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PROGRAM FOR THE CALCULATION OF 7r, Y, Sr, AND Rb.

REAL INT, INTER, KONK(20,4),MOLY, NPEAK(4), NSPK(20,4) , M0O(20)
INTEGER BLANK,AUDT1,ACDT2,STD,Q

DIMENSION BLAK(3),BGlS5)sPK(4),BGUP{4)4BGFl4),FACT(4),SBG(20
%35) 9 STAND(20,2)48PK(20,4),CONC(20,4), SBGUP(2Cy4),SL(2044),BACK
%(4)3SLO(4) yABSE(4),RELER(4),SAMPL(3),PEAK(4),RSD(20) ,
¥ELE(S)y DLIM(5) yERR(5)

IREAD=8

IWRIT=5

DT=0.000007%

N=0

IRF=0

SRE=0

YEA=0

RBF=0

INTER=0

M=0

L=0

RATIU=0

SLIR=0

SLY=0

SLSR=0

SLRB=0

SECTION 1 BACKGROUND CUGRRECTION FACTQRS

REGUIREMENTS—-—A SERIES OF BLANKS OF DIFFERENT
MASS ABSORPTION COEFFICIENTS MEASURED ON ALL
BACKGRCOUND AND PEAK POSITIONS

WRITE(IWRIT,99)

99 FORMAT(L1HL26X,'THE DETERMINATION OF ZR, Y, SR AND RB BY X-RAY FLU
¥ORESCENCE ANALYSIS'y//41H 210X, 'FACTORS FOR THE DETERMINATION OF B
*ACKGROUND UNDER PEAKS',//41H 20X, *BLANK',10X,'ZR FACTOR',10X,'Y F
*ACTOR'" 910X, 'SR FACTCR', 10X, 'RB FACTOR?',//)

REAG(IREAD,1OO0) SFBGySFPK,TBG,TPK,BLANK,ADDT1,yADDT2,S5STD
100 FORMAT(4F4.0,414) ,
READS SCALE FACTORS ON 8BGy PK, TIME ON BG, PK, NO OF BLANKS, NC CF RB
ADDITIONS, NO OF SR ACDITIONS, AMD NO OF STANDARDS
109 READ(IREAG,101) (RLAK(J)yJ=1,3)y(BG(K)K=1y5)y (PK(K),K=1,4)
101 FORMAT(3A4,9F5.0)
N=N+1
READS 5 BACKGROUND POSITIONS, STARTING AT ZR, PLUS PEAKS IN THE ORDER
IR»YySRyRBy ALL 0OFF ONE CARD
Lo 102 K=1,5
BGIK)=BG(K)*SFBG/TBCG
102 BG(K)=BG(K)/(1-BG(K)*DT)
BACKGROUND POSTITIONS ARE DEAD-TIME CORRECTED
0O 103 K=1,4
PKIK)=PK(K)*SFPK/TPK
103 PK(K)=PK(K)/(L-PK(K)*DT)
PEAK POSITIONS ARE LEAO TIME CORRECTED
D 104 K=1,4
BGUP (K)=BG(K)+BG(K+1)
FACT(K)=PK(K)/B5UP(K)
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CALCULATES THE RATIO OF THE BACKGROUND IN THE PEAK POSITION TO THE
SUM OF THC BACKGROUNDS ON THE SIDES OT THE PEAK
GO TQ (105,106,107,108),K
105 ZRF=ZRF+FACT (K}
GO TOQ 104
106 YFA=YFA+FACT(K)
G0 TO 104
107 SRF=SRF+FACT(K)
GO TO 104
108 RBF=RBF+FACT(K)
104 CONTINUE
WRITE(IWRIT,111) (BLAK(J)J=1,3)(FACT(K) K=1,44)
111 FORMAT(LH 313X93A43 11X F8.6,10XsF846511X1FBabyl1XsFB8a6,4/)
IF{N-BLANK) 109,110,109
110 ZRF=ZRF/BLANK
YFA=YFA/BLANK
SRF=SRF/BLANK
RBF=RBF/RLANK
BGF(1)=ZRF
BGF(2)=YFA
BGF(3)=SRF
BGF (4)=R8BF
CALCULATES AVERAGE BACKGROUND CCRRECTION FACTORS
WRITE(IWRIT,113) ZRF,YFA,SRF,RBF
113 FORMAT(LH /96Xy YAVERAGE FACTARS ARE')11XyFB8.6,10XyF8a6911X9FBa6,
¥11X,F8.6,4,///1/)

SECTION 2 R38 INTERFERENCE CN Y

REQUIREMENTS—-——BLANKS OF APPROXIMATELY 20PER CENT
FE203/80PER CENT SI02 CONTAINING 1500-25C0PPM RB
WRITE(IWRIT,120) A
120 FORMAT{1H ,10X,'CORRECTINON FACTORS FOR RB INTERFERENCE ON Y?',//,
®1H 220X, 'RB ADDITION', 10X, 'CORRECTION FACTOR'y/)
116 REAC(IREAD,114) (BLAK(J)3J=143),(0BG(K)K=155),Y,RE
114 FORMAT(3A4,7F5.0)
READS 5 BACKGRNUND POSITIONS PLUS Y AND RB PEAK IN ORDER TO CALCULATE
THE RB/Y INTERFERENCE FACTOR
M=M+1
DO 119 K=1,5
BGIK)=BG(K)*SFBG/1BG
119 BGIK)=BG(K)/(1-bG(K)*DT)
DEAD TIME CORRECTS
Y=Y®*SFPK/TPK
Y=Y/ (1-Y*DT)
RB=RB*SFPK/TPK
RB=RB/ (1-Rb6*DT)
DEAD TIME CORRECTS
BCY=Y-((BG(2)+BG(3))*BGF({2))
BCRB=RB-( (BG{4)+BG(5)1*BGF(4))
CORRECECTS THE Y AND RB POSITIDNS FOR BACKGROUND
INT=BCY/BCRB
CALCULATES THR RATIO OF THE Y TG THE RB PCSITION
INTER=INTER+INT
WRITE(IWRIT,115) (BLAK(J)yJ=1,3),INT
115 FORMAT(LIH 419X 43A4,14X,FR.6,4/)
IF (M=ALDT11116,117,116
117 RBYF=INVTER/ADDTL
CALCULATES THE AVERAGE Y CORRECTION FACTOR
BRBYF=RBYF
WRITE(IWRIT,118)BRBYF
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118 FORMAT(LH 4//46Xs*AVERAGE FACTOR [S',23X,F8.64/777)
SECTION 3 SR INTERFERENCE ON ZR

