.

IS (7)
3.40

R- 2 . 66
2.72

Av. GCR
1.80

2568.
1007.
163.

317.
21.
5.5
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SOLAR COSMJC RAY EFFECTS IN ALLAN HILLS 77005: K. Nishiizumi, J. N. Goswami * , J.
Klein #- , R. Middleton , and J. R. Arnold , Dept. of Chemistry, B-017: Univ. of Calif., San Diego, La
Jolla, CA 92093, * Physical Research Lab., Ahmedabad. 3B0009 (India), #- Dept. of Physics, Univ. of
Pennsylvania, Philadelphia, PA 19104
For the first time we have clear evidence of solar cosmic ray (SCR) effects in a meteorite .
26
5
·
53
6
.
SCR produced
Al (tJ/2 = 7.05x10 years) and
M n (3 .7x1O years) have been observed In one sample
6
of shergottite Allan Hills 77005 [1]. The present study extends t his work. We measured l OBe (1.6x10
years) and 26 Al in 5 samples and cosmic ray tracks in B samples from 5 different locations in the meteorite in order to understand its SCR exposure .
Individual pyroxene grains were handpicked and analyzed for their cosmic ray track densities .
The lOBe and 26AI measurements were carried out at t he University of Pennsylvania FN tandem Van de
Graaff accelerat~rI2 ,3 ] . Preliminary results are shown in t he table. The table also gives sample depth
below the fusion crust and estimated shielding depth which was obtained by the procedure by Bhatta"
charya et al. [4] using cosmic ray track densities and a 2.5 My exposure ageI1 ]. The size of the recovered
2
meteorite was 9.5x7 .5x5.25 cm. The preatmospheric size was estimated to be 5-6 cmr20 g/cm ) in radius
based on 1.5-2.5 cm of ablation. The small preatmospheric size and the clear increase in 26 Al activity
from the center toward the surface of the meteorite give unequivocal evidence of SCR bombardment.
Preliminary values for SCR production were calculated as follows. 26 AI activities were
corrected to saturation by using the meteorite's exposure age (2.5 My) and the terrestrial age (0.19
My) [5). These corrected activities were normalized to L chondrite chemical composition [61 and Reedy's
2
galactic cosmic ray (GCR) production rate (20 g/ cm radius)17 ) was subtracted. SCR ~roduced activities
2
are thus calculated to be 20-30 dpm 26 AI r7 g/ cm or 2 cm} and 0-5 dpm (-15 g/ cm or 4.3 cm). The
26 Al SCR profile was slightly steeper than that calculated by the Reedy and Arnold modellB) using
(Ro = 100 MV, J = 70) 19], but much steeper than Michel et al [lO j. These results suggest that ALH 77005
was exposed to an SCR flux similar to or slightly greater than that at 1 AU , and a spectru m which was
similar to or sligh t ly softer than that observed on the moon. If we assume that, the meteorite was bombarded by SCR at an average distance of 1 AU and that its orbit had an aphelion of 1.52 AU (the distance of Mars)' we can calculate a semimajor axis of 1.06 AU and an eccentricity of 0.35 [1). 53 Mn data
will help clarify the SCR exposure history .
2
2
On the other hand, lOBe activity increases about IB% from 7 g/ cm to 15 g/ cm depth in t he
meteorite due to secondary neutron build up . After the exposure age and terrestrial age corrections, the
observed lOBe activity level is in good agreement with Reedy's calculations[7 ). However, the observed
gradient of the lOBe profile is about a factor of two steeper than calculated. It is interesting that such a
large neutron build up was found in such a small meteorite. There is no visible evidence of SCR produced
lOBe. The calculated SCR production is about 1 to O.B dpm lOBe/ kg at the depth between 5 and 10
2
g/ cm at 1 AU [B). This value is less than 5 % of the saturated lOBe measured in these samples.
Sample
No.
77005,11
77005,102
77005,102
77005,102
77005 , 75
77005,75
77005 , 103
77005,78

Depth Below
Track
Fusion Crust Density
(cm)
(xl0 6 /cm
0.5-1 . 0
0.0-0.3
-0.3
0.3-0 . 6
surface
-0.5
-1.0
-2.5

2.8±0.15
2.6 :j; 0.2
2.4 ± 0.12
2. 0 ± 0.13
2.2 ± 0. 15
1.8 ± 0.2
1. 84;1; 0. 15
1.0 ;I; 0.1

Shielding
Depth
(cm)

lOBe

26 A1

2.0
2.2
2.3
2.7
2.5
2.9
2.9
4.3

13.74 ± 0.69
13.92 ± 0.66

62.5 ± 6. 3
58.1 ± 4.1

± 0.74

52.3 ± 3. 7

(dpm/kg meteorite)

14.41

15.90 ± 0. 82
16.23±..0. 82

50.5
45.8

± 3. 6
± 3.2

Referenc~s: (I) Nishiizumi K. et al., (1986) GGA (in press) (2) Klein J. et al., (1982) NIM, 199, 601-616.
(3) Middleton R. et al. , (1983) NIM, 218, 430-438. (4) Bhattacharya S. K. eL aI., (l973) JGR, 78, 83568363. (5) Schultz L. and Freundel M. (1984) Meteoritics , 19. 310. (6) Reedy R. C. (1984) Meteoritics,
19,297-298 . (7) Reedy R . C. (1985) JGR, 90,722-728. (8) Reedy R. C. and Arnold J. R . (1972) JGR,
77, 537-555. (9) Kohl C. P. et al. , (1978) 9th LPSG, GGA , 2299-2310. (10) Michel R. et al., (1982)
EPSL, 59,33-48, Erratum: EPSL, 64, 174 .
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NUCLEAR COMPONENT OF NEON IN TERRESTRIAL MINERALS
+

H. Hiinemohr * and F. Begemann *
Dept. of Physics, U.C. Berkeley, CA 94720, U.S •. A.
*Max-Planck-Institut fur Chemie, 6500 Mainz, F.R.G.
+

The neon composition in terrestrial reservoirs can be modified in
basically two ways: addition of nucleogenic Ne and isotopic fractionation.
Nucleogenic Ne originates in the reaction of -particles and neutrons
from the decay of U, Th and their daughter products via the following
reactions which ~roduce all three Ne isotopes: 17 0 (a,n)20 Ne , 180 (a,n)21 Ne ,
19 F (a,n)22 Na _2 Ne, 24 Mg (n,a)21 Ne , 25 Mg (n,a)22 Ne . In an attempt to
understand the origin of variations of the neon isotopic composition in
crustal rocks (1-5) 12 different minerals with varying U(0.02-4.2%) and
Th(0.2-31%) concentrations have been measured for their Ne isotopic
composition. For all samples the contents of target elements 0(24-49%),
F(0.01-7.3%) and Mg(0.01-1.6%) have also been determined. Excess 21Ne
and 22Ne concentrations vary from 10- 7 to 10-1 cm 3 STP/ g. Most of the
measured ratios 20Ne /22Ne (0.02-6) and 2lNe/ 22Ne (0.02-10) are very
different from the atmospheric values (9.8 and 0.029).
Determinations of the total yields for the 17 0 (a,n)20 Ne and 180 (a,n)21Ne
reactions at a energies in the range which occur in the U and Th decay
chains (4-8.8MeV) are in preparation. Predictions based on these results
will be compared with the observed data. These investigations, furthermore,
have some bearing on the suggestion that neon and argon isotopes may
be produced by asymmetric fission of U and Th decay chain series nuclides
(6,7).

°

(1)
(2)
(3)
(4)
(5)
(6)
(7)

Wetherill G.W. (1954), Phys.Rev. 96, 679.
Sharif-Zade B. et ale (1972), Geochem.Int. 3, 199.
Verkhovski A.B. and Y.A. Shukolyukov (1976)~ Geochem.Int. 22, 95.
Smith S.P. (1979), Ph.D. Thesis, Caltech. (unpublished).
Zadnik M.G. and P.M. Jeffery (1985), Chem.Geol. 52, 119.
Rose H.J. and G.A. Jones (1984), Nature 307, 245-.Gerling E.K. and Y.A. Shukolyukov (1959)~eochemistry 1, 750.
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COSMIC RAY RECORDS IN TERRESTRIAL ROCKS. K. Martf and H. Craig2,
lChemistry Dept., B-017,2Scripps Institution of Oceanography, A-020, Univ. of
California, La Jolla, California 92093.
We have identified cosmic ray produced sHe and Ne isotopes in lava flows
on the crest of Ha1eaka1a volcano on Maui, at ~ 3000m altitude. In an earlier
report [1], a probable "cosmogenic" component of sHe was observed, which was
extractable only by high- temperature pyrolysis. In contrast, most mantle He
resided in fluid inclusions and was extracted by vacuum- crushing. The nature
of the "cosmogenic" component has now been established as being due to in-situ
cosmic ray reactions on the basis of Ne isotopic data in mineral separates,
coupled with target element data. Excesses of 21Ne observed in vacuum-crushed
samples of olivine and clinopyroxene are 6 . 9 x 10- 13 ccSTP/g and 3.8 x 10- 13 cc
STP/g , respectively, and correspond to the following approximate production
rate equation:
P 21 = K (2.5 [Mg + Na] + [Si + ~] + 0 . 1 [Cal)
where the target elements are given in atomic abundances and K is the targetindependent average effective production rate coefficient . An evaluation of
K requires information on shield i ng and erosion rates .
Estimates of the required cosmic ray exposure t ime are of the order of 105y and consistent with a
lava age of ~ 0 . 5 My . Cosmic ray produced sHe concentrations (~1 . 0 x 10- 12 cc
STP/g) are similar in olivines and c1inopyroxenes and do not indicate major
diffusion losses . Therefore, the sHe/~Ne ratio of 1.45 in Ha1eaka1a olivines,
which is about half that observed in olivines of pa11asites , may reflect different compositions and energy spectra of active cosmic ray particles .
Measurements of cosmic r ay produced radionuc1ides of varying half-lives will
be required to further constrain the exposure and erosion history of this lava
flow .
References :
[1]

Craig , H. and Poreda, R. J. (1986), Proc. National Acad . Sci . USA, 83,
1970 .
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BERYLLIUM-I0 CONTENTS OF EUCRITES. D. Aylmer l , G.F. Herzog l , J.
Klein 2 , and R. Middleton 2 • 1) Dept. Chem., Rutgers Univ., New Brunswick,
NJ, 08903. 2) Dept. Phys., U. Pennsylvania, Philadelphia, PA, 19104.
Cressy (1) and Muntean (2) found that eucrites contain only about 80% of
the 26AI expected on the basis of production rate equations (1,3). To
explain the deficit they considered the hypothesis that during the last few
million years the eucrites received an average cosmic-ray flux some 20%
lower than did ordinary chondrites. If true their hypothesis implies
lowered production rates for other cosmogenic radionuclides such as lOBe.
We have used accelerator mass spectrometry (4) to measure the lOBe contents
of samples from 20 eucrites.
The results range from a low of 1.6 dpm/kg for Serra de Mage to a high
of 30 dpm/kg for Millbillillie with a broad peak near 20 dpm/kg. The
average for 24 measurements (excluding heavily shielded outliers) is 22.2 ~
4.2 dpm/kg. The exposure ages of the eucrites are long enough to assure
that these measured values are within 10% of the actual production rates,
PlO'

For purposes of comparison we assembled the published lOBe contents of
53 ordinary chondrites, adjusted them for age and composition (5,6), and
calculated an average value of 18.9 dpm/kg in H-chondrites. Compositiondependent production rate equations (5,6) predict Pl0(eucrites)/Pl0(Hchondrites)Nl.l; the experimental ratio is 1.2. We conclude that during the
last few million years eucrites received an average flux of cosmic rays
close to that received by ordinary chondrites and not one depressed by 20%.
REFERENCES: 1) Cressy, P.J. (1973) Geochim. Cosmochim. Acta 35, 1283-1296.
2) Muntean, R.A. (1979) Ph.D. Diss., U. Tenn. (Knoxville), pp. 1-131. 3)
Fuse, K. and Anders, E. (1969) Geochim. Cosmochim. Acta 33, 653-670. 4)
Middleton, R. and Klein, J. (1986) Proc. Workshop Accel. Mass Spectrom.,
Oxford Univ., June 30-July 2. 5) Pal, D.K., Tuniz, C., Moniot, R.K., Savin,
W., Kruse, T.H., and Herzog, G.F. (1983) Lunar Planet. Sci. 14, 588-9. 6)
Tuniz, C., Smith, C.M., Moniot, R.K., Kruse, T.H., Savin, W., Pal, D.K.,
Herzog, G.F., and Reedy, R.C. (1984) Geochim. Cosmochim. Acta 48, 1867-1872.
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26Al CONTENTS OF IRON METEORITES. J. Klein 1 , R. Middleton 1 , D.
Alymer 2 , and G.F. Herzog2. 1) Dept. Phys., Univ. Pennsylvania, Philadelphia, PA 19104. 2) Dept. Chem., Rutgers Univ., New Brunswick, NJ 08903.
We have extended an earlier study (1) by measuring the 26Al contents of
11 iron meteorites. Seven of the new samples have published 4He/ 21 Ne
ratios > 295 and thus represent material irradiated under significantly
heavier shielding conditions.
The 26Al was measured by accelerator mass spectrometry at the U. of
Pennsylvania (2). To isolate Al we added 1-5 mg of stable Al carrier to
0.2-2.0 gram samples, removed Fe by anion exchange and separated Al by
solvent extraction and cation exchange (3,4). The measured 26Al contents
range from 0.13 dpm/kg for Mundrabilla to 5.07 dpm/kg for Charlotte. Three
samples of Treysa prepared and analyzed at different times over a period of
18 months had measured 26Al contents of 2.91 • 0.15, 3.34 • 0.18 and 3.00 •
0.15 dpm/kg. Analyses of duplicate Mundrabilla samples agreed with those
reported previously (7). Inspection of a plot of 20Al vs 4He/ 21 Ne shows
acceptable agreement between published data (5,6) and our own.
The new results follow the previously noted trend of decreasing 26Al
content with increasing 4He/ 21 Ne ratio. 26Al/21Ne ages can be calculated
from the equation t = 511 x 21Ne/ 26 Al x R. Hampel and Schaeffer (6)
estimate R as 0.38 from semi-empirical nuclear calculations. We have
obtained R = 0.51 • 0.03 empirically from the slope of a plot of the
21Ne/ 26 Al ratio vs the known 40K/41K ages. We thus corroborate the claim
of Refs. 1 and 6 that 21Ne/ 26 Al and 40K/41K ages of iron meteorites
disagree by about 25%.
REFERENCES: 1) Alymer, D., Bonanno, V., Herzog, G.F., Klein, J., and
Middleton, R. (1985) Lunar Planet. Sci. 16, 19-20. 2) Klein, J.,
Middleton, R., and Tang, H.-Q. (1982) Nucl. Inst. Meth. 193, 601-616.
Middleton, R., Klein, J., Raisbeck, G.M., and Yiou, F. (1983) Nucl. Inst.
Meth. 218, 430-436. 3) Horton, A.D. and Thomason, P.F. (1956) Anal. Chem.
28, 1321-1328. 4) Korkisch, J. and Sorio, A. (1976) Anal. Chim. Acta 82,
311-320. 5) Hampel, W. and Schaeffer, O.A. (1979) Earth Planet. Sci. Lett.
42, 348-358. 6) Lipschutz, M.E., Signer, P., and Anders, E. (1965) J.
Geophys. Res. 70, 1473-1489. 7) Thomas, J., Parker, P., Herzog, G., and
Pal, D. (1983) Nucl. Inst. Meth. 211, 511-518. 8) Voshage, H. and
Feldmann, H. (1979) Earth Planet. Sci. Lett. 45, 293-308.
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LIGHT NOBLE GASES, 10-BE AND 26-AL PRODUCTIONS IN CHONDRITES.
Th. Graf, P. Signer, R. Wieler. ETH-Zurich, 8092 Zurich, Switzerland
Our investigations of cosmogenic nuclides in the L5 chondrite Knyahinya
reported earlier (1-3) revealed this meteorite to be well suited for a
comprehensive study of the interaction of the cosmic radiation with chondri tic matter.
Therefore, we analysed addi tiona 1 samples from the cross
section, the surface of the main mass and from individual fragments to determine the location of the cross section within the meteoroid.
The enlarged data base shows that the cross
section produced by the fragmentation of the main
mass upon its fall passes close to the center of the
meteoro id.
Furthermore, the concentration contours
are not perfectly circular but. rather, reflect
prot rus ions.
14 u
u
To account for the deviations from a spherical
shape, we developed a procedure to fit the data with
I
o
parameters in the Signer-Nier model (5) without the
z"
need to assume a spherical shape.
The distance
12
N
between the preatmospheric surface of the meteoroid
and the most heavi ly shielded part of the meteorite
is deduced to vary from 41 to 49 cm. These numbers
25
agree to within 2 cm with those deduced from cosmic ~
ray track densities (4). The newly determined para- ~
meters A. and B. di ffer by I ess than 1.5% from those dl
deduced for a spherical shape (2). Nevertheless, the 0
small change improves the agreement between measured
20
and predicted concentrations substantially.
80
With the refined parameters, the model predicts
the 22-Ne/21-Ne ratio in the center of an infinitely
large meteoroid to have a value of 1.044.
In the
center of a meteoroid with a radius of one meter
;;:
70~
this ratio is calculated to be 1.06, in good agreement with the values measured in Jilin (6).
The model deduces depth dependences for the
production of cosmogenic nucl ides as shown in the
1.08 1.10 1. 12 1.14
figure.
Plotted are the model production rates of
22Ne/21 Ne
21-Ne, 10-8e and 26-Al versus 22-Ne/21-Ne for meteoroid radii of 30, 47 and 60 cm, respectively. The
dotted lines show the production rates in the center.
Contrary to the predictions of the model, the slope of the array formed
by the Knyahinya data pOints in the "Bern Plot ll is considerably steeper than
that of the other meteorites studied for depth variations. Since the slopes
of the data from Knyahinya, Keyes, St. Severin and A78084 in the "Bern Plot ll
seem to correlate with the preatmospheric mass, we presently aim to improve
the model to better account for the secondary particle cascade. An
additional test for such improvements will be the predictions of the
3-He/21-Ne and 22-Ne/21-Ne ratios in small meteoroids.
References: 1) Wieler et aI., 1984. Meteoritics 19, 335. 2) Graf et aI.,
1985. Meteoritics 20, 653.
3) Vogt et al., 1986. this volume.
4) P.
Pellas, priv. comm.
5) Signer and Nier, 1960. J. Geophys. Res. 65, 2947.
6) Begemann et al., 1985. EPSL 72, 247.
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DEPTH PROFILES OF THE COSMOGENIC RADIONUCLIDES
lOBe AND 26Al IN THE L5 CHONDRITEKNYAHINYA
S . Vogt , R . Sar af in and U. Herpers , Abt. Nuklearchemie, Univ.
G . Bonani , M.S uter and W.Walfli , Inst.f .M ittelenergiephysik
ETH-Zurich

Kaln

- lOBe and 26 Al concentration~ were determined in samples from
a cross-section of the LS chondrite Knyahinya by accelerator-mass
spectrometry (AMS) . Th e meteorite ( R~150 g/cm 2 ) broke into two
nearly symmet ric al parts upon its fall in 1866. Documented samples
were taken from the largest ex p osed cross-section for the
analyses of light noble gases. The radionuclides lOBe , 26 Al and
53 Mn were determined in sele c ted aliquots by AMS and radio chemical-neutron-activation-analysis. Noble gas data are discussed
in more detail elsewhere (1,2,3).
Main purpose of this study is the investigation of the depth
dependent production of cosmogenic radionuclides . Due to the
exposure age of 41 .5 Ma (4), the measured activities directly
correspond to saturation activities.
lOBe concentrations in Knyahinya show a clear increase with depth.
The activities are 19.9± 1 . S dpm/kg near the postatmospheric
surface and 26.6±1.3 dpm/kg near the center, respectively . The
Knyahinya data are in good agreement with the lOBe determinations
of a core of the LL chondrite St . Severin (5) . The slopes of the
linear best-fits through these two sets of data points versus the
shielding parameter 22Ne/ 21 Ne agree within the limits of uncertainty . Average lOBe production rates of about 20.0 dpm/kg
derived from analyses of individual meteorites (5,6), are only
co vered by the activities found in the least shielded samples of
both depth profile studies .
The 26 Al activities in Knyahinya range from 64.3±3 .9 dpm/kg to
82.2±S.0 dpm/kg . Again, the least shielded samples agree with the
ave ra ge 26 Al production rate for L chondrites of S9.0±9.0 dpm/kg
(7). The correlation of the 26 Al production rates show a linear
increase of , the 26 Al production with shielding depth
(1 .08 0 ~ZNe/2 INe ~ 1.125).However, for 22Ne/ 21 Ne ratios lower than
1.0 80 the ; 26 Al activities decrease significantly. The observed
behaviour of 26 Al in Knyahinya is not well described by model
calculations of R.C . Reedy for L chondrites of preatmospheric
radii of 150 g/cm 2 (8), who finds a steeper increase for the
26 Al production in the first few centimeters and lower absolute
production rates .
53 Mn measurements in progress'are expected to confirm the 26 Al
pr od uction rates (9J
Refs .: (1)R . Wieler et al ., Workshop On Cosmogenic ,Nuclides,LPI
(1984)
(2)R . Wieler et al. ,Meteoritics 19,4 (1984)
(3)Th . Graf
et al ., Meteoritics 20,4 (1985)
(4)R.Wieler,priv.com.
(5)C . Tuniz
et al ., Geochim . Cosmochim . Acta , 48 (1984)
(6)R . Sarafin et al.,Proe
Symp.AMS'84,Nucl . lnst.&Methods
(7)J . C . Evans,Smiths.Contri.Earth
Sci . 73 (1980)
(8)R . C.Reedy,Proc . Lun . Planet . Sci . Conf . 1Sth (1984)
(9)U . Herpers and P . Englert,Proc.Lun . Planet.Sci . Conf . 14th (1983)
The work was supported by the Bundesministerium fur Forschung
und Technologie .
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COSMOGENIC RADIONUCLIDE STUDIES IN THE
CHONDRITIC BRECCIA DJERMAIA
P.Englert
Department of Chemistry, San Jose State University, San Jose, CA
To systematically study depth and size effects of cosmogenic nuclide production in meteorites it is necessary to find objects
of known preatmospheric size which survived entry into the
earth's atmosphere with only small ablation losses. Well documented samples from a core drilled through the meteorite or from
otherwise accessible parts, such as a cut surface, must be available for successful studies. A number of cosmogenic nuclide and
cosmic ray track depth profiles and mUlti-sample studies of meteorite falls have been reported, but the coverage of the full
range of preatmospheric sizes and shielding depths is not yet
complete.
The analysis of a few cosmogenic nuclides and of cosmic ray
tracks in three or more samples of a meteorite specimen should
help to determine its preatmospheric size and to outline its exposure history by comparison with the results of the systematic
studies. Cosmic ray tracks and cosmogenic noble gases integrate
over the cosmic ray exposure time of a meteorite body, whereas
cosmogenic radionuclides retain cosmic ray exposure information
in the range of their half-lines.
The meteorite Djermaia, which fell in 1961, is an H-chondritic
breccia. As it obviously experienced a multiple-stage exposure
history in an asteroidal regolith [1 J, cosmogenic noble gas data
and cosmic ray track measurements are not likely to explain the
last exposure stage and the preatmospheric size of this meteorite
without difficulties.
In this study, 53Mn (T=3.7x10 6 y) was determined in several samples of the three Djermaia fragments 2422, 2423 and 2424 of the
Musee de Histoire Naturelle, Paris. The activities cover a range
of 350-400 d pm 53Mn/kg Fe, thus indicating an exposure age of
~10x106g or less for the last exposure step. Average shielding
conditions in a meteoroid of 150±60 kg preatmospheric mass were
assumed [1 J. The slight spread of only 50 dpm 53 Mn/kg Fe between
the extreme samples analyzed indicates a maximum distance of
~10 cm between them along the axis of an ideally spherical
Djermaia meteoroid. A contribution to the 5 3Mn-activities which
may have developed during an extended period of pre irradiation
in a regolith is not obvious.
[1 J Lorin, J.C., and P. Pellas (1979) preirradiation history of
Djermaia (H) chondri tic breccia.
Icarus 40, 502-509.
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DISTRIBUTION OF COSMIC-RAY-PRODUCED 53 Mn IN A LARGE
IRON METEORITE TRENTON.
Masako Shima, National Science Museum, Veno-Park, Taito-ku, Tokyo
110, Japan.
Among
many
masses
of
iron meteorite Trenton, the largest
mass of 239 Kg was cut
into
as
Fig. 1,
in
Max-Planck-Institut
fur Chemie, Mainz in 1964.
SinZ
ce, under supervision of Profesc--~------~--~
sor
H.
Hintenberger, the distribution of
cosmic-ray-produced
A~------~-4----------~
rare
gases, non-volatile stable
-B4-----~~-+------------i
nuclides such as Cr, V,
Ti,
Ca
and
K isotopes
and long-lived
D--~--~w_-4--------~~
40K have been determined
systematically at Mainz.
Only a part
of results were reported in 1971
~ 55, Y ~ 50, Z ~ 35 (in cm)
(1) .
In that time, besides rare gas samples,
about
19
each
of
nearly
50
location
samples, some of them were duplicates, were
taken for the wet chemical separation of
non-volatile
elements.
Then
cosmic-ray-produced
15
of
stable and long-lived nuclides
were determined by surface ionization mass
spectrometer.
Fractions
containing
Mn were, however, did not process further, but
did reserve for carefully and brought back to Tokyo.
Since the work started, it is already more than 20 years.
But
no work has been performed for 3 dimensional distribution of
cosmic-ray-produced all kinds of nuclides.
It seemes to be still
valuable to process the above fractions, and
results
should
be
put
together
with
old
data to discuss histories of meteorites
through cosmic-ray irradiation processes.
Especially it is
well
known
that production of 53Mn is sensitive for energy of cosmicrays, that is, for location of present sample in,
and
size
and
shape of, original body.
The
above
Mn
fractions
were dissolved in HCl, and Mn was
separated by cation and anion exchange resins successively by the
method by Imamura et al(2).
Purified Mn fractions were irradiated
by VT-5 core 0~JRR-2 reactor by about 1x1013 n / cm 2sec for 268
hours, at Atomic Energy Research Institute at Tokai.
After
the
irradiation,
Mn
was a~ain purified by anion and cation exchange
resins.
Then produced
4Mn activities were measured by pure Germanium y ray spectrometer.
53Mn standard was provided by
Dr. M.
Imamura.
Recovery of Mn and impurity of Fe
were
determined
by
atomic absorption spectrometer.
Results will be discussed with relation of other unpublished
data of cosmic-ray-produced stable and long-lived nuclides(3).

x

x

1.
2.
3.