REQGUIREMENTS~--~8BLANKS OF APPROXIMATELY 20PER CENT
FE203/80PER CENT SI02 CONTAINING 1500-2500PPM SR
WRITE(IWRIT,121)
121 FORMAT(1H ,10X,'CORRECTION FACTORS FOR SR INTERFERENCE ON ZR'4//,
*¥1H 420X,'SR ADDITION',10X,'CORRECTION FACTQOR',//)
125 READ(IREAD,122) (BLAK(J)43=1,3),(BG(K),K=1,5),2ZRsSR
122 FORMAT(3A4,7F5.0)
READS 5 BG POSITIONS ANC ZR AND SR PEAKS IN ORDER TO CALCULATE THE
SR/ZR INTERFERENCE CORRECTIONS
L=L+1
DO 123 K=1,5
BG(K)=BG(K)*SFBG/TBG
123 BG(K)=BG(K)/(1-BG(K)*DT)
DEAD TIME CORRECTS
IR=ZR*SFPK/TPK
IR=ZR/(1-ZR*DT)
SR=SR*SFPK/TPK
SR=SR/(1-SR*DT)
DEAD TIME CORRECTS
BCZR=ZR-((BG(1)+BG(2))*BGF(1))
BCSR=SR=-{(BG{(3)+BG(4))*BGF(3))
CORRECTS ZR AND SR PEAKS FOR BACKGROUND
RAT=8CZR/BCSR
CALCULATES THE RATIO OF ZR TO SR POSITION
RATIC=RATIO+RAT
WRITE(IWRIT,124) (BLAK(J),J=153),RAT
124 FORMAT(1H ,19X93A4,14X,F8.6,/)
IF{L=-ADDT2) 125,126,125

126 SRZRF=RATIO/ACDT2

ASRZR=SRZRF

CALCULATES AVERAGE ZR CCRRECTION FACTOR
WRITE(IWRIT,127)ASRZR

127 FORMATI(L1H /736X, *AVERAGE FACTOR 15%4123X,F8.64//7/)

SECTION 4 ZR,Y,ySRyRB CALIBRATION CURVES

REQUIREMENTS——--STANDARDS COUNTED IN ALL POSITIONS
ABBREVIATIONS—--ACONC=ACTUAL CONCENTRATION,MCONC=
MEASURED CONCENTRATION, ABERR=ABSOLUTE ERRQOR,
RELER=RCELATIVE ERRCR

ZAP=128000.0%DT7

WRITE(IWRIT,128)

128 FORMAT(1H ,10X,*'CALIBRATION CURVES FOR THE DETERMINATION OF IR, Y,
% SR AND RB'//s1H 428Xy *ZIRCONTIUM® 322X, *YTTRIUM®*,23X, *'STRONTIUM!,
21X "RUBIDIUM? 3/ /431H 45Xy *SAMPLE " ySXs4(YACONC* 31X, "MCONC*y1X,YABER
¥R, Xy *'RELER'y2X))

DO 139 I=1,STC
READ(IREAD,130) (STAND(I,J)sJ=192)s{SBGII, K)sK=195),(SPK(I,K),K=1,
%4) s (CONCUI oK) yK=144),M0O(1)

130 FORMAT{2A4,4313F5.04F7.0)

READS STANDARD NAME, FIVE BACKGROUND POSITIONS (STARTING AT ZR END’r‘

IR,YySR AND RB PEAKS (IN THIS ORDER) AND THE COUNTING TIME IN.TNE

MO POSITICN T.E.THE TIME TO ACCUMULATE 128000 COUNTS ON MO COMP.PEAK

DO 131 K=1,5 ’ ‘ '
SBG(I,K)=SBG(I,K)*SFBG/TBG
131 SBG(T,K)=SBG(I+K)/(1-SBG(I,K)*DT)
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DEAD TIME CORRECTS
DO 132 K=1,4
SPK(I,K)=SPK(1,K)*SFPK/TPK

132 SPKUI4K)=SPKII,K)/(1-SPK(I,K)}*DT)

DEAD TIME CORRECTS
MO(1)=MO(IL)-ZAP

DEAD TIME CORRECTS
DO 133 K=1,y4
SBGUP (T ,K)=(SBGII,K)+SBG(T,K+1))*BGF(K)

133 NSPK(I,K)=SPK(I,K)=SBGUP(I,K)

CALCULATES NETT PEAKS FOR STANDARDS
NSPK(T141)=NSPK(I41)-(NSPK(1,3)*SRZRF)
NSPK(142)=NSPK(I,2)-(NSPK(I,4)*RBYF)

CORRECTS ZR AND Y FCR INTERFERENCE
DC 134 K=1,y4
SLI{IyK)=CONC(I,K)/(MO(I):NSPK{I4K)}))

GO TO ( 135, 136, 137, 138) K

135 SLZR=SLZR+SL(I,K)
GO TG 134

136 SLY=SLY+SL(I,K)
GC TO 134

137 SLSR=SLSR+SL(I,K)
GO TC 134

138 SLRB=SLRB+SL(1,K)

134 CONTINUE

139 CONTINUE
SLZR=SLZR/STD
SLY=SLY/STD
SLSR=SLSR/STD
SLRB=SLRB/STD
SLO{1)=SLZR
SLO(2)=SLY
SLO{3)=SLSR
SLO(4)=SLRB

CALCULATES AVERAGE SLOPES OF THE FOUR WORKING CURVES
DO 142 I=1,STD
Do 140 K=194
KONK(I4K)=SLC(K)*MO(T)*XNSPK(I,K)
ABSE{K)=CONC(I,K)=KONK(I,4K)

140 RELER(K)=100.0%ABSE(K)/CONC(I,4K)

CALCULATES THE CONCENTRATIONS IN THE STANDARDS USING THE AVERAGE SLOPE

PLUS THE ABSOLUTE AND RELATIVE ERRORS
WRITE{IWRIT,141) (STAND(I,J)sJ=142)5s{CONCII oK) KONK(I,K)ABSE(K),

*#RELER(K) yK=1,4)

141 FORMAT(LH 93Xy32AR4,5X94(F5.191XsF5.1,1XyFS5e251X9F5e292X)s/)

142 CONTINUE
WRITE(IWRIT,143) SLZRySLY»SLSR,SLRB

143 FORMAT(1H ,//43Xy"AVERAGE SLOPES ARE'y2X,4(E15.6,7X))

SECTION 5 CALCULATION OF CONCENTRATIONS IN SAMPLES

ABBREVIATIONS~=-CC-PPM=CONCENTRATION IN PPM,
RSCPPM=RELATIVE STANDARD DEVIATION IN PPM,
DLIM-PPM=CETECTION LIMIT IN PPM (3 SIGMA)

153 WRITE{IWRIT,199)

l=0 .