Shima, M., Takaoka, N., Schultz, L. and Hintenberger, H.(1971)
presented at 34th Annual Meeting of Meteoritical Society.
Imamura, M., Shima, M. Honda, M.(1980). Z. Naturf. 35a 267-269
Shima, M., Takaoka, N., Schultz, L. and Hintenberger, H.
unpublished data
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DETEID1INATION OF COSMIC RAY PRODUCED lOBe AND 26AI
IN FRONTIER MOUNTAIN CHONDRITES BY ACCELERATOR MASS SPECTROSCOPY
WITH RESPECT TO IRRADIATION HISTORY AND TERRESTRIAL AGES
U.Herpers and S.Vogt, Abt. Nuklearchemie, University of Cologne,
G.Bonani, M.Suter and W.W6Ifli, I.f. Mittelenergiephysik, ETHZurich
During the southern summer 1984/85 42 meteorites were discovered by the German Antarctic expedition team (GANOVEX IV)
close to Frontier Mountain (1). To reconstruct the irradiation
history of some of these meteorites as well as the determination
of the terrestrial ages the radioactive cosmogenic nuclides lOBe
(T1/2=1.6 Ma) and 26 AI (T1/2=0.72 Ma) were measured. For lOBe
accelerator mass spectroscopy (AMS) and for 26AI conventional y-ycoincidence counting techniques as well as AMS were used. Sample
preparation and reproducibility of analysis were discussed elsewhere (2,3,4). AMS measurements were carried out by the tandem
accelerator facility at the ETH Zurich.
26AI
Meteorite Sample Class
lOBe
[dpm/kg]
[dpm/kg]
AMS

y-y

19.8± .5
8401
.3
L6
63.8±3.8
8402
20.5± . 7
L6
· 2.1
29.2±1.2
8403
.2. 1
17.2± .6
H6
18.
7
±
51.7±3.1
48.6±3.0
8405
H3
.6
·1
18.0±
8407
H6
.6
·3
8409
H4
19.0± . 8
.3
8421
H4
17.7±
.6 41.3±2.5 43.4±2.2
·1
Within the limits of error lOBe activities measured are in agreement with the saturation values (3). This indicates that the exposure ages of these meteorites exceed a few half lifes of lOBe,
which is in good agreement with the noble gas results (1).
To calculate terrestrial ages measured 26AI activities were corrected for different shielding according to Nishiizumi et ale (5) .
Terrestrial ages of (6.9±1.3)x10 5 a and (3.4±1 .3)x10 5 a were calculated for FRO 8403 and FRO 8421 respectively. Based on a 36CI determination in the metal phase of this meteorite recently
Nishiizumi et ale (6) gave a terrestrial age of (1.1±0.9)x10 5 a
for FRO 8403. At the moment, an explanation for this disagreement
can not be given.
(1) G.Delisle et al., Meteoritics 20, No.4, 635 (1985); U.Herpers
et al., Meteorite Research (ed. P.~Millman), 387-396, IAEA,
Vienna 1968, Dordrecht 1969; (3) R.Sarafin et al., Nucl.lnstr.
Meth. in Physics Research B5, 411-414 (1984); (4) R.Sarafin, Dissertation, Universitat zu K6ln (1985); (5) K.Nishiizumi et al.,
Earth and Planetary Science Letters 50, 156-170 (1980);
(6) K.Nishiizumi et al., LPSC XVII, 621 (1986)
This work was partly supported by the Bundesministerium fur
Forschung und Technologie.
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COSMOGENIC NOBLE GASES, 1°Be , AND EXPOSURE AGES OF FIVE METEORITES FROM CHINA; O.
Eugster l , Ch. Shen l '3, J. Beer l , M. Suter 2 , W. Wolfli 2 , W. Yi 3 , and D.Wang 3 • 1 Physikalisches
Institut, University of Bern, Switzerland; 2 Institut fur Mittelenergiephysik, ETH Zurich,
Switzerland; 3 Institute of Geochemistry, Academic Sinica, Guiyang, China.
The cosmic-ray exposure histories of one discovered and four recently fallen chinese meteorites were studied with the aim of obtaining an extensive data set for cosmogenic nuclides. In
order to properly determine the cosmic-ray exposure history of a meteorite, sufficient measurements must be performed to address the questions of multistage exposure, shielding depth of the
investigated samples, diffusion loss of light noble gases etc. The determination of the production rates and saturation activities for cosmogenic nuclides are presently the subject of intensive studies in many laboratories and, therefore, the comparison of the exposure ages obtained
by different methods may allow to judge the validity of the adopted production rates.
Measurements of all stable noble gas isotopes and of the radionuclides 8lKr, lOBe, and 26Al
were performed or are in progress. The relevant data obtained so far are given in the table.
Based on the depth sensitive cosmogenic ratio 22Ne/21 Ne the 2lNe production rate was calculated
according to Nishiizumi et al. [1]. Furthermore, the following production rates were adopted (in
cm 3STP/g per my): 3He-2x10-8 ; 38Ar-0.055x10- 8 [2]; 83Kr-0.14x10-12 [3]; 126Xe-6.5x10- 15 [3]. For
the calculation of the lOBe exposure age of Zaoyang a lOBe saturation activity of 18 dpm/kg was
used [4,5].
Inspection of the data in the table shows that the exposure ages obtained by the different
methods agree reasonably well, indicating that the adopted production rates are valid. Whereas
Nan Yang Pao, Zaodong~ Lunan and Guangrao yield exposure ages in the range usually observed for
ordinary chondrites, Zaoyang was exposed for less than 1 my to cosmic rays. The lOBe activity is
far below saturation and allows to calculate an exposure age of 0.68 my, in good agreement with
the 2lNe age.
Acknowledgment~:Work supported by the Swiss National Science Foundation. We appreciate the support of this investigation by Prof. Tu Kwang-chih.
References: [1] K. Nishiizumi, S. Regnier, and K. Marti; Earth Planet. Sci. Lett. 50, 156-170
(1980). [2] M. Freundel, L. Schultz, and R.C. Reedy; Geochim. Cosmochim. Acta (1986), in press.
[3] O. Eugster, P. Eberhardt, and J. Geiss; J. Geophys. Res. 74, 3874-3896 (1969). [4] K.
Nishiizumi, D. Elmore, P.W. Kubik, and J. Arnold; in Lunar Planet. Sci. XVII, 619-620 (1986).
[5] U. Herpers, pers. comm. (1986).
Cosmogenic nuclides and cosmic-ray exposure ages of chinese meteorites (preliminary data)
Meteorite

Find/Fall

22Ne

10

21Ne

.!!E!!!

3H/ )

Cosmic-ral ex~osure age (10 l) based on
126
81
10
38
21Ne
Kr-Kr
Ar 8\r
Xe
Be

cosmo

kg

48.5
±5.0

Be

3)

6

Find
July 11 , 1917

1.128
±.006

17.5
±3.0

37
±4

Zaoyang
H5

Fall
Oct. 16, 1984

1.212
±.030

4.6
±0.9

0.81
0.57
±0.10 ±0.08

Zaodong
L4

Fall
Oct. 25, 1984

1.088
±.010

15.4
±3.0

7.2
±0.7

15.7
±1.5

11
±3

1)

1)

1)

Lunan
H6

Fall
April 4, 1980

1.099
±.005

22.0
±4.0

18.7
±2.0

26.6
±3.0

24
±5

1)

1)

1)

Guangrao
L6

Fall
June 21, 1980

1.183
±.005

1)

15.3
±1.5

18.5
±2.0

18
±4

1)

1)

1)

1)

3)

32
±6

48.6
44.5
46.2
±15.0 ±13.0 ±16.0

Nan Yang Pao
L6

0.68
±0.20

3
Analysis in progress; 2) Experimental errors do not include possible diffusion loss of He;
EXPl6imental errors include counting errors and uncertainty due to possible incompleteness
of
Be extraction.
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THE NATURAL THERMOLUMINESCENCE OF ANTARCTIC METEORITES
AND ITS RELATIONSHIP WITH Al-26 CONTENT. Fouad A. Hasan, Munir Haq
and Derek W.G. Sears. Department of Chemistry, University of
Arkansas, Fayetteville, Arkansas, 72701
Natural thermoluminescence (TL) may provide information
relevant to terrestrial age, and thereby (i) the secular variation
in the source of meteorites to earth, (ii) identifying fragments
of a single fall, and (iii) the mechanisms by which ice movements
cause the concentration of large number of meteorites in the
Antarctic (1-3). It also provides data on the pre-fall thermal and
radiation history of meteorites (4-7). The natural TL levels of
23 equilibrated chondrites from Antarctica have been measured and
compared with Al-26 activities measured by Evans et al. (8). The
results appear in Fig.l. Seventeen of the meteorites were found to
lie on a band of increasing natural TL and Al-26 activity;
meteorites with Al-26 of 45-60 dpm/kg have natural TL values
(normalized to high temperature TL) of 2-4, where as those with
Al-26 values of 30-45 dpm/kg have normalized natural TL values of
1-2, and ALHA 76008, with an AL-26 content of 11 dpm/kg has a TL
value of 0.87+/-0.01. Apparently, the "half-life" for TL decay is
comparable to that of Al-26. The 6 meteorites not lying on the TL
vs Al-26 trend have much lower TL than others of comparable Al-26,
presumably due to unusual thermal/radiation histories. Two of
them, RKPA 79001 and RKPA 80202 (which may be paired) show
evidence of severe shock (9). A factor of 5 difference in the
natural TL of the present sample of ALHA 77294 and one we have
previously measured (0.48+/-0.01, compared with 2.12+/-0.06) may
be due to differences in cosmic-ray shielding. The remaining
three, ALHA 78006, ALHA 77296 and ALHA 77297 (of which the last
may be paired, 9) have probably suffered a recent reheating such
as would be expected from orbits of unusually small perihelia.
1. Bull & Lipschutz (1982) LPI
Tech.Rept.82-03.57W. 2. Dennison et al.
(1986) Nature 319,390. 3. Scott (1984)
Mem. Nat. Inst. Polar Res., Issue
35,Tokyo,102. 4. McKeever (1982) EPSL
58,419. 5. McKeever & sears (1980)
Mod.Geol.7,137. 6. sears (1975) EPSL
26,97. 7. sears & Durrani (1980) EPSL
46,159. 8. Evans et al. (1982)
Smith.Cont.Earth Sci.24,70. 9. Score et
al. (1981) Antarctic Meteorite Newsletter
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Fig. 1. A plot of natural TL vs. Al-26
activity for 23 Antarctic meteorites.
Meteorites are identified by the last
three digits of their name.
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URANIUM-SERIES STUDY OF ICE NEAR THE BOTTOM OF THE BYRD
CORE; E . L. Fireman, Smithsonian Astrophysical Observatory, Cambridge, MA 02138
The 2200 - m Byrd core, retrieved in 1968, is the only ice core drilled to bedrock
~ Antarctica. At l100-m depth its age is 13 X 103 years based on the drop in the
0/ 160 ratio caused by the last glaciation (Epstein et al., 1970).1 Age estimates for
the bottom of the core range from 30 X 10 3 to 100 X IOTYears (Johnson et al . , 1972).2
The bottom 4 m of the core contains a considerable amount of dissolved material and
terrestrial morraine (clay and pebbles); therefore, the uranium-series procedure
used for dating Allan Hills ice, with fine volcanic shards (Fireman, 1986),3 is not
applicable. We were able to apply the uranium- series procedure to a 1. 6-kg ice
sample, 12 m above bedrock, which contained 30 mg of fine dust. The dissolved activities are given in the following
234U
230 Th
226 Ra
238U
(dpm)
(dpm)
(dpm)
(dpm)
0.16±0 . 01
0.049±0.003
0.030±0.02
0.013±0.012
226 R _ 238U)
The ratio ( 230 a 238
is (4.08 ± 0.60), which corresponds to a recoil age of
Th U
(236 R _ 238 U)
(38 ± 5) X 10 3 years, the ratio 23~a _ 238
is (8.65 ± 1. 90), which corresponds to
U
3
a recoil age of (60 ~ i~) X 10 years (Fireman, 1986).
This work is supported by NSF grant DPP 8217831.
lEpstein, S. , R. P. Sharp, and A. J. Gow, 1970. Science 168, 1570.
2Johnson, S., W. Dansgaard, H. B. Clausen, andC.C. Langway,
---1972. Nature 235,
429 .
3 Fireman, E. L. , 1986. JGR 91(B4), D539 .
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SOME COMMON MICROSTRUCTURAL FEATURES OF NICKEL-IRON METEORITES
AND CAST FERROUS ALLOYS
By P.Z.Budka, Technical Communications Unlimited, Schenectady, NY,
12307, and F.F.Milillo, Dept. of Mechanical Engineering, union
College, Schenectady, NY, 12308
certain cast irons and several nickel-iron meteorites share
common microstructural features . Most prominent are carbon
compounds such as graphite nodules and compacted/vermicular
graphite. Examples of the morphologies for the graphite phase
can be seen in nickel-iron meteorites such as Seligman and
Wichita County (1). Because currently accepted meteorite formation theory considers nickel-iron meteorites to have undergone
extensive solid state phase transformations (metamorphism), the
similarities with earth-formed cast irons have not been highlighted.
This presentation will compare the microstructural features
of earth-formed cast irons and nickel-iron meteorites. Microstructural evidence will be presented to support the contention
that the graphite co~pounds are melt-grown phases not only in
cast irons, but also in nickel-iron meteorites. More support
comes from recent advances in understanding anomalous eutectic
solidification (See "Eutectic solidification Processing: Crystalline and Glassy Alloys," by R.Elliott, 1983), which serve
to explain the formation of graphite phases in the meteorites.
As metallic castings, the nickel-iron meteorites probably
solidified as multi-kilogram masses in space under radiative
cooling conditions.
The radiative cooling process leads to a
shallow, radially symmetric thermal gradient. Formation
conditions for such small masses logically occur in microgravity (or free fall).
The significance of this new connection between earth
formed cast irons and nickel-iron meteorites are proposed as
follows:
1. The nickel-iron meteorites are cast (or igneous) materials
which solidified under microgravity conditions. Cooling time
was probably on the order of many hours to months, depending on
mass, and not over millions of years, as is cu~rently believedo
2. Most microstructural features may be primary crystallization structures formed under non-equilibrium conditions and
not the result of solid state phase transformations, as is
currently believed.
3. Meteoritic cast irons can be used to understand and to
model the solidification of cast irons themselves as well as
other alloys for processing in a space environment.
(1) Vagn F. Buchwald (1975) Handbook of Iron Meteorites, Univ.
of California Press.
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AEROMAGNETIC AND GRAVITY INTERPRETATION OF THE SOUTHERN PORTION OF THE KAAPVAAL CRATON WITH SPECIAL
REFERENCE TO THE RELATIONSHIP BETWEEN THE WITWATERSRAND BASIN AND THE VREDEFORT DOME
B CORNER AND WU REHI)LD2 ,