199 FORMAT{1H1,26X,'THE DETERMINATION NF ZR, Y, SR, RB BY X-RAY FLUORE
%*SCENCE ANALYSIS'y//s1H 10X, '*CONCENTRATIONS IN SAMPLES's//9s1H ,9X,
XVGAMPLEY y 16Xy *ZIRCONIUM® 3 15X, *YTTRIUM® , 16X, *STRONTIUM'y 16X,y *RUBIDI
XUMT 3/ /9 L1H 923X,4(CO-PPM' ;11X *RSOPPM? 41Xy *DLIM=PPM*,2X),//)

152 REAU(IREALs144) (SAMPL{J) 9J=143)3(BGIK)yK=195), (PK(K),K=1,4),M0LY,
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144 FORMAT(3A4,9F5.0,F7.0,11)

READS SAMPLE MNAME, BACKGROUND POSITIONS STARTING AT THE

IR END, FCOLLOWED BY PEAKS IN THE ORDER ZR,Y,SR AND RB, AND

THE MO COMPTON PEAK
IF(5-1) 145,200,200

Q TAKES THE VALUE O FOR DATA CARDS AND 1 FOR LAST CARD

145 DO 146 K=1,5
BG(K)=BG(K)*SFBG/TBG

146 BGIK)=BG(K)/(1-B8G(K)*DT)

MOLY=MOLY-ZAP

DEAD TIME CORRECTS
DO 147 K=1,4
PK(K)=PK(K)*SFPK/TPK

147 PK{K)=PK(K)/(1-PK(K)%DT)

DEAC TIME CORRECTS
DO 148 K=1,4
BGUP (K)=(BG(K)+BGIK+1))*BGF(K)

148 NPEAK{K)=PK(K)=-BGUP(K)

BACKGROUNC CORRECTS PEAKS
NPEAK{1)=NPEAK(1)-(NPEAK{(3)*SRIRF) .
NPEAK(2)=NPEAK(2)~-(NPEAK{4)*RBYF)

CORRECTS FOR ZR AND Y .

0O 149 K=1l,4
ELE(K)=NPEAK(K)®MOLY*SLCI(K)

CALCULATES CONCENTRATION
PEAK{K)=PK(K)*TPK
BACK(K)=(BG(K)+BG(K+1))*TBG
RSD(K)=SQRT(PEAK(K)+BACK(K))/{PEAK(K)-BACK(K)})

149 ERR(K)=ELE(K)*RSD(K)

CALCULATES CCUNTING ERRQOR
BGUP(1)=BGUP(1)+(NPEAK(3)*%*SRZRF)
BGUP(2)=BGUP(2)+(NPEAK(4)*RBYF)

DO 150 K=1.4

150 DLIM(K)=SGRT(BGUP{K)/TPK)*3.,0%MOLY*SLO(K)

CALCULATES DETECTION LIMIT .
WRITE(IWRIT151) (SAMPL(J)yJ=193),(ELE(K)ERR(K)DLIMIK)  K=144)

151 FORMAT(LH ,6X33A4,4X4(F6e192X9F5.292%X9F5e294X),y/7)
1=2+1 )
IfF (2-26) 152, 153, 153

200 CALL EXIT
END
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PROGRAM FOR THE CALCULATION OF Sr.

REAL MO{20)+NPEAK(20)4K,MOLY,KONK

INTEGER SFAB,SFAP,SFAMO

DIMENSION BGL(10),SR{10),BGH(10),CBGL{10),CSR¢10),CBGH{10), BGUP(IO
%) 4BLANK(10,3),5TD(20,3),BG1(20),STR(20),BG2(20),CBG1{20),CBG2(20),
*CSTR(ZO)pCOhC(ZO)'SAMPL(B),SLOPE(ZO)

IREAD= 8

IWRIT= 5

DT= 0.000003

SuM=0

AVSL=0

TABER=0

TREL=0

READ(IREADy100) SFABySFAP,SFAMO, IBLAK,ISTD,TBG, TSR

100 FORMAT(514,2F4.0)

READS SCALE FACTOR FOR BACKGROUND, SR PEAK AND MO COMPTON PEAK, THE

NUMBER CF STANDARDS, AND THE COUNTING TIME ON BACKGROUND AND SR PEAK
WRITE(IWRIT,110)

110 FORMAT(LH1,32X, 'CETERMINATION OF STRONTIUM BY X-RAY FLUORESCENCE
*ANALYSIS'y///41H 510X, 'BACKGROUND CORRECTION FACTORS AS DETERMINED
*FROM BLANKS ARE AS FOLLOWS®s//4y1H 420X *BLANK? ;10X *FACTOR® /)

READ(IREAD,»101) ((BLANK(IyJ)sJ=1,43),BGL(T),SR(I)4BGH(I),1=1,IBLAK)