( ' ) DEPARTMENT OF GEOPHYSI CS , (2) BPI GEOPHYSICS/WITS-CSI R SCHON LAND
RESEARCH CENTRE OF NUCLEAR SCIENCES , UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG , SOUTH AFRICA
I

One of the world's la r gest cryptoexplosion structures, the Vredefort Dome SW of Johannesburg
is located in the exact cent re of the Witwatersrand sedimentary basin. Recently published field
(1 , 2) and experimental shock studies (3,4) on rock deformations (pseudotachylite, multipli-striated
joi nt surfaces (" sha tter cones ") and plana r fractures from Vredefort and Witwaters rand bas i n
rocks give rise to the questions as to whether Vredefort was indeed formed by a central
catastroph i c shock event or whether the evolution of the Dome and the Wi twatersrand basin ought
to be considered together.
An interp retation of the structural framework of the Wi twatersrand basin and environs has recently
been conducted by (5) using image-processed gravity and magnetic data . This interpretation has
revealed the presence of a magnetite-rich granitic layer in the crust which occurs roughly 12
km below and parallel to the base of the Witwatersrand basin . A major crustal downwarp , with
the basin occurring centrally within the warp, has caused the magnetite-rich crustal layer to
outcrop or suboutcrop beneath Palaeozoic roc ks with a magnetic anomaly trace which closely follows
the form of the perimeter of the basin at a distance of roughly 150 km . This same crustal layer
is seen forming a concentric magnetic anomaly in the centre of the Vredefort dome, support i ng
a crust- on-edge model (Fig 1 in (6)) through the dome . The major axis of the crustal downwarp
is also the long axis of the Witwatersrand basin and trends NE/SW. The aeromagnetic and gravity
interpretation has also clearly identified a major NW/SE direction of crustal upwarping , termed
the Vredefort axis , which is evidenced by large conjugate fault sets on the NW and SE ma r gins
of the basin and al so by an alignment of at l eas t 3 dome st ructures . Of these the Vredefort
dome is the la r gest and occurs exactly on the intersection of the major axis (NE) of cr ustal
downwarping with the Vredefort axis (NW) in the centre of the basin . The basin shows very clear
symmetry about the Vredefort axis. The most i mpressive deformation phenomenon in Vredefort rocks
- f ormation of excessive pseudotachylite - is also best developed along this NW-SE t r end in the
granitic basement (l). The regional and detailed interpretation of the gravity and aeromagnetic
data has , therefore, unambiguously shown tectoni c correlati on between the Vredefort Dome.
Witwatersrand basin and surrounding regions of the craton .
References:

(l )
(2 )
(3 )
(4 )
(5 )

(6 )

Reimold, W U et al . (1985) LPS XVI. 691- 692
Reimold. W U et al. (1986) LPS XVII , 701-702
Reimold. W U and Harz , F. (1986a). LPS XVII. 703-704
Reimold , WU and Harz. F. (1986b), Experimental shock metamorphism of
Witwate r srand quartzite. Geocongress 1986, Geol . Soc. S A, Johannesburg
Corner . B et al (1986), The structural f ramework of the Witwatersrand
basin as revealed by gravity and aeromagnetic data. Geocongress 1986 ,
Geol. Soc SA . Johannesburg
Nicolaysen . L 0 et al, (1981) . J G R. 86 . 10653-10661
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Y74130: A UREILITE WIlli CUMULUS AUGITE. Cyrena A. Goodrich, Lunar
and Planetary Laboratory, University of Arizona, Tucson, AZ 85721.
Y74130 is unusual among ureilites because it contains significant amounts of augite in
addition to olivine and pigeonite [1, 2], and because it has an overall poik:ilitic texture. It appears
to be unique in having crystallized from a magma with a moderately high normative Wo content.
Thin-section Y74130,63-2 is dominated by a single crystal of low-Ca pyroxene, z 6x7 mm in
size. This crystal poikilitically encloses numerous round, variously-oriented crystals (0.2-0.7
mm) of olivine and augite (in the ratio 20:1). These inclusions all have narrow, discontinuous
rims of metal, and secondary reduction rims. The low-Ca pyroxene crystal also poikilitically
encloses an irregularly-shaped area (z 3x6 mm) that has a typical ureilite texture [3] -- a
pronounced lineation defined by parallel alignment of elongate silicate crystals (typically 2xO.6
mm) with gently curved boundaries. The silicates in this area are olivine and augite (z 5%),
whereas in other ureilites they are olivine and pigeonite. Metal and carbon occur along the grain
boundaries. The olivine crystals in this area have suffered extensive secondary reduction and have
only small cores of primary composition. The augite has narrow secondary reduction rims. The
large, low-Ca pyroxene crystal has numerous reduced veins, some of which crosscut the round
inclusions, and secondary reduction rims around the inclusions.
Mineral compositions are uniform throughout the section, aside from the effects of secondary
reduction. The olivine is Fo 77.5; the ~ugite is mg 81.3, VoIo 32, with 1.8% Cr20 3 , 2.9% A12~
and 0.8% N~O; the low-Ca pyroxene IS m& 81, Wo 4, WIth 1.1 % Cr20 3, 2% AI2.03 and 0.1 %
N~O. One augite crystal in the area with "typical ureilite" texture contains a round, polycrystalline inclusion of m& 80, Wo 14, with minor element concentrations intermediate between those of
the augite and the low-Ca pyroxene.

Discussion
ALH82130 [4] is the only other ureilite with an overall poik:ilitic texture (pigeonite enclosing
aggregates of olivine with "typical ureilite" texture). The textures of Y74130 and ALH82130 are
consistent with the interpretation that they are cumulates, like most ureilites [3], but with large
amounts of trapped liquid. Poik:ilitic textures are common in cumulates. The enclosing phase (in
this case, low-Ca pyroxene) crystallizes in situ from intercumulus liquid, surrounding early
cumulus minerals (in this case, olivine and augite). Why the cumulus minerals occur in two
textures ("typical ureilite" aggregates, and smaller, round single crystals) is obscure. Terrestrial
layered intrusions may offer a clue.
In Y74130 both Fe/Mg and minor elements show near equilibrium distribution between the
olivine, augite, and low-Ca pyroxene, using distribution coefficients from [5]. The augite and
low-Ca pyroxene compositions indicate an equilibration temperature of z 1250·C, if the low-Ca
pyroxene is orthopyroxene [6]. Kd(Fe/Mn) OVpig (1.7-1.8) and Kd(Mg/Mn) Vpig (1.4-1.5) are
slightly above equilibrium values [7], consistent WIth reduction of the magma iller crystallization
of olivine and before that of pigeonite [8]. The one inclusion of intermediate pyroxene in augite
does not appear to be in equilibrium with the other minerals. Its origin is unclear.
Textural and compositional relations in Y74130 indicate the crystallization sequence: olivine,
olivine + augite, (olivine) + augite + low-Ca pyroxene. In all other ureilites, low-Ca pyroxene
appears to have preceded augite [4, 9], consistent with the crystallization sequence expected for
Wo-poor, olivine-saturated, plagioclase-undersaturated compositions in the system Ol-Di
(aug)-Opx-Plag [5]. Y74130 must have crystallized from a magma with a significantly higher
normative Wo content than that (those) from which other ureilites crystallized [5]. Though many
ureilites can be intepreted as products of a single magma [10], Y74130 indicates more complex
igneous processes on the ureilite parent body.
References: [1] Takeda H. and Yanai K. (1979) Meteoritics 14, 542-543. [2] Takeda H. et al.
(1986) LPS 17,863-864. [3] Berkley J.L. et al. (1980) GCA 40, 1579-1597. [4] Berkley J.L. et
al. (1985) Meteoritics 20,607-608. [5] Longhi J. and Pan V. (1986) 1. Petrol (submitted). [6]
Lindsley D.H. (1983) Amer. Min. 68,477-493. [7] Stolper E. (1977) GCA 41,587-611. [8]
Mittlefehldt D.W. (1986) GCA 50, 107-110. [9] Goodrich C.A. (1986) LPS 17, 273-274. [10]
Goodrich c.A. (1986) (this volume). Supported by NASA grant NAG 9-39.
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THE ALHA 82130 UREILITE: ITS LIGHT ELEMENT STABLE ISOTOPE COMPOSITION
AND RELATIONSHIP TO OTHER UREILITES Monica M. Grady and C. T. Pillinger, Department of
Earth Sciences, The Open University, Walton Hall, Milton Keynes MK7 6AA, U. K.
The ALHA 82130 ureilite (paired with ALHA 82106) is unusual in several respects, with mineral
compositions significantly different from other ureilites, and is the most reduced specimen of this
class of meteorite so far identified (1). Since carbon is known to play an important role in the history
of ureilite parent body evolution (2), and carbon isotopic signature is linked to the composition of
the major minerals present (3), analysis of carbon in ALHA 82130 was felt to be of interest.
Combustion of 0.5mg of ALHA 82130 yielded 2.63 wt% C, with SI3C of -9.8%0 PDBj almost
all the carbon occurs as graphite. The SI 3C value is close to those of ALHA 77257, Dingo Pup
Donga, Dyalpur and RKPA 80239, ureilites with the highest magnesium content of olivines (3).
This is also in keeping with the high magnesium content of olivine cores in ALHA 82130 (F094 .9 ,
ref. 4) . In addition to graphite, small amounts (42 ppm) of carbon occur which combust at
temperatures above 900°C, presumably from cohenite rather than diamond, since the former has
been petrographically identified (1), but no reports of the presence of diamond in ALHA 82130 have
so far been published. The isotopic composition of cohenite is ca - 27%0, some 17%0 lighter than the
graphite with which it is associated. Carbon in ALHA 82130 is isotopically similar to that in other
reduced ureilitesj the meteorite belongs in the second group of samples as defined in (3). If there
were a systematic relationship between carbon content and amount of reduction in ureilites, ALHA
82130 would represent the most reduced end-member. However, the carbon abundance of 2.63 wt%
in this meteorite is close to the mean value for all ureilites (3) . It appears that there is no monotonic
relationship of either C content or SI3C value with increasing Mg content of olivines, hence if carbon
were instrumental in reduction processes occuring during ureilite formation, resulting loss of carbon
as CO must be small compared to initial carbon abundances, minimising fractionation effects.
Previous determinations of nitrogen in ureilites have indicated the presence of several distinct
components, at least one of which is enriched in 14N (3). Combustion of 4.9mg of ALHA 82130
yielded 129 ppm N with SI6N = -19.3%0, a nitrogen concentration higher than any reported value
in ureilites, with the exception of the North Haig breccia. The variation of SI6N with temperature
is very similar to that in Kenna, with the isotopic composition dominated by a small amount of
isotopically light nitrogen (4 ppm with SI6N = -83.1%0) liberated at 800°C. It is likely that this
nitrogen is associated with graphite, possibly substituted in the graphite layer lattice. The major
release of nitrogen (83 ppm with SI6N = -20.4%0) is at lower temperatures, and is possibly derived
from decomposition of inorganic Antarctic weathering products. These are likely to be nitrates,
since very little carbon is associated with the release, although the isotopic composition is lighter
than that observed in other meteorites.
(1) Berkley, J. L. et al.(1985) Meteoritics 20 607-608 . (2) Berkley, J. L. and Goodrich, C. A.
(1985) LPS XVI 49-50. (3) Grady, M. M. et al.(1985) Geochim. Cosmochim. Acta 49903-915. (4)
Goodrich, C. A. and Berkley, J . L. (1985) LPS XVI 280-281.
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ISTOPIC COMPOSITION OF POTASSIUM IN Ca-Al RICH INCLUSIONS OF
ALLENDE AND LEOVILLE
A. Havette, 1,3 and J.C. Lorin. 2,3
1 Lab. Petrographie-Volcanologie, Univ. Paris-Sud, F-91405-0r§ay; 2 Lab.
Mineralogie-Cristallographie, Univ. Paris VI, F-75230-Paris; Lab. Physique
des Solides, Univ. Paris-Sud, F-91405-0rsay.
Potassium isotopic determinations carried out with classical mass spectrometric techniques (1-3) on Ca-Al rich inclusions of the Allende meteorite
have so far failed to detect 41-K excesses due to decay of 41-Ca (t 1/2 =
100,000 a), the only isotopic effect observed being small 40-K excesses produced by (n,p) reaction on 40-Ca during the meteorite exposure to cosmic rays
(2). In spite of the fact that, in this case, the analysis must perforce be
restricted to isotopes 39-K and 41-K because of an unresolved interference on
40-K due to 40-Ca, the ion probe appears to be perfectly suited for the search
of radiogenic 41-K. This type of analysis is indeed almost free from laboratory contamination and may be carried out on spot areas of mineral samples characterized, for instance, by high CalK ratios and/or presence of other key
anomalies such as 16-0 or 26-Mg excesses. The high ionization probability of K
makes it detectable at a very low level of concentration and minimizes matrix
effect affecting the measured isotope abundance ratio (4). Care should however
be taken, using this method, that interferences are correctly identified and
effectively removed in the measurement. Following a first report by the Cal tech
group of discovery with the ion probe of calcium correlated 41-K excesses in
Allende inclusions (5), our own analyses provided at that time no supporting
evidence (6). Lately, the Caltech group has confirmed the existence in Allende
of 41-K excesses (7) and then withdrawn his claim (8) ~~ the argument that 41-K
is polluted by an unresolved interference due to (Ca?) . We have reexamined . '
this point at high mass resolution using the apparatas described in (9) and,
in co~~radistinction with these authors, find no significant contribution of
(Ca?)
to 41-K whatever th~+matrix . What is actually observed on the mass
spe~tr¥~ at 41.5 is (A10Ca)
which is 8.8 mamu off where sh~¥ld be (40-Ca
43-Ca)
if it were' present. It can be verified that (A10Ca) is-indeed absent
in aluminum-free minerals, such as sphene for instance. The real problem with
potassium isotopic determination is the contribution to 41-K of the near-by
40-CaH peak, and this is likely to be the cause of the spurious correlations
between 41-K "excesses" and CalK precedingly reported in the literature. The
contribution of the hydride can be minimized, first by increasing the spectrometer mass resolution power and stability, and, second, by reducing the hydrogen and hydrogen compounds partial pressure in the residual vacuum. In the
measurements we have made on the mineral phases of two inclusions presenting
typical 26-Mg excesses, contribution of the hydride could not be completely
suppressed so that the data had to be corrected for this effect by substracting
a definite fraction (#3/10000) of the permanently recorded hydride intensity.
No 41-K excesses have been found in inclusion Ll of Leoville nor in inclusion
IAMl of Allende. Whether these inclusions have remained closed systems with
respect to; potassium is however not answered by this investigation.
1. F. Begemann and W. Stegmann (1976) Nature, 259, 549; 2. J.L. Birck et al.
(1977) Meteoritics, 12, 179, and unpublished; ~W. Stegmann and F. Begemann
(1979) Nature, 282,290; 4. J.C. Lorin et al. (1982) SIMS III, 140, Springer;
5. J.C. Huneke etal. (1981) LPS XII, 381; 6. J.C. Lorin et al. (1981) Meteoritics, 16, 351; 7. I.O. Hutcheon et al. (1984) LPS XV, 387; 8.1.0. Hutcheon
et al. (1984) Meteoritics, 11,243; G. Slodzian et al. (1984) SIMS IV, 153.