101 FORMAT(3A4,3F6.0)

READS BACKGROUND AND SR PEAK COUNTS ON BLANK SAMPLES

Q=SFAB/TBG
R=SFAP/TSR
DO 103 I=1,IBLAK
BGL(I1)=BGL(1)*Q
CBGL(T)=BGL(T)/(1-BGL(I)*DT)
SRIT)=SR(I)*R
CSR(I)=SR{I1)/(1-SR(I)*DT)
BGH{T1)=BGF(1)*Q
CBGH(I1)=BGH(I)/(1-BGH(I)*DT)
COUNTS ON BLANKS ARE DEAD-TIME CORRECTED
BGUP(1)=CSR(I)/(CBGH(I)+CBGL(I))
SUM=SUM+BGUP (1)
WRITE(IWRIT,104) (BLANK(I4J)sJd=143),BGUP(I)
104 FORMAT(LH 516Xy3A4, 12X F8eby/)
103 CONTINUE
AVBG=SUM/ IBLAK
FACT=AVBG
WRITE(IWRIT,105) AVBG
105 FORMAT(1H ,30X,"AVERAGE BACKGROUND FACTOR IS',3X,F8.6)
CALCULATES AND WRITES AVERAGE BACKGRNOUND FACTOR
READ(IREADy106) ((STD(T1,J),9=1,3),BGL{I)sSTRII),BG2(1),MO(1),
*CONC(I1),1=1,1STD)
106 FORMAT(3A4,5F6.0)
READS BG, STROMTIUM AND MO COMPTON PEAK COUNTS AND CONCS FOR STANDARDS
2AP=DT*SFAMO%1000.0
DO 107 I=1,ISTD
BGLII)=BG1(1)%¢
CBGL(I)=BGL(I)/(1=-BGL(I)%CT)
BG2(1)=BG2(1)*Q
CBG2(1)=BG2(1)/(1-BG2(1)*CT)
STR(T1)=STR(I)*R
CSTR(I)=STR(I)/(1~STR(I)*CT)
DEAD TIME CORRECTS STANDARD COUNTS FOR BACKGROUND AND PEAK
NPEAK(I)=CSTR(I)-((CBGL{{)+CBC2(1))*FACT)
NETT PEAK FOR STANDARDS CALCULATED
MO(I)=MO(1)-7AP
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DEAD-TIME CORRECTS MO COMPTON PEAK
SLOPE(I)=CONC(I)/(NPEAK(I)*MQ(1))
AVSL=AVSL+SLOPE(])

CALCULATES SLCP& OF CALIBRATION CURVE

107 CONTINUE
WRITE(IWRIT,108)

108 FORMAT(1H /// 410X, *STRONTIUM WORKING CURVE',//,1H ,20X,*STANDARD?
%,5X, " ACTUAL CONCENTRATION? 45X *CALCULATED CONCENTRATION',5X,'ABSOL
#UTE ERROR',5X,*RELATIVE ERRQOR?,/)

K=AVSL/1STD

Z=K

CALCULATES AVERAGE SLOPE FOR ALL STANDARDS
DO 112 I=1,ISTD
X=K*NPEAK(I)*MO(])

ABER=CONCI(TI)-X
RELER=ABER*100.0/CONC(T)
TABER=TABER+ABS(ABER)
TREL=TREL+ABS(RELER)

C CALCULATES CONCENYRATIONS IN STANLDARDS FROM THE AVERAGE SLOPE OF THE

c

C

c

C

C WORKING CURVE, AND EXPRESSES DEVIATIONS IN THE FORM OF ABSOLUTE AND

RELATIVE ERRORS
WRITE(IWRIT,109) (STD(I,J)3J=193),CONC(I)sX,ABER,RELER
109 FORMATI(1H 418Xy3A4,411X4F6.1420XsF6.1518X,F6.2y 16XsFTe24/)
112 CONTINUE
AVERA=TABER/ISTUL
AVREL=TREL/ISTD -
WRITE(IWRIT,111) AVERA,AVREL,Z

111 FORMAT(1K 4/,' AVERAGE ERRORS ARE',72XsF6.2916X4FT7.29/41H ,*SLOPE
#0F CALIBTATION CURVE IS'33X,F8.6)

150 M=0

WRITE(IWRIT,130) _

130 FORMATI(1H1,32X,'DETERMINATION OF STRONTIUM BY X-RAY FLUCRESCENCE A
#NALYSIS y////¢+1H 410X, ' SAMPLE?, 10X, 'CONCENTRATION' 310Xy "ReSeDa(PPM
)Y 10X "DETLLIMITI(PPM) Y,/ /)

140 REAU(IREAC113) (SAMPLIJ)9sJ=143)4BCKLySTRN,BCK2yMOLY,L

113 FORMAT(3A4,4F6.0,11)

IF(L-1) 131,141,131
TEST FOR LAST CARC,WHICH BEARS UNLY A 1 IN COLUMN 37
131 BCK1=BCKLl*g
CBCK1=BCK1/ (1-BCK1*DT)
BCK2=BCK2*Q
CBCK2=BCK2/ (1-BCK2*LCT)
STRN=STRN*R
CSTRN=STRAN/ (1-STRN*DT)
MOLY=MOLY-Z2AP
COUNTS FOR SAMPLES ARE DEAD-TIME CORRECTED
BACK=(CBCK2+CBCK1)*FACT
PEAK=CSTRN-BACK
KONK=K*PEAK*MOLY
CALCULATES CONCENTRATINON IN SAMPLE
DLIM=SQRT(BACK/TSR)*3,0%MOLY*K
TSRN=CSTRN*TSR
TBGN={CBCK1+CBCK2)*TBG
GAF=TSRN+TBGN
RSD=SQRT(GAF)/(TSRN-TBGN)
FRROR=KONK#*RSD
CALCULATES COUNTING STATISTICS
WRITE(IWRIT120) (SAMPL(J),J=143),KONK,ERROR,DLIM
120 FORMATI(1H +7X43A4410XsF6.2315X9F643,20%X,F6.2y/)
M=M+1
IF(M-24) 140,150,140
141 CALL EXIT
END
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PROGRAM FOR THE CALCULATION OF Cr OR K,

REAL NPEAK(20),MU(20)4MASP(5),KON(5) s NORM,NUM,KONK NPK,
*MASS(5) yMAS,MUP(20) 4 MUS(20)

INTEGER Z, P

DIMENSION BG(S).PK(B)pSTD(20v3)'STAND(5,3) CONC(2C),PEAK(20),BACK(
%20),PCS(5)ySAMPL(5,3)

TWRIT=5

IREAD=8

P=0

L=1

BASE=2000.0
N=0
DT=0.0000029
SDEN=0.0
SNUM = 0.0
RELTV = 0.0
ABSCL = 0.0
POS(1)=1.0 .
POS(2)=0.9914
POS(3)=0.,9828
P0S({4)=0.9981
POS(5)=1.0
PCSITIONS 1 AND 5 BOTH REFER TO POSITION 1
REAUIIREALC,100) SFBGy SFPK, TBG, TPK
100 FORMAT(4F4.0)
READS SCALE FACTOR ON BACKGROUND AND PEAK,PLUS TIME ON BACKGROUND
AND PEAK,,PLUS THE NUMBER 0OF STANDARDS
WRITE(IWRIT,200) :
200 FORMAT(1H1,25X,'DETERMINATION OF CHROMIUM/POTASSIUM BY X-RAY FLUOR
*ESENCE SPECTROMETRY',////7)
WRITE(IWRIT,201)
201 FORMAT(1H ,10X,"CALIBRATION CURVE"'+//420X,*STANDARD*,5X,*ACT.CONC?
yS5Xy "MEASLCONC' y5Xy "ABS.ERRORY 35Xy 'RELLERR )
105 READ(IREAD,101) J
101 FORMATI{IL)
IF (J-1) 106,106,107
J INDICATES THE NUMBER OF READINGS IN EACH SET - le.E«. TWO
REFERENCES PLUS THE INTERVENING SAMPLES. THE LAST STANDARD
CARD IS INDICATED BY O FQOR J
107 DO 103 I=1,J .
REAC(IREAL,102) (STAND{(1+Z)eZ=1+3)BG(I),PK(I),MASP(T),MASS(1),
*KON(I)
102 FORMAT{3A4,5F6.0)
BG({I)=BG(I)*SFBG/TBG
BG(I)=BG(I)*POQSI(1)
BG(I)=BG(I[)/(1-BG(I)*DT)
PK{I)=PK(I)*SFPK/TPK
PK{I)=PK(I)*POSI(I)
PKUI)=PK(I)}/(1-PK(T1)*DT)
103 CONTINUE
AV=(PK(1)+PK(J))/2.0
NORM=BASE/AV
K=Jd-1
DO 104 1=2,K
DC 112 Z=1,3
112 STD(L,2)=STAND(I,2)
MUP (L) =MASP(])
MUS(L)=MASSI(I)
CONC(L)=KCNI(T)
PEAK(L)Y=PK(I)*NGRWM
BACK{L)=BG(I)%NQORM
MU(L)=MUP(L)+MUSI(L)*1.567
104 L=L+1



106

401

108
109

110
204
203
298
111
299

400

210

212
211

300

~AQ=

GO TO 105

L=L-1

M=L

0O 401 L=1+M

NPEAK (L )=PEAK(L)-BACKIL)
X=NPEAK(L)*MUI(L)

y=CONC (L)

NUM=X#Y

DEN=X#%X

SDEN=SDEN+DEN

SNUM=SNUM+NUM

CONTINUE

SLOPE=SNUM/SDEN

DO 109 L=1,M

KONK=SLOPE*MU(L)*NPEAK(L)

ABSV=CONC (L )-KONK

RELER=ABSV%100.0/CONC(L)

ABSOL=ABSOL+ABS(ABSV)

RELTV=RELTV+ABS(RELER)

WRITE({IWRIT4#108) (STD{LyZ)9Z=143),CONCIL),KONK,ABSV,RELER
FORMAT(L1H 212X33A498X ) FTel96XgFTalyTXyFT14296XyF7.247)
CONTINUE

GRAD=SLOPE

ABSCL=ABSCGL/M

RELTV=RELTV/M

WRITE(IWRIT,110) ABSOL,RELTV,GRAD

FORMAT(1H +12X,"AVERAGE ERRORS" 333X, FT7.2,6XyFTa2¢/791H ,20X,*SLOPE
% OF CALIBRATIGCN CURVE'3X4E16.74//7/)
WRITE(IWRIT,200)

WRITE(IWRIT,203)

FORMAT({1H ,10X,'SAMPLE" ,5X, *CONCENTRATION®,5X, *ERROR(PPM)*,5X, 'DET
¥,LIM(PPM))

READ(IREAD,111) J

FORMAT(I1)

P=pP+]

IF (J=-1) 300,299,299

D0 210 I=1,J

REAC(IREAL 400) (SAMPL(I4M)yM=1,43),BG{I),PK{I)MASP(I),MASS(I)
FORMAT(3A4,4F6.0)

BG(I)=BG(1)*SFBG/TBG

BG(I)=BG(I)*PQS(I)

BG(I)=BGI{I)/(1-BG(I)*DT)

PK(I)=PK({I)}Y®SFPK/TPK

PK{I)=PK(I)*PCS(I)

PK(I)=PK(I)/{1-PK(I)*DT)

CONTINUE .

AV=(PK(1)+PK{J)}/2.0

NORM=BASE/AV

K=J-1

DC 211 [=2,K

BG(1)=BG(I)*NORM

PK{T)=PK{I)*¥NGRM

MAS=MASP{I)Y+MASS(I)*1.567

NPK=PK(1)=-B5G(1)

KONK=NPK*MAS*SLOPE
DLIM=SQRT(BG(I)/TBG)*3.0%MAS*SLOPE

ERR= KONK®(SQRT(PK(I)/TPK+BG(I)}/TBG))/(PK(I)-BG(I))
WRITE(IWRIT,212) (SAMPL(I4M)yM=193),KONK,ERR,DLIM
FORMAT(IH 37X 93A4,5X 9 FTel910X9FTab493X4FT.4,/7)
CONTINUE

IF (P-26) 298, 204, 204

CALL EXIT

END



Appendix IT

1. Data used in the construction of Figure 4. -
2. Sources,; sizes and condition of camples
enalysed in this work.
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Data used in the construction of Figure 4.
Meteorite %K { fusion) ppmK(pressed
briguette)

Serra de Mage 0,004 -
Stannern 0.050 549
Berebs 0.027 294
Juvinas 0,034 340
Pagamonte 0.030 356
Sioux County 0.027 295
Haraiya 0.025 270
Cachari 0.037 411
Macibini 0.038 399
Malvern 0.034 379
Chavesg 0.015 176
Binda 0.006 85
Zmenj 0,014 -
Frankfort (T) 0.007 108
Frankfort (F) 0,011 128
Cumberlsnd Falls 0,017 224
Norton County 0.004 101
Shallowater 0.039 488
Johnstown 0.001 20
Ellemeet 0.001 27
Tatahouine < 0.001 42
Shalka £.0,001 13
Chassigny 0,022 268
Vigarano 0.029 319
Mokoia 0.028 306
Allende 0,029 300
Leoville 0.009 100
Coolidge 0.010 129
Lancé 0,036 397
Warrenton 0.035 390
Felix 0.034 371