R-6

OSUMILITE COMPOSITION IN VARIOUS CHONDRITIC METEORITES
I
Y • 2) an d Yana1,
"
K • 3)
T • 1) , M"1ura,
1) Institute of Earth Science, Yamaguchi University, Yamaguchi ,
753, Japan.
2) Department of Mineralogical Sciences and Geology, Faculty of
Science, Yamaguchi University, Yamaguchi, 753, Japan .
3) National Institute of Polar Research, Itabashi, Tokyo, 173 .

K ato,

Osumilite-group mineral (i.e. Mg-Fe hexagonal silicates) is
found in various chemical groups and petrologic types of chondrites .
The osumilite-group mineral consists of six end-members;
that is Mg-K,Na,Ca and Fe-K,Na,Ca [1-3].
The present EPMA data of
46 chondri tic meteorites from E to LL groups and from 3 to 6 types
show that the Mg-Na phase is the most abundant (i.e. 70 , 67 , 64 ,
71 % in E, H, L, LL groups, respectively), and that 61 percent of
osumilite compositions in chondrites are found in type 3 as Mg-Na
phase.
On the other hand , the osumilite composition in the type 6
chondr ite has only the Fe-K phase (Fig . l).
Although each osumilite end-member abundance in the terrestrial and extraterrestrial osumilite-group minerals depends upon
the chemical environments, almost all osumilite composition in the
type 3 is Mg-rich phases , whereas that in the type 6 is relatively
Fe - and K-rich phases .
Therefore , the osumilite phase composition
is considered to be a sensitive indicator of formation in the
chondritic meteorites.
REFERENCES:
[1] Miura , Y. and Shibuya, G. (1985): Lunar and Planetary Science
XVI (Houston), p. 563-564 .
[2] Mi~ra, Y. (1985) In Abstarcts for the 11th Symposium on Antarctic Meteorites, p . 101-103. Natl Inst . Polar Res .
Tokyo.
,
[3] Miura, Y. (1986): Lunar and Planetary Science XVII (Houston)
p. 559-560 .
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CHEMICAL STUDY OF FAYETTEVILLE'S CLASTS AND
MATRIX, J. C. Laul, Battelle, Pacific Northwest Laboratories, Richland, WA. 99352
As
part
of
the Fayetteville
consortium
(leader
D. W. Sears), we analyzed two light clasts, g
(split
No.14) and h (split No.20), and dark matrix material
(split No.22) for major and trace elements by INAA and REE
by RNAA (Total 21 elements).
The clasts and matr ix were
found to be nearly identical in major and most trace element compositions.
However, their REE compositions varied
significantly.
Based on Co, Au, Ni and Ir siderophile
elements, the clasts and matr ix are character istic of H
type chondrites.
Iron shows a positive correlation with
Co, Ni, AU, and Ir s iderophiles.
The s ideroph ile element
concentrations of clast (h) are higher than the matrix .
The REE concentrations vary
by 20 to 40% among the
clasts and matrix.
Matrix REE contents are nearly condritic and show a positive Eu anomaly.
Relative to the
matrix, both clasts show a positive Eu anomaly.
This
anomaly could indicate early igneous processes in the
Fayetteville parent body.
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PETROLOGY OF THE ONLY ONE RECOVERED XVllo CEN . STONE :
V AGO .
G. R. Levi-Donati, Ist.Tec . lnd . di Stato "A.Volta",06100 , Perugia , I.
"In th i s year (1668) at 5 in the night of Tuesday coming the
Wednesday 20 June , being the sky clear, some fires appeared in
the air. r•••,J7 After an awful and terrible
noise , they threw out three stones, which
fell down in the country near VAGO, a vil
lage six miles from Verona" . The detailed
original description is due to L . Moscardo
who said "to preserve some small frags.
of the big stones in (his) museum" (1) .
In 1921 Dr. A. Brezina received from Count
Miniscalchi in Verona , I . some reputed
samples of VAGO (in our opinion the same
(L . Mo s car do , 1668 :
mentioned by (1) . We inspected the thin
a trump e ter angel
secs . made in Gottingen (1922): one of
and the VAGO stones)
them (B . M.N . H.1922 , 241) is in London,with
a frag of 6 . 75 g; the others (E3759 , 3760)
are in Wien , with a frag . of a few grs . The olivine composition
was determined by X-ray as Fa19 (Mason , 1963). Our petrological
inspection confirmed good evidence of chondri tic structure (Fg . a)
At h i gh magnif . (Fig.b) zoning, cracking and microdeformations
have been noticed , without any evidence of diaplectic glasses .
This analysis let to classify VAGO as an ordinary H5 - chondrite,
with medium degree of metamorphism .

a

b

Barred chond . with deli n eated
contours , showing evidence of
fracturing and faults.

Core of a porphyritic chond . :
olivine crystals are zoned ,
cracked and microdeformed .

We a r e , indebted~ to Dr . R . H~tchison (Brit.Mus . Nat . Hist . ) and to
Dr . G. Kurat (Naturhist . Mus .. ) for the loans of the Vago sections .
(1) Moscardo L., Histo r ia di Verona, Rossi Ed ., Verona , 1668 , p . 554 .
(2) Mason B., Geochim . Cosmochim . Acta , 1963 , 27, 1011 .

R-9

COMPONENTS OF DUST BANDS IN ICE FROM CUL DE SAC, ALLAN HILLS REGION,
ANTARCTICA. Ursula B. Marvin, Harvard-Smithsonian Center for Astrophysics,
Cambridge, Massachusetts, 02138.
Filtrates from the melt-water of ice samples Cul de Sac 1100 and 1150
have been examined optically and by electron microprobe. Using the uranium
series dating method, E.L. Fireman (1) determined the age of Cul de Sac ice
sample 1150 to be 100 ±20 x 10 3 years, and that of 1100, collected 50 meters
downstream, to be 320 ±40 x 10 3 years. The ages of the dust bands are
comparable to the terrestrial ages of large numbers of Allan Hills meteorites.
Samples were taken from two portions of Cul de Sac 1100--a dusty layer,
and a clean layer. Particle sizes in both samples ranged from less than
0.02 to 2.5 mm, but clustered around 0.6 mm. Brown basaltic glass is the
most abundant component, occurring as angular, transparent shards and as
dark, semiopaque grains filled with minute vesicles. The dusty layer
contained about 61% clear, brown shards (refractive index 1.61), 35% dark,
semiopaque glass, 2% grains of hornblende, pyroxene, biotite, and olivine,
2% quartz, feldspar, and grains altered to clay-like material. The clean
layer contained the same materials in different proportions: 32% shards,
24% dark glass, 21% clay-like aggregates, 16% quartz, feldspar and,
possibly, zeolites, 7% mafic silicates.
Examination of materials from Cul de Sac 1150 have begun with electron
microprobe analyses of two large particles 2.5 mm and 3.5 mm across. These
are irregular aggregates of glass fragments and grains of quartz, K-feldspar, and oligoclase held together by a matrix of porous glass. Particles
are also present of an altered and, as yet, unidentified mineral that may be
heulandite. Further analyses of this phase and other puzzling components
are underway.
Dust bands in Antarctic ice samples are traditionally ascribed to fallout
from eruptions, in Antarctica or as far away as the southern Andes or the
offshore island groups (e.g. 2). In some cases it has been possible to
match dated dust bands with periods of eruption accompanied by colder
temperatures (3). No correlation has been attempted, as yet, between the
deposits at Cul de Sac and specific eruptions. Certain problems present
themselves: the presence of olivine in the dust is unexpected, as most of
the volcanics of Victoria Land are tholeiitic to andesitic or syenitic,
although olivine basalts are known elsewhere in Antarctica. Quartz and
zeolites, espeCially heulandite and stilbite, are abundant at Carapace
Nunatak, a thick sequence of glassy pillow lavas lying 14 km south of the
Allan Hills. However, no connection with the Carapace eruptions can be
postulated, or with those of the abundant Ferrar dolerites of the Allan
Hills region, as the ages of these volcanics are Jurassic and Permocarboniferous respectively. Conceivably, the dust deposits in the ice are
windblown debris from outcrops of these materials. Windblown deposits of
mixed materials, derived mainly from volcanics but also from the Beacon
Sandstone of the Allan Hills region and carried far out over the ice sheet,
might well account for the particulate materials now lying at Cul de Sac.
(1) Fireman, E.L. (1986) Lunar and Planetary Sci. XVII, LPI, Houston, 226-227.
(2) Kyle, P.R., Palais, J., and Thomas, E. (1984) Antarctic Journal of the
United States XIX, No.5, 64-65.
(3) Gow, A.J., and Williamson, T. (1971) Earth Planet. Sci Lett. 11, 210-218.
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OEFORRATIOI AID SHOCK DEFORRATIOI II ROCKS FROR THE ROTER KARR CRATER. SMA/IARIBIA.
2
R. McG . RILLER 1 and W. U. REIROL0 , (1) Geological Survey of SWA/Namibia, P.O. Box 2168,
Windhoek 9000j
( 2) BPI Geophysics/liits-CSIR Schonland Research Centre of Nuclear Sciences ,
Uni v. of the Hi twatersrand, Johannesburg 2001 , South Africa .
About 2 . 5 km in diameter , the nearly circular Roter Kamm crater is located roughly 80 km due tJ
of Oranjemund in the fjamib desert.
The highest point of the crater rim is about 150 m above
the surrounding desert floor .
Fudali (3) and Dietz (4) have presented short descriptions of
the local geology , of I imi ted evidence of shock metamorphi sm in Roter Kamm rocks, and resul ts
of a gravity study of the struc t ure (3).
Interpretation of these resul ts concluded that Roter
Kamm is a bowl-shaped crater of about 800 m max . depth with ca . 300 m of dune sand covering ca.
500 m of low-density (breccias?) filling .
Sand cover is extensive .
However, the crater rim,
composed of orthogneisse s of the Namaqualand Metamorphic Complex (1200 - 900 m.y . ) is
completely exposed .
Small outcrops of gneiss and Gariep
• 'J'
marbl
es
(Panafrican)
occur
up to 2 km Sf of the crater.
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In February 1986 we performed a detailed geological study of the
rim and the marginal outcrops. Primary results are:
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However,
due to the fact that intense shock metamorphism was
observed in a very restricted number of samples and as detailed
work is still in progress (siderophile element geochemistry , Ardat ing of melt breccias) , we feel th at at this stage a conclusion
on the genetic origin of the Roter Kamm crater would be
hypothetical.
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Ref. : (1) Reimold , H. U. et al. (1986) LPS XVII , 701-702j (2)
Reimold , ~J.U. and Worz , F. (1986) LPS XVII, 703-704; (3) Fudali,
(4) Dietz , R.S . (1965)
!3 ~S ~ ~! E i~ ! R. F. (1973) '·\eteoritics~ , 245-257;
Meteoritics ~, 311-314.
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SERPENTINE-GROUP MINERALS IN CARBONACEOUS CHONDRITES
Miura, y.1), Kato, T.2), Shibuya, G.1) ,Abe T:1) and Abe K.1)
1) Department of Mineralogical Sciences and Geology, Faculty of
Science, Yamaguchi University, Yamaguchi, 753, Japan.
2) Institute of Earth Science, Yamaguchi University, Yamaguchi,
753, Japan.
The terrestrial serpentine-group minerals with minor Fe
content consist of lizardite (OC/TC=1.70-1.95), chrysotile (1.521.70) and antigorite (1.40-1.52), where the OC and TC mean octahedral (Fe+Mg) and tetrahedral (Si) cations, respectively.
Thus,
the lizardite with the chlorine is considered to be the first
serpentine phase from olivine (OC/TC=1.95 2.00) under hydrous
condition, as shown in Si-Mg-Fe diagram [1-3] (cf. Fig. 1).
The ferrous serpentine [4-5] (FeO=17wt%, Fe/Si~l) and cronstedtite (FeO=54wt%, Fe/Si)l) as 7A aqueous phyllosilicates are
observed in carbonaceous chondrites, as shown in Fig. 1.
The
difference in compositional ratios of OC/TC (1.21-1.71 in Allende;
1.22-1.38 in ALH-77307,85-1) and Fe/Si«l) is essential in the
Fe-bearing serpentine, where OC=Mt-4, TC=4, and Mt means cation
total.
The Fe-bearing serpentine is assumed to be formed in aqueous
parent body [4-5], but the occurrence in the Fe-bearing serpentine
is at random in the matrix, compared with that of the terrestrial
serpentine in the vein [1-3].
REFERENCES:
[ 1 ] Miura, Y., Rucklidge, J. and Nord, G.(1981): Contrib.
Mineral.
Petrol, 76, p. 17-23.
[ 2 ] Miura, Y. (1986): In Abstracts for the 11th Symposium of
Antarctic Meteorites, p. 21-22.
[ 3 ] Miura, Y., Kato, T., Shibuya, G. and Abe, T. (1986):
Technical Report of the Fundamental Scientific Research
of 1985.
p. 112-115.
[ 4 ] Tomeoka, K. and Buseck, P.R. (1984): Earth and Planetary
Science Letters, 69, p. 243-254.
[ 5 ] Tomeoka, K. and Buseck, P.R. (1985): Geochimica Cosmochimica
Acta, 49, p. 2149-2163.
Sl