Meteorite
Allende
Bereba

Binda

Cachari
Chassigny
Chavesg
Coolidge

Cumberland ¥Fslls
(achondrite)

Cumberland Falls
(chondrite)
Ellemeed

Pelix

Frankfort(F)
Frankfort(T)
Haraiya
Johnstown

Juvinas
Lancé

Leoville
Macibini
Malvern

Vokois

Norton County
Pasamonte
Serra de Mage
Shaelka

Sioux County

Shallowater

-All-

Weighl available

Source

Condition:

for analysis

29g
e dg
11.4g

4.9¢g
2.1¢g
4.1
11.4¢g
5e28

0.6g

20, 38

(original 9.2g

sample)
Do 38
.48
6.7

(original 21.8g

sample)
10.8g

(original 4.6g

sample)
8.5¢
12.2g

(original 4g

sample)

(original 10.2g

sample)

(original 10.1g

sample)

(original 10.7g

sample)

(original 10g

sample)

(original 9.1g

sample)

(original 10.7g

sample)
6.8g

ST
MIYDN
AM

MINDN
MNDN
HO
ST
ST

ST
RU
UcT

HU
YU
ASU
uct

MNDN
JCcT

ST
SAGS
ucT

ucT
UCT
NASA
ucT
UCT

ABU

recelved 1n.

gsingle stone
single fragment

small fragments
and powder

small fragments
gingle fragment
small fragments
slice

gingle fragment

single fragment
fragment and
vowder

powder

small fragments
slice

single fragment
powder

fragments
powder

slice
single fragment
powder

powdexr
powdexr
powder
powder
powder
powder

slice



Meteorite Welght available Source Condition
Tor analysis received in
Stannern 10.3g NI single fragment.
Tatahouine 10.0g MNDN single fragment,
Vigarano (original 16.3g UCT powdex
sample)
Warrenton 6.2¢g HU small fragments
Zmenj 0.9¢ H.B.Wiik small fragmenta
Abbreviations:

AM Australian Museum, Sydney.

ASU Arizona State University, Tempe.

HU Harvard University.

MIDN Museum National D'Histoire Naturelle, Paris.

NASA National Aeronautics and Space Administration

NN Naturhistorisches Museum,; Vienna.

RU Rijksuniversiteit te Utrecht, Utrecht.

SAGS ©South African Geological Survey, Pretoria.

SI smithsonian Institution, Washington.

UCT University of Cape Town collection.

YU Yale University.
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The relationship between Ca and Ti in diogenites, howardites
and eucrites. Chondrites are included for comparison.



ABSTRACT

Ten eucrites, four howardites; three enstatite
achondrites, eight HL chondrites, the one known
chassignite and a chondrite inclusion from the
Cumberland Falls achondrite have been analysed for
major, minor and some trace elements (viz. Fe, Mn,

Ca, Cr; P, Si, Al, Mg, Na, K, Sr, Zr, Y, Ba and Ni)
using X~-ray fluoresence analysis., A fusion technique
was used to determine the more abundant elements,
while trace congltituents were determined on powdered
samples., The data obtained have been 5ritically
exemined from the point of view of both precision

and accuracy, and found to be of a high ‘standard

for most elements. Inter-element relationships
amongst the diogenites, howardites and eucrites
suggest that two distinct processes were involved in
the genesis of these meteorites. Theories for the
origin of these meteorities have been examined in the
light of these inter-element. relationships. It is
concluded that mixing of diogenitic and eucritic
material wwas responsible for the formation of
howardites, while diogenites and eucnités appear o
have been formed by processes of igneoué differentiation
from a single parent magma. The unique achondrite
Chagsigny may also be a product of this process. Some
speculations concerning the composition of the parent
material from which these meteorite ‘types crystallized
are presented.

The enstatite achondrites are apparently unrelated to
the previously mentioned meteorite types. They do,
however, show close affinities with the enstatite
chondrites . .. It would appear that the two types
are not related by igneous differentiation, but were
probaebly formed by the same processes, The chondrite
fragment removed from the Cumberland Falls achondrite
has a composition which suggests that it is a member
of the genetic sequence represented by enstatite ¢
chondrites and achondrites.
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The Vigarano and Ornans sub~types of the HL chondrites
were observed to exhibit slight but distinct differences
in bulk composition; in the form of higher Ca and Al
abundances in the Vigarano sub-type. Superimposed

on these differences are more dramatic chemical
differences which appear to be associated with the
recrystallization which some of these meteorites have
undergone. These differences include loss of alkali
metals, Ca and Al.
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INTRODUCTION

At the present time, meteoriticists are employing a
great variety of techniques ranging from experimental
to petrographic and microprobe studies to study
meteorites. In spite of the use of these highly
sophisticated methods, +the age-0ld bulk chemical
eanalysis nevertheless still plays a vital role in
improving our understanding of the origin of meteorites,
Naturally, such anzlyses must he as true a reflection
of the actual meteorite composition as possible,
Although thig would appear to be axiomatic, it is only
in recent years, with the improvement of ansalytical
techniques, that such a2 situation is being achieved,
This has been demonstrated rather dramatically in the
case of the Ca/Al ratio in chondrites by Ahrens ot al
(1968). In view of the difficulties associated with
the determination of Al by classical 'wet' technigues,
this is perhaps an extreme example, but: it nevertheless
illustrates thepoint. The implication of the work of
Ahrens and his co-workers was that many chondrite,
and presumably, achondrite analysés are not as good
as might be desired. This is particularly true for
older analyses, It wags obvious that there was a
pressing need for new major element analyses of a
representative range of achondrites using an analytical
technigue which could produce results of a reasonably
high standarde. This project was aimed at providing
this data. Where possible;relatively large samples
were sought, eo as to ensure representative sampling
of the meteorites concerned.

_ above
In addition to the/gencral goal, a more specific
aim for this project existed as well., It was
apparent from the work of Ahrens et al (1969),
Ahrens and von Michaelis (1969a) and of Ahrens
(1970.c¢) that the so-called 'refractory group' of
elemants (Ahrens 1970a) showed a continuous enrichment
from chondrites, through howardites; culminating in:
eucrites. These elements, typified by Ca and Al
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were thought to provide a link bhetween the chondrites
on the one hand and the howardites and eucrites on
the other (Ahrens and von Michaelis I969b). This
spect needed further investigation,particularly with
a view to cstablishing the prescnce of any fine
structure in the Ca/Al relationship, as it was clearly
of some genetic significance, In addition to Ca and Al,
however, date for other minor and trace refractory
elements on the same powters as those on which the
majors were determined were required. The X-ray
flvorescence technique used in this laboratory was
ideally suited to this purpose.

In addition to studying the enrichment of refractory
elements in howardites; investigation of the HL
chondrites was undertaken as well, as the few
representatives of this group examined by Ahrens and
von Michaclis (19692) showed greater variations in
Ca and Al than other chondrite types, and thus were
of particular interest as far as the Ca/Al ratio was

conerncd.,

Finglly, Ahrens (1970b) had pointed out: that the
eucrites Stannern and Neuvo Laredo showed slight:
enyichments of reflmctory elements relative tio other
cuerites, A more detailed study of such enrichmentg
trends in eucrites was thus of some interest.

In their investigation of oxygen isotopic relationships
in stony metsorites, Taylor et al (I965) had shown

that thc hypersthene achondrites or diogenites wexre
apparently related to howardites and eucrites, As

few rccent bulk analyses of members of this group

of meteorites had been carried out;, some representatives

were included in this study.

Enstatite achondrites or aubrites were included as a
separate investigation. Earlier theories for achondrite
genesis (see, for example, Ringwood 1951 and Mason 1962)
had linked these meteorites and diogenites with chondritzsg



by a process of igneous differentiation, It was hoped
that & more detailed survey of thelr chemistry would
throw some light on thege processes,



SAMPLE PREPARATION PROGEDURE

Introduction.

Classical methods of silicate analysis, even today,
scem to be much of an art. Careful scrutiny of
comparable data -e.g. lunar samples, indicates the

h d ; ;
g%ﬁe %g%kggs compared to that: of

superior quality of/
others., Instrumental methods of silicate analysis are

in many respects superior to wet chemical techniques,
particularly as they are in no way operator prone. (with
certain reservations).An important: aspect of instrumental.
analysis is the sample preparation. In addition; the
sizc of the sample used is of some significance, -
Carzful consideration was given to both thesec aspects{

Semple Size.

In a study of the bulk chemistry of metecorites; one of
the most important and most fundamental considerations
is that of representative sampling., It is quite clear
that 1f one hopes to deduce processes operative

during the formation of meteorites from veriations in
chemistry, whether major or trace,these variations
should be solely duc to cosmic processes and notlt
related to poor sampling of the particular meteorite
concerned, i.e, the utmost should bz done to reduce

to a minimum the number of variables detcrmining
variation in elemental abundance, This 1s particularly
true wherc an element occurs in a single phase which
is erratically distributed. e.g. Cu (metal) (Moss

ct. 2l I967), Cr (in chromite), or Ni(in Kamacite) in
some achondrites. Nor is this problem overcome by the
use of inter-element ratios. A classical example of
this is the Ca/Al ratio in chondrites, howardites

and eucrites, which has been shown to vary between
very narrow limits (Ahrens and von Michaelis 1969)

In howardites and eucritecs in particular, it is clear
that this ratio is not determined by any one mineral,‘
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but rather is controlled by carcfully balanced propor=
tions of the Ca bearing phases plagioclase and pyroxene,
Variation in the relative proportions of these two
minerels is likely to cawse varistion in the Ca/Al ratio.,

There is a disturbing trend amongst meteorite analysts

at the present time towards the use of smaller and smaller
gsamples. Thisg has, to an extent, been forced on workers
by the desirc ‘o conservec material, The dangers involved
in this practice have, however; not gone unnoticed. H.B.
Wiik had already drawn attention to the problem in 1956
when he obgerved that metal was extremcly sporadically
distributed in 2 large specimen of Norton County he
examined. Numerous workers have since referred to the
problem. Moore and Brown (1963) for example, found
barium to vary extensively in eight different samples of
Holbrook. |

Because of the wide ronge in structure smongst metecorites,
there cannot be a single;, optimum, minimium seample size
which would ensure represcntative sampling, Rather, ag
sugzested by Moss et al (1966), each meteorite should be
studied separately, and, after careful examination of as
large o fragment as possible, the optimium sample size
selected. Thus, they point out that 10 - 15 g samples
are often too samll to ensure representative sampling of
some meteorites, A similsr conclusion was arrived at by
Keil (1962), who. found that the mlnlg%mlﬁngntity of
sample required to ensure representative/varied from

15 g to 70 g, depending on the meteorite.

In their study of the fractionation of elements in
chondrites, von Michaelis (1969) and von Michaelis et

al (1969) used samples of approximately 10g. The high
quality of this data serves to indicate that their sampling
was representative. Achondrites, although texturally

and minerallogically different from chondrites, are not
considered to be fundamentally different from chondrites

as far ags the problem of sampling is concerned. Therefore,
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where pogeible, approximately 10 g samples were sought
for this study. Where very smell samples were acquired
(less than 1 g), every effort was made to ensure that
these were representative powders of larger specimens.
The actual sample size used may be found in Appendix II.
In most cases, the samples studied in this work appear
to have been repregentative, although the two samples of
Frankfort analysed showed significant differences from
one another. Although the differences between these
samples have a significant Wearing on the origin of
howardites, the fact remains that; in spite of their
relatively large size;, either one or both were not
representative of the meteorite as a whole.