Fig. 1. Si-Mg-Fe diagram of terrestrial
Fe-poor serpentine-group minerals
(as dotted triangle) and Fe-bearing
serpentine-group minerals from
carbonaceous chondrites [2-3].
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HOMOGENIZATION OF CHEMICAL ZONING OF BARRED OLIVINES IN ORDINARY
CHONDRITES. Masamichi Miyamoto, College of Arts and Sciences, University
of Tokyo, Komaba, Meguro-ku, Tokyo 153, Japan.
We have studied homogenization of Fe and Ca zonings of olivines by
numerically solving the diffusion equation to better understand conditions
of thermal metamorphism of ordinary chondrites (1). Barred olivines in type
3 ordinary chondrites (ALHA 77278 (LL3) and ALHA 77299 (H3» do not show
wide Mg-Fe variations. CaO contents show slight zoning within an barred
olivine (1). The average width of the barred olivines we examined is about
20 ~m. Crystallization experiments show that cooling from above the
liquidus tends to produce barred olivines (2,3). This means that inital
temperature for barred olivines is relatively high.
In order to study whether primary chemical zoning of olivines can be
preserved during initial cooling after formation of chondrules, we
calculated cooling rates needed to homogenize chemical zoning for different
0
0
size of olivine from initial temperatures 1600, 1500, and 1400 C to 1000 C
(linear cooling) (Fig. 1). Details of calculations are given in (1).
Bars
on the figure show the range of cooling rates used in crystallization
experiments that produced barred olivines (3). Olivines are not homogenized
under the conditions in the upper right domain bordered by dashed line in
Fig. 1. Olivines are homogenized in the lower left domain bordered by solid
line. The domain between the solid and dashed lines is transitional.
Numbers show initial temperatures.
According to Fig. 1, Mg-Fe zonings of almost all barred olivines are
more or less homogenized during initial cooling because the width of barred
olivines is small (~20 ~m). Some barred olivines may keep Ca zoning. These
results are consistent with the observation that barred olivines usually
show homogenized chemical zoning.
References: (1) Miyamoto M., McKay D. S., McKay G. A., and Duke M. B. (1986)
J. Geophys. Res., (in press). (2) Tsuchiyama A. and Nagahara H. (1981) Mem.
Natl. Inst. Polar Res., Spec. Issue 20, p. 175-192. (3) Hewins R. H. (1983)
Chondrules and their origins, E. A. King ed., p. 122-133.
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Fig. 1. Size of olivine vs. cooling rate from initial temperatures 1600,
0
1500, and 1400 C for homogenization of Fe (left) and Ca (right) zonings.
Bars show the range of cooling rates in crystallization experiments that
produced barred olivines.
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METEORITICS IN PERU

L. G. Morales, Museo de Historia Natural, Ap. 11434, Lima14, Peru
The
Antonio

first

records

Raimondi,

an

of

meteorites

Italian

naturalist who

resources during the last part of
Peru

in Peru were provided by Dr.

the

19th

investigated

century .

He

natural

brought to

an iron meteorite found in the Atacama desert of Chile,
Lima~.

Me-386, Atacamite, Raimondi Collection,
Later,

Dr.

G.

Rivera

(Sample

Plaza reported an octahedrite from Tambo

Quemado, Ayacucho, in the "Revista

de

Quimica"

Vol. III No.1, 1951,

University of San Marcos. ( See "Handbook of Iron Heteorites",

V.

F.

number

of

Buchwald).
The

aforementioned

researcher

"asiderites" from the region

also

examined

a

of Madre de Dios, Peru, one weighing 210

grms.
Potential sites for future reconaissance in Peru are:
1)

A number of impact (?) craters,

in

the

"kcoillor-urmana"

area,

province of Cotabambas, Apurimac.
2) A reported meteorite fall site in the district of Lampa, Ayacucho.
3) Two

meteorite

falls reported in the early 1900's in the region of

Huanuco •
To date, the author

has

not

found

any

record

of

meteorites

associated with arqueological sites.
The

Museum

of Natural History in Lima, Peru, welcomes proposals

from foreign Institutions

for

joint

including visits to the actual sites.

venture

meteoritical

research
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MINERALOGY OF PIGEONITES FROM THE ALLAN HILLS 82106 UREILITE;
H. Mori, Hiroshi Takeda, and H. Toyoda, Mineralogical Institute , Faculty
Sc i ence, University of Tokyo, Hongo, Tokyo 113, Japan.

of

Allan Hills (ALH) 82106 ureilite contains more Mg-rich pyroxenes and
olivines than Yamato 74659 , which has been the most Mg- rich among the
u r eilite group. The presence of augite inclusions previously reported (1)
a s representing exsolution has been a subject of controversy (2) .
We
r einvestigated single crystals of ALH82106 pyroxenes by single crystal X- ray
diff r action , SEM and TEM techniques . After the X- ray study , oriented thin
sect i ons were made for the TEM study. The augite inclusions show complex
wavy tangled , ropy textures and no straight planar (001) exsolution lamella
was observed in the ALH82106 pigeonite by an optical mi croscope .
The
c ompos i tion image and Ca X- ray image of SEM revealed also complex texture
simi lar to that observed in some low-Ca inverted pigeonite , but the shapes
ar e mor e irregular bleb-like ones connected by thinner wavy sheet of augite .
The X- ray diffraction spots of pyroxene are broadened, indicating
i nt e nse shock events. The hOI precession photo shows that the pigeonite is
i ntimately twinned on (100)-and weak diffuse streaks were detected along the
a * dir ec t ion similar to that of the Y74130 low Ca pyroxene . The reflections
of a u g i te observed in the thin section were not easily be detected on this
re ciprocal net because the orientation of the augite may not have a definite
geometr i cal relationship with the
pigeonite .
TEM observation showed
pige onite hosts have extensive lamellar twinning and augite blebs reveal
ver y f i ne tweed-like exsolution lamellae p r oduced by spinodal decomposition.
The presence of the primary augite grains coexisting with pigeonite
i mp lies that they ar e on the stable solvus when it was crystallized .
The
blebby texture of the augite inclusions is somewhat similar to that of the
decomposed pigeonite of the Kintokisan (3) or Binda (4) type .
These
decomposed pigeonites are proposed to be formed by the pearl i te transformation at or little below the pigeonite eutectoide reaction (PER) line (4).
Because the bulk composition of the ALH82106 pigeonite is difficult to
estimate by the braod beam microprobe analysis , we cannot definitly state
that the ALH82106 pigeoni te is on the PER line . If this pigeonite has a
bulk composition on the PER line and if the primary augite is a coexisting
pair , the decomposition must have taken place on the PER line, right after
the c r ystallization at the same temperature-composition point . This case is
likely only when the host pyroxene is originally be orthopyroxene r ather
t han p i geonite as we observe now, and the twinned pigeonite sequences were
produced by a shock event . Even in this case the texture was produced by
t he pear lite transformation or decomposition and not by the exsolution.
If we accept an shock event , which reconverted the orthopyroxene
produced by decomposition to twinned pigeonite, it is also possible to
speculate that this augite might have been produced by regrowth from a
Ca- rich partial melt produced by shock melting. In any case, the presence
o f augite a l one may not be an indicative of slow cooling or exsolution .
We thank the Antarctic Meteorite Working Group for the sample .
References :
(1) Berkley J . L., Goodrich C. A. and Keil K. (1985) Meteorit i cs , 20, 607- 608. (2) Takeda H., Tachikawa o. and Toyoda H.
(1986) Lunar
and Planetary Science XVII, p . 863- 864, Lunar and Planetary Institute,
Houston .
(3) Ishii T . and Takeda H. (1974) Mem. Geol. Soc . Japan , 11,
19- 36 .
(4) Takeda H. and Mori H. (1985) Proc. Lunar Planet . Sci . Conf . in
J . Geophys . Res . 90 , C636-C648 .
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CHONDRULES IN THE KAKANGARI CHONDRITE
C.E. Nehrul ,2, M.K. Weisbergl ,2, and M. Prinz 2 (l)Dept. of Geology, Brooklyn College
(CUNY), Brooklyn, NY 11210, (2)Dept. Mineral Sci., Amer. Museum Natural History,
New York, NY, 10024
Kakangari is a unique highly reduced type 3 carbonaceous chondri teo It is part
of a continuing study of chondrules and related objects that includes their modal,
textural, mineralogical and chemical characteristics.
In Kakangari, porphyritic and
granular olivine-rich and pyroxene-rich varieties are most common. Their grain size
is variable, from fine to medium, within and between chondrules. 01, low Ca pyx,
moderately high Ca pyx, and feldspathic glass are the major components.
Silica,
phosphate and chromite are also present, along with kamacite, taenite and troilite.
01 and pyx compositions are uniformly magnesian (F092-96; En92-96, WOl-2; En60-76,
W02l-35) and the chondrules are type I; no type II chondrules are present.
Feldspathic glass (AnO-78) is highly variable in composition [I].
Some chondrules in Kakangari are layered but they are not as visually obvious as
are those in C3(V) chondrules [2]. Three examples of unusual layered chondrules
from Kakangari are described here. One large (2.8mm across) chondrule (cl) has a
core with porphyritic texture, containing large 01 grains and minor pyx; the rim is
fine grained and pyx-rich. Core 01 is somewhat inhomogeneous (5-7% FeO) with some
reverse zoning, whereas rim 01 is more magnesian (2.5-4.5% FeO). Rim pyx is also
more magnesian than core pyx. Thus, chondrule Cl has a fine grained magnesian
pyx-rich outer layer surrounding a coarser grained less magnesian ol-rich core.
A second chondrule (C2l) exhibits several thin layers of gray to dark material in
concentric arrangement. The layers consist of kamacite and troilite set in a fine
grained matrix of silicates. The core is made up of 01 (3% FeO) and the fine matrix
of the rest of the chondrule consists of 01 (3-4% FeO), opx, and cpx. The outermost
layer is the darkest. Thus, the layering in chondrule C21 is modal and textural, with
no significant compositional variation. The origin of the layering is not obvious, but
much of it may be due to changing accretional layers of fine material with no melt
involved.
A third chondrule (C24) is the most remarkable because it contains a perfectly
circular thin layer of pure Si02 within it. The chondrule is broken in half. The core
consists of a large area of kamacite, surrounded by large crystals of opx (En93, WOl),
(with silica-rich feldspathic components present in the cleavage cracks), the silica
ring, and more pyx. The Si02 ring cuts across some of the large opx crystals, and it
is also affiliated with feldspathic material.
Mineral compositions of the pyx are
identical on both sides of the Si02 ring. The origin of the Si02 ring is puzzling and
appears to negate magmatic or metamorphic hypotheses for its origin. Free Si02 is
present as a phase in most of the pyx-rich chondrules in Kakangari. It is of interest
that pure Si02 or Si02-rich chondrules are also found in E3 chondrites [3], and thus
Si02 appears to be an essential part of reduced pyx-rich assemblages.
The examples cited are indicative of differing conditions of formation for the
Kakangari chondrules. All cores and rims of the chondrules formed in a reducing
environment, but the presence of somewhat more magnesian rims in some of the
chondrules suggests that conditions were variable during chondrule formation but did
not change drastically. The complexity found in selected chondrules illustrates that
chondrule formation processes are still not well understood, and no single process can
account for all chondrules. Now that we know more about the general patterns of
chondrules it is time to look more deeply at the unusual ones because they best
preserve the varying histories of formation.
References: [1] Nehru, C.E., M. Prinz, M.K. Weisberg, J .S. Delaney (1983). Meteoritics,
18, 361-2. [2] Prinz, M., M.K. Weisberg, C.E. Nehru, J.S. Delaney (1986). Meteortical
Soc. Meeting, this volume, [3] Prinz, M., C.E. Nehru, M.K. Weisberg, J .S. Delaney
(1986). LPS XV, 653-4.
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ORIGIN OF THE WILLAMETTE METEORITE
Richard N. Pugh
Science Dept, Cleveland High School
Portland, Oregon
John E. Allen
Geology Dept, Portland State University
Portland, Oregon

The Willamette meteorite is the largest meteorite ever found
in the United States.
It has a mass of 31,107 pounds or
15 1/2 tons.
It was found in 1902 by Ellis Hughes at the
east end of the Tualatin Valley, two miles northwest of West
Linn, Oregon.
Recent work now indicates that it did not
fall in Oregon .
About fifteen thousand years ago a lobe of the continental
ice cap blocked the Clark Fork River in northern Idaho.
It
formed 2,500 foot high ice dams that repeatedly impounded up
to 500 cubic miles of water in Ice Age Lake Missoula.
Each
time the lake reached a height sufficient to float and
undermine the ice dams they shattered releasing
unprecedented amounts of water down the Columbia River.
This occurred at least 40 times at intervals of about 55
years for more than 2,000 years.
The crest of these floods swept up the Willamette River as
far as Eugene and reached an elevation of almost 400 feet.
In them floated hundreds of ice bergs which carried
thousands of blocks of rock and debris which has been
transported from land by the ice.
As the flood receded the icebergs were stranded, melted and
released their load leaving "erratic" bolders throughout the
Willamette Valley.
It has been calculated that up to 6 tons
of meteorite has been removed by weathering during the last
13,000 years.
This would make an original weight of 21
tons.
An iceberg as small as 25 feet on a side could have
floated the Willamette meteorite from Idaho to Oregon.
While working in and around the almost filled pit from which
the meteorite was taken, it was found that rust was in
excess of 6 inches thick.
This work led to the discovery of
numerous small erratic pebbles within 3 feet of the hole.
An 18 inch diorite bolder was found 600 feet down slope from
the site.
As the flood ran up the Tualatin River Valley,
the meterorite was left on a small bench the flood had cut.
We believe the Willamette meteorite did not fall in Oregon,
but upon the ice sheet of Canada.
The meteorite was then
carried along with many other erratics by iceberg to the
site where it was found in 1902.

R-17

Geology,

ORIGIN OF. ALHA 810Jl5; ANOTHER VIEW~ A.S.PtRAO, De pt of
OsrnFn a Unlvers i ty RYoerabad - 500 vO?, Ind a.

Most of the ;neteorites collected in the past are believed
to have come from asteroids, with a few possibly derived from
comets. A strong indication of lunar origin for ALHA 81005 is
provided by the anorthosisic character~ the ratios of Mn to Fe
oxides, oxygen isotopic ratios that bear a distinctly lunar signature, the pre sence in the matrix of solar wind implanted noble
gases in concentrations and rel.ative abundances similar to those
in gas-rich lunar soils and breccias and the absence of galactic
particle tracks in mineral grains consistent with short flight
time in space.
This paper maintains that all the above evidence also
strongly indicate that Moon and ALHA 81005 had a common place of
origin (aster~idal belt) and the Moon consists of some material
similar to ALHA 81005 and that i t is not necessarly true to
derive meteorite ALHA 81005 from Moon.
C-

If only we had collected AUlA 81005 from Antaz;..tica well
before the collection of Apollo samples we would h~ve~certainly
thought that some rocks from Moon are more like Antertica meteo.
rite ALHA 81005.
i'
The common place (Asteroidal belt) of origin for Moon

~nd

ALHA 81005 is consistent ""ith the - authot~ view the.t 1100n ori-

gin?lly belonged to asteroidal family and was c?pture r by the
liarth.
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RARE GASES IN SHERGOTTY MASKEL YNITE
M.N . Rao, Physical Research Laboratory, Ahmedabad 380 009,India
The plagioclase in Shergotty achondrite seems to have been
completely converted into maskelynite by shock metamorphism
when the shock event took place about 180 m.y. ago and the
ambient atmospheric gases on the Shergotty parent body were presumably trapped in this mineral phase at that time (1).
In 108.3 mgs of Shergotty maskelynite (kindly provided to
us from Prof. Waenke's lab, Mainz) we have measured He, Ne, Ax
and Xe elemental and isotopic composition in a steg-wise heating
run and the results are reported here. In the 400 C temp. step,
the Ne ratios observed are 20/22 = 4.56 and 21/22 = 0.38 while
in the 9000 C temp . step,these ratios are 0.84 and 0.7 respectively . Most of Ne was released by this time and only very little
was released in the 13000 C and 16000 C temp. steps. The small
amount of trapped Ne found in the 4000C step is assumed to be
atmospheric, while correcting for cosmogen~c Ne. The cosmogenic
21Ne in this sample is found to be 0.7xlO- cc STP/g which yields
an exposure age of 2.4 m.y. which is consistant with the Shergotty WR ages.
In the case of xenon, the observed 129/132 ratios in the
400°C and 900 0 C temp. steps pre close to 0.98, indicating
negligible amount of excess 12~Xe. But in the 1300 0 C and
16000 C temp. steps, the 129/132 ratios af~91.26 and 1.14 respectively, definitely indicating excess
Xe in this case. The
total,l32Xe released in Shergotty maskelynite is 12x10- 12
cc STP/g and about 7~;' 132Xe was released in the high temperature fractions. The 131/132 ratio in all the temp. steps is
0.79 (+2i.) and no excess l31Xe signal due to neutron capture
effects on Ba could be detected in Shergotty maskelynite. The
Ba- content of this sample is found to be 4 ppm.
The composition of Argon in the 6000 C step is atmospheric,
as we found the 40/36 ratio to be tV 300. But the 40/36 ratios
in 900o C, 13000 C and 16000 C steps are 1800, 1400 and 900
respectively. Significant amount of cosmogenic 38Ar is released
in the 13000 C step. Here, the observed total 40Ar is about
600xlO- 8 cc STP/g while the expected amount iS1V200xlO- 8
cc STP/g assuming the K-content to be 2610 ppm (2). These high
40/36 ratios may be similar to that observed in the Mars
atmosphere .
References: (1) D.O. Bogard et ale G.C.A. 43, 1047 (1979).
(2) E. Jagoutz and H. Waenke, Lunar Planet-Sci. XVI, 13 (1985).
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A GEOCHEMICAL STUDY OF THE LAKE ST. MARTIN MELT
AND BASEMENT ROCKS W.U. Reimold 1,2,M. Tredoux 2 and RA.F. Grieve 3 ;
(1) BPI Geophysics, (2) Wits-CSIR SRCNS, Univ. of the Witwatersrand, Johannesburg
2001, South Afroca.; (3) Geophysics Div., Geol. Survey Canada, Ottawa.
The 24 km wide Lake St. Martin (LSM) crater structure (15 047'N, 98 032'W) is
located in Archean gneissic terrain near the eastern edge of the Paleozoic rocks overlying the
Superior Province of the Canadian Shield. Surface outcrop is rare, but extensive drilling
revealed various layers of melt and fragmental breccia within the crater filling and a complex
morphology with central uplift. Detailed geological and petrographical studies of drill cores
(1,2,3,4), which recognise characteristic shock effects (e.g. planar elements, diaplectic
glasses) in the breccias, have been taken as sufficient evidence to classify this structure as an
impact crater. K-Ar ages (1) place the event at 200-250 m.y. ago.
Rb-Sr whole-rock (WR) dating of the impact melt rocks (m.r.) has been shown to be of
little use, unless carried out in connection with mineral separate analysis (5), as impact m.r.
are generally homogeneous mixtures of the target rock components (6). However, when
distinct layers of m.r. are cored, as in the case of the LSM structure, there is the possibility
of heterogeneity. A Rb-Sr WR isochron of 224 ± 31 (la) m.y. (ISr = 0.7131 '+ 3) was
obtained for 5 m.r. (sample size < 109). In addition, one pyroxene (px) and two feldspar
(fsp) separates were analysed. The latter confIrms the WR age (fsp + WR isochron :
T = 227 + 30 m.y.;ISr= 0.7130 + 2), but the px data plot far off the isochron. Subsequent
petrographic work revealed intergrowths of px grains with an accessory carbonate phase,
which might be the reason for the observed disequilibrium.
An errorchron was obtained for 5 basement rock (b.r.) samples (all < 109), yielding
an "age" of 2795 ± 125 (la) m.y. (IS r = 0.700 -+ 1). This "age" is greater than the
previously reported K-Ar age of 2387 m.y.(Superior?) for a sample from the eastern rim of
the crater (1). A follow-up study, with larger samples, on these results is in progress.
Primary INAA results of REE and siderophile elements on all 10 samples are : (i) m.r.
are a factor of 10 more homogeneous than the b.r. (ii) two components contribute to the m.r.
- with monzo/syenogranitic ((7) - Fig.8.8a) and granodioritic ((7) - Fig.8.5b) compositions in a ratio of about 70: 30; (iii) Ni, Co, Cr concentrations are very low in all the rocks «29,
<16, <36 ppm, resp.), no relative increase could be detected in the m.r., and the excellent
correlation of these elements can also be explained by two-component mixing; (iv) Au
contents are relatively high (10-36 ppb), but no Ir could be detected (i.e. Ir < 1ppb) in any of
the samples. We conclude that the m.r. were formed from the mixing of two purely crustal
Archean basement components, in a process that would be consistant with the formation of
impact melt rocks. However, no traces of meteoritic contamination could be detected.
REFERENCES: (1) McCabe, H.R and Bannatyne, B.B. (1970), Geol. Surv. Manitoba,
Geol. Pap. 3170, 79p; (2) Simonds, C.H. and McGee, P.E. (1979) Proc. Lun. Planet. Sci.
Conf. 10th, 2493-2518; (3) Dence, M.R (1970) Shock metam. at the L. St. M. Structure
(pap. pres. to Ann. Meet. Geol. Assoc. of Can., Winnipeg; (4) Dence, M.R. (1972) The
nature and significance of terrestr. impact structures (pap. pres. to 24th Int. Geol. Congr.,
lUGS, Montreal, (5) Reimold, W.U. et al. (1981), Contr. Mineral. Petrol. 76, 73-76; (6)
Reimold, W.U.(1982), GCA .4.6., 1203-1225, (7) Henderson, P. (ed.)(1984) Rare Earth
Element Geochemistry, Elsevier, Amsterdam.
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NUMERICAL MODEL TO DETERMINE COOLING RATES OF IRON
METEORITES; Saikumar V and Goldstein J. I,Lehigh University,
Bethlehem Pa 18015.
Numerical models have been employed to simulate the growth
of the Widmanstatten pattern in iron meteorites since the early
60's.
Wood [1] and Goldstein and ogilvie [2] simulated the
growth of kamacite in taenite, in Fe-Ni binary alloys.
The
cooling rates of meteorites were determined by matching the Ni
profiles in taenite and the bandwidth of kamacite.
Iron
meteorites contain P (0.2-1 wt%) which can affect the diffusion
behavior of Ni in both kamacite and taenite considerably, as
observed by Heyward and Goldstein [3]. early models neglected
the effect of P which prompted Moren and Goldstein [4] to
develop a model based on the Fe-Ni-P ternary phase diagram and
ternary diffusion coefficients. the models discussed above used
extrapolated diffusion coefficients and assumed varying amounts
of undercooling before the nucleation and growth of kamacite.
Recently, Narayan and Goldstein [5] developed a model
using the NMOL technique and a ternary Fe-Ni-P phase diagram
determined by Romig and Goldstein [6]. Experimental studies [5]
also showed that undercooling was not necessary for nucleation
and growth of kamacite if the bulk P content of the meteorite
was greater than the P solubility at the ¥solvus temperature.
The cooling rates predicted by this model was approximately two
orders of magnitude higher than those predicted by earlier
models, and these new cooling rates have attracted a great deal
of attention.
In
this
study,
a
Crank-Nicholson explicit finite
difference model with variable grid spacing was developed.
The
recently measured diffusion data of Dean and Goldstein [7] in
the temperature range 800-500 ·C were used.
The binary and
ternary diffusion data [7] are expressed as a function of
temperature, Ni and P content.
This model employs the most
recent available phase diagram and diffusion coefficients [6,7]
to determine the cooling rates qf Dayton, Carlton and other
group I iron meteorites by matching the Ni profiles in taenite.
This is a more precise method than the bandwidth method [5].
This project was supported by NSF grant EAR-82-12351.
REFERENCES: [1] Wood J. A.(1964) Icarus 3, p429-459.
[2] Goldstein J. I. and Ogilvie R. E.(1965) Geochimica et
Cosmochimica
Acta 29, p893-920.
[3]
Heyward T. R. and
Goldstein J. I.(1973) Metallurgical Transactions 4A, p2335-2342.
[4] Moren A. E. and Goldstein J. I.(1979) Earth and Planetary
Science Letters 43, p182-196.
[5] Narayan C. and Goldstein J.
I. (1985) Geochimica et Cosmochimica Acta 49, p397-410. [6] Romig
A. D. and Goldstein J. I.(1980) Metallurgical Transactions 11A,
p151-1159.
[7] Dean D.
C.
and
Goldstein
J.
I.(1986)
Metallurgical Transactions, in press.
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CLASSIFICATION OF 'TWENTY-SIX OIONDRI'IES FRCM ROOSEVELT COUNTY, NEW
MEXICO; P.P. Sipiera, Meteorite Research Group, Harper College, Palatine,
IL, 60067, and Y. Kawachi, JEpartment of Geology, University of Otago, New
Zealand.
During the period 1968 to 1973, fifty-seven meteorites were recovered
from the Roosevelt County area largely through the efforts of Glenn I. Huss.
Collectively, these meteorites consist of both weathered individuals and
fragments that range in mass from 439.9g down to 0.8g. The entire collection
was later sold to the Max-Planek-Institut-fur-Chemie in Mainz where they
presently reside.
Numerically, the Roosevelt County finds probably represent the single
largest concentration of meteorites outside of Antarctica, and their study
will undoubtedly aid in the understanding of type distribution and concentration mechanisms. Similar to the Antarctic finds, the IIDSt pressing problem
is the determination of pairings between fragments. In the present study,
twenty-six chondrites have been examined petrographically and through
electron microprobe analyses of the principal silicate phases to provide
classification and to suggest possible pairings between specimens. Listed
below in Table 1 are the results of the electron microprobe analyses.
Table 1.
Classification of twenty-six chondrites from Roosevelt County, New Mexico
Name

..

RC 032
RC 033
RC 034
RC 035
RC 036
RC 037
RC 038
RC 039
RC 040
RC 041
RC 042
RC 043
RC 044
RC 045
RC 046
RC 047
RC 048
RC 049
RC 050
RC 051
RC 052
RC 053
RC 054
RC 055
RC 056
RC 057

Class
H-5
L-4
H-5
L-6
H-5
H-4/5
H-5
H-5
H-5
L-5
H-5
H-4/5
L-6
L-6
H-6
L-6
L-5
LL-4
LL-4
L-5
H-5
H-5
H-5
H-5
H-5
L-5

Olivine
Fa
PMD
19.5
24.7
19.5
24.6
18.8
18.7
18.4
19.8
19.6
25.0
19.4
19.8
24.9
24.3
19.8
24.4
25.2
27.1
25.5
24.2
19.6
18.9
18.2
18.2
18.4
24.1

0.81
3.70
1.23
0.73
0.72

1.71
0.49
1.38
1.34
1.20
1.03
2.89
1.82
1.20
1.43
0.93
2.52
2.74
5.03
1.51
0.74
0.63
1.05
0.30
0.98
0.49

Pyroxene
Fs
PMD
17.5
20.6
17.4
21.2
17.0
16.9
16.8
17.6
17.6
21.5
17.4
17.9
21.6
21.6
17.8
20.7
21.5
19.8
22.0
21.2
17.4
17.3
16.7
16.6
16.5
21.0

1.94
2.35
0.80
0.71
0.43
3.08
1.03
1.08
1.19
1.35
0.99
1. 73
2.65
2.31
2.15
1.05
2.62
8.73
8.18
2.01
0.75
0.84
1.52
1.61
0.97
1.67

.
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DIFFRACTION CHARACTERISTICS AND THERMAL HISTORIES OF
CALCIC PLAGIOCLASES IN SERRA DE MAGE ~ND OTHER RELATED EUCRITES ;
T• Tag a i , H• T a ked a and G. E. Ha r low • Min ~r a 1 • Ins t . , F a c • 0 f
Sci ., Un i v. Tokyo , Hongo , Tokyo , 113 Japan . Dept . Mineral Sc i.,
Amer . Museum of Natural History , New York , NY 10024
Calcic plagioclases of three cumulate eucrites , Serra de
Mage , Moama , and Moore County , were studied by the high resolution
X-r ay diffraction method . The calcic plagioclase shows four kinds
o f reflections , namely a- , b- , c - and d-reflections, in the
di f fract i on d i agram . The diffraction characteristics of b-reflections (h+k=odd , l=odd) are closely connected with the cooling
r ate i n the temperature range of 1200-1000 °c (Tagai et al .,
1980)1 . Those of c- and d-reflections (h+k=even , l=odd and h+k =
odd , l=even , r espectively) can be the ind i cator of the cooling
rat e i nth e tern per a t u r era n g e 0 f 400 - 1350 0 C a c cor din g tot h e
results of Ad l hart et al. (1980 a b) 2 , • The high resolution
d i ff r action can be accomplished by means of the strictly focused
monochromatic X- ray and Lau~-method (NOROMOSIC technique , Jagodz inski and Korekawa , 1976) • The chemical composit i ons of the
pl a g i oclases were determined by XMA to be An94 for Moama , An93
f o r Ser r a de Mage and An90 for Moore County . 1n the diffraction
di agram , these plagioclases show very sharp b-reflections and
s har p c - and d-reflections , which indicates slow cooling in the
a bove temperatu r e r ange . Especially , the plag i oclase of Serra de
Mag e s how s rem a r k a b 1y s h a r p c - and d - ref 1 e c t ion s • ~o mbin i n g the
res ult s of pyroxene studies (Harlow et al ., 1979) , i t may be
concluded that the Serra de Mage meteorite was constantly s l owly
cooled till room temperature . Some plagioclases of Moore Coun t y
s how ve r y weak diffuse streaks beside sharp b-reflections . The
det a ils of them are not well analyzed , but this phenomenon may be
c aused by the microstructure of the plagioclase , which gives us
the i nformations about the cool i ng history of Moore County meteo r i te .
I n connection with a project for National Institute of Polar
Research , Japan , some noncumulate eucrites have been studied
us i ng X- ray diffraction . Plagioclases of crystalline clasts in
Y75011 and Y792510 meteorites , whose chemical compositions are
An80-90 ' show sha r p b-reflections but only very weak and very
di f fuse c- and d-reflections . These facts are consistent with
t he ir lava origin .
REFE RENCES
1 T. Tagai & M. Korekawa (1981) : Phys . Chern . Min . 7, 77-81
2 W. Adlhart , F. Frey & H. Jagodzins k i (1980 a ) : Acta Cryst . A36 , 450 460
3 W. Adlhart , F. Frey & H. Jagodzinski(1980 b ):Acta Cryst . A36 , 461 470
4 H. Jagodzinski & M. Korekawa (1973) : Geochimica Cosmochimica Acta
1 , 933 - 951
5 G. E. Harlow , C. E. Nehru , M. Prinz , C. J . Taylor & K. Kei l (1979) :
Ea r th Planet . Sci . Lett . 43 , 173-181
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A NEW 10 TONS IRON BOULDER FROM DISKO, WEST GREENLAND
Finn Ulff-M~ller, Geologisk Museum, 0ster Voldgade 5-7,
DK-1350 K~benhavn K., Denmark

•

The long-known occurrences of native iron in the West Greenland Basalt
Province obtained world-wide fame due to the find of up to 25 tons iron boulders by a Swedish expedition in 1870 (1). The iron boulders were derived from
a basalt dyke and were found to consist of "white" cast iron (2), i.e. about
equal volumes of cohenite and kamacite.
This big iron find led to a long row of field and laboratory investigations
by a number of scientists. Initially the Disko-iron was believed to be meteoritic (1), but strong field evidence of its "telluric" origin was soon presented
and reduction of magmatic FeO by carbonaceous sediments was suggested (3).
Lately the field work by A. K. Pedersen and the author has greatly increased
the number of known iron occurrences.
The new iron boulder was found in August 1985 in Stordal about 70 km
north of the "old" locality on south Disko. It was lying a few metres from a 2
m wide sediment contaminated dyke from which it was probably derived. The
iron boulder has a smooth largely ellipsoid outline and measures about 0.8 x
. 1.5 x 2 m. Most of its surface is well preserved being covered by a < 1 mm
thick shiny rust-coloured weathering crust.
Only a few surface samples were collected; they reveal up to 10 cm long
finely developed densely spaced iron dendrites with variable amounts of troilite. In the outermost 2 cm of the boulder the dendritic inter growth is massive
with subordinate troilite as regular rows of ellipsoidal inclusions. Inside the
massive margin, orthogonal dendrites with a regular armspacing of 0.3 mm are
embedded in a continuous troilite matrix. In a few cases up to 5 mm big
patches of troilite occur between the dendrites, in one patch a 0.1 mm euhedral
chromite grain was observed. Each iron dendrite branch consists of a few ~
wide selvage of cohenite succeeded by 10-20 II of pure kamacite while the interior consists of a fine pearlitic intergrowth of cohenite and kamacite. These
cohenite textures formed by sub solidus eutectoid decomposition of taenite with
about 0.7% C by weight.
The dendritic texture unequivocally shows that the iron boulder solidified
from a liquid. However, the observed iron/troilite ratio would imply a geologi0
0
cally improbable liquidus temperature of 1300 -1400 C which suggests that the
surface samples are not representative for the entire boulder. The interior
may consist of low-melting material - presumably iron-troilite eutectic
0
(FeS/Fe(vo!.) - 11, TE = 975 C in the Fe-C-S system), in which case the
estimated weight of the boulder is too high .
From these preliminary data it is evident that the "new" iron boulder is
significantly different from the "old" C-rich iron boulders. In an attempt to
compare the new boulder with known iron occurrences it most closely resembles
the uppermost part of the "dendrite zone" of the Kitdllt lens (4). Additional
data will be presented at the meeting.
Nordenski6ld A.E. (1872) Geol. Mag. 9, 289-306, 355-368, 409-427,
449-463, 516-524,
(2) LOfquist H. & Benedicks C. (1941) K. svenska Vetensk.Akad. Hand!. 9,
96 pp.,
(3) Steenstrup K.J.V. (1877) Min. Mag. 1,143-149,
(4) Ulff-M~ller F. (1985) J. Petrology 26, 64-91.
(1)
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ZAOYANG AND ZHAODONG CHONDRITES
Hou Wei, Wang Daode, Lin Wenzhu and Chen Yongheng
Institute of Geochemitry, Academia Sinica, Guiyang, Guizhou
Province, The People's Republic of China
The Zaoyang chondrite fell in a field of Zaoyang County, Hubei province on October 18, 1984. It's weight is 14.15 Kg. According to the bulk
chemistry analysis, Si0 2 36.34, Ti0 2 0.15, A1 2 0 2.20, Cr 2 0 0.66, FeO
3
3
8.80, MnO 0.33, MgO 24.26, CaO 1.65, Na2 0 0.93, K20 0.11, Feo 16.70, Ni
1.91, Co 0.083, Cu 0.011, FeS 5.10, H20 0.07, P 20 0.30,Zaoyang chondrite
5
belongs to H group. The chemical compositions of silicate mineral are determined by electron microprobe analyses. The olivine and low-calcium pyroxene are relatively stable in chemical composition with Fa being 19.64
in average and Fs 15-19. Original chondrule texture is discernible although not clearly delineated. There is recrystallized matrix. Some secondary feldspar micro-crystalline aggregates are found under microscope. Based on above characters,Zaoyang chondrire is H5 chondrite.
The cosmic-ray exposure age is measured to be 3He 0.42 t O.10 m.y. ,
21Ne 0.61±0.15 m.y. , in average 0.52 m.y ••
Zhaodong chondrite is a small meteorite shower falling in Zhaodong
county, Heilongjiang province on October 25, 1984. The largest fragment
is weighted 25 Kg, others are 14.5 Kg, 1.6 Kg, 0.8 Kg. The bulk chemical
composition is shown as follow: Si0 2 40.03, Ti0 0.16, A1 0 2.24, Cr 0
2
2 3
2 3
0.66, FeO 13.23, MuO 0.35, MgO 25.24, CaO 1.66, Na 2 0 1.02, K20 0.11, Fe o
7.84, Ni 1.47, Co 0.049, Cu 0.01, FeS 6.03, H 0 0.17, P 0 0.28. Based on
2
2 5
the chemical composition, Zhaodong chondrite belongs to L group. The electron microprobe analyses indicate the chemical composition of olivine
and low-calcium pyroxene are homogeneous, Fa 25.49 in average and Fe 1423. The monoclinic low-calcium pyroxene, well-defined chondrule and igneous glass are observed. Some chondrules are surrounded with Fe-Ni and
troilite to form a opaque mineral ring. Above investigations on mineralogy and petrology suggest Zhaodong chondrite is L5 chondrite.
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MULTISAMPLE TRACE ELEMENT ABUNDANCES OF XINJIANG IRON METEORITE
Chen Yongheng and Wang Daode
Institute of Geochemistry, Academia Sinica, Guiyang, Guizhou
Province, The people~s Republic of China
We have studied trace element abundances in 26 different surface samples of Xinjiang iron meteorite(group IIIE) which is the
third largest meteorite in the world and weighs 30 t. Ten elements
(Ni, Co, Cu, Cr, Mn, Ga, Ge, Ir, Au and As) in the 26 samples were
determined by INAA and 6 noble metal elements(Au, Ru, Pd, Os, Ir
and Pt) in 8 of the samples by RNAA. Sulphur in 14 samples and P
in 26 samples were analyzed by chemical method.
The element content variations(max./min.) are shown as follows:
Ni, 1-1.14(except 3 samples whose range is 1.22-1.30); Co, 1-1.18
(one is 1.25); Cu, 1-1.25(one is 1.79); Ga, 1-1.34; Ge, 1-2.51;
Ir, 1-1.88(one is as high as 3.3, by INAA) and 1-1.91(one is 2.41,
by RNAA); Au, 1-1.23(INAA) and 1-1.12(RNAA); As, 1-1.65; Ru, 11.38(one is 1.69); Pd, 1-1.38(one is 1.66); Os, 1-1.29(one is
1.76) and Pt, 1-1.31. The concentrations of Ge and Ir vary over a
wide range probably due to experimental errors. In general, these
siderophile elements in their parent body are homogeneous. However, nonsiderophile elements shows a heterogeneous distribution.
The ratio of max. Cr content to the min. varies between 1 and
5.17. Among these samples no Cr was detected in 6 samples. Like
Cr, Mn is inhomogeneous. The ratio of max. Mn content to the min.
in one sample is as high as 19.1, but 1-2.2 for other samples.
The distribution of Sand P is quite heterogeneous. The concentration of S ranges from 24 to 207 ppm and P from 187 to 910 ppm.
The averaged chemical composition of Xinjiang iron meteorite is
given as follows: Ni 9.66±0.64%, Co 0.469±0.022%, Cu 104±12 ppm,
Cr 37.4±14.7 ppm(average of 20 samples), Mn 0.56±0.14 ppm(average
of 25 iamples), Ga 17.2±1.3 ppm, Ge 25.7±6.1 ppm, Ir 0.15±0.046
ppm(INAA) and 0.14±0.04 ppm(RNAA), Au 1.69±0.10 ppm(INAA) and 1.8
±0.08 ppm(RNAA), As 14.1±1.50 ppm, S 64±51 ppm, and P 385±198 ppm,
Ru 1.9±0.3ppm, Pd 4.0±0.63Ppm, Os 0.21±0.04ppm and Pt ~.8±Ov42ppm.
To sum up, our research suggests that the parent body of Alnjiang iron meteorite has experienced strong magmatic differentiation, and metal-sulfide was separated very fully. On the whole,
the parental material has undergone homogenization. The distribution of siderophile elements shows homogeneity because they mainly formed the alloy with the Fe-Ni matrix in the form of monosubstance. Usually, the nonsiderophile elements are present in
the form of compounds(chromite, troilite, phosphide etc.), which
solidified after metal and remained in the Fe-Ni matrix in the
form of small grains. This is a possible explanation of the heterogeneity.
Kracher,A.,et al., 1980, Geochimica et cosmochimica Acta, 44, 773787.
Wang,D.,et al., 1983, Geochemistry, 2, 34-44.
Malvin,D.J.,et al., 1984, Geochimica et cosmochimica Acta, 48,
785-804.
Wang,D.,et al., 1985, Geochemistry, 3, 210-219.
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