Sample treatment,

Meteorite analysis has traditionally been an extremely
difficult undertaking, mainly as a result of the
presence of metal, silicate and, in some casges, sulphide
phases, and their inherently different physical and
chemical properties., The main difficulty arises from
the fact that the metal phase cannot be ground to a
sufficiently fine state to enable its effective
determination by most analytical technigues. Some
workers seem to have ignored this problem; e.g. Moss et
al (1966). Berry and Rudowski (1965), on the other
hand, advocated crushing under liquid air. Von
Michaelis et al (1969) used an oxidation technique

to homogenize mcteorite material after magnetically
extractihg the metal. In the case of achondrites,

these problems arc not as acute as in chondrites, since
the metal phase isg usually a minor constituent of these
meteorites; This is also largely true for HL or Type III
carbonaceous chondrites, where the metal phase is
present only in minor amountse

The main problem encountered in this work was one of
reducing the material to a fine enough state to allow
the the analysis of a small aliquot of powder, i.e,
metal and silicate had to be completely homagenized; so
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that. the small quantity removed would be representative
of the sample as a whole. However; as the mctal was
found to te at lcast -60 mesh; the initial crushing
procedures were straight forward.

(i) Pusion crust: Every effort was made to rcmove all

traces of fusion crust from samplcs prior to crushing.
Following the technique described by von Michaelis (1969),
fusion crusts and any surfacc stains werce removed using
an. ¢lcetric cngraving tool fitted with a gramaphone
needle. The necdle was weighed before and after each
crust removal. TLoss in weight never excecded 0.2 %
(abouw 0.0003g), indicating negiblc contamination,
particularly as thesc necdlces are composcd essentially

of iron.-

(ii) Crushing proccdurc: Thc crushing of coarse

metecorite fragments was carried out in a *pitho' stcel
pestle and mortar. This device had previously been
fittcd with 2 rubber scaling ring, to cnsurc that no loss
of finc dust occurrcd during thce crushing process. As
the fine material is probably cnrichced in the softcer
mincrals its loss could lcad to a bias in the sample

composition.

Tcsts on the oxtont of contemination by metal particles
fldking off tho crushing apparatus were carricd out. 0.02%
extractablc metal was introduced into a tost samplc of
vein quartz, whilc 0.01% could be coxtracted from an
anorthosite samplc. The latter figurc probably represcents
an upper limit as far as this study is éoncerned, as thoe
meteorites studied here, although of variablc hardness,
were considerably softer than both quartz and

anorthosite, and contomination levels will thercfore he
appreciably lower. The introduction of thesc small
quantitics of sticel arc unlikely to posc a probleom, as
"pitho' steel contoins only smoll gquantitics of clemcnts
othcr than iron. The limits of thc non-forrice componcants
of this stcecl supplicd by the manufacturcer arc-

C 0.9 - 1.0 %, Mn 1.1 ~ 1.3 %, Cr 0.45 - 0.65 %,

W 0,45 - 0.8 % and V 0.15 % maximum.
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Mctceoritc semplcs werc rcduccd to =40 mesh in the stecl
pecatlc and mortar, and then ground to pass through 60
mesh nylon bolting cloth using = hend agate poestlc and
mortar. In most. casceg, all thc moctal was found to pass
through the -60 mosh screcn. Where coarscr and largoer
quantities of metal were encountered; an oxidation
technigue was used for homogenising thce samples as
dcseribed below. The -60 mesh materiel was then trans-
ferrcd to an agate pestle and mortar, wherc grinding for
one hour reduccd the bulk of it to the required mesh size,
Samplces obtoincd in powdercd form were crushed directly
in the zgate pcestle and mortar to ensure -200 mesh size
for the silicate fraction,

Crushing cquipment was carefully cleaned with dilute HCL
and distillezd water between sach samplce to prevent cross
contoamination. Ncw nylon balting cloth was used for eaclh
sample. All handling of sample fragments was done with a
pair of forceps.

~ (iii) ZEstimation of metal: A variety of methods for

determining the quantity of metal in & meteorite

have been described. These include a chlorine digestion
method, as described by Moss et al (1966), KCuClB, as

used by Jarosewich (1966), oxidation by pet (Maynes 1970),
NHACl - HgCl, digestion (Wiik 1956, Esston and Lovering
1963). Point counting has also been used in some

instances (e.g. Kell 1968), as has magnetic separation.

As pointed out by Jarosewich (1966), a completely

reliable method for metal determination does not exist.
The Cl, method of Moss et al (1966) is not complete, and
magnetic separation of remaining metal has to be
undertaken. The magnetic method itself suffers inaccuracy
due to entrapped silicate. The effects of the methods
employing mercuric and cupric iong on the silicate
minerals. and particularly minor minerals is unknown
(Jarosewich 1966). As far as this work was concerned,
chemical methods had the disadvantage of removing, and,
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in effect, contaminating the metal phase, and leaving it
in a form which is unsuitable to the analytical e the

shadypbieed technique used.

In the absence of an accurate and suitable method fox
the estimation of the small quantities of metal in achone.
drites, no attempt was made to esitimate the metal contents
of the meteorites studied in this work.

(iv) Oxidation procedures: In most of the meteorites

analysed during this work, the metal was considered to

be sufficiently/g%ngsggg%p%g hamper the analytical method
to any great extent. In some meteorites, however, the
metal was considered to be both tvo adundant and too.
coarse to enable treatment as a normal silicate rock.
Purther homogenization of the samples was essentiali.

For this purpose, the oxidation technique described by
von Michaelis et al (1969) and von Michaelis (1969) was
used, viz. oxidation of the metal at high temperature in
a stream of oxygen and steam. The apparatus used by
these workers was slightly modified. The entire apparatus
was constructed of glass tubing, fitted with ground-glass
joints. In addition, a vitreosil boal was obtained *to
hold the sample. At intervals dumiag the oxidation, the
sample was removed, weighed and ground in an agate pestle
and mortar. xidation was Jjudged to be complete when no
metal particles could be felt under the pestle. Following
oxidation, the samples were ground to —-200 mesh in an
automatic agate pestle and mortar. Von Michaelis (1969)
investigated the problem of moisture uptake by the
oxidized powder, which could lead to small errors in the
factor to reconvert the oxidized to the unoxidized
weight. His work showed that this uptake of moisture

was sufficiently small to be safely ignored.

(v) Special cleaning procedures: One of the meteorites
studied in this work, Frankfort (T), had been impregnated
with an oily substance during the manufacture of a thin

section. Thig material made crushing difficult, and
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sieving imposscible. After initial crushing, the sample
was immersed in A.R. acetone and placed in an ultrasonic
vibrator, which dissolved the offending material completely.

Preparation of samples for anslysis.
Two separate methods of X-ray fluoresmnce were employed
in this work, one for the determination of the major and

some minor components, which involved dissolving the
sample in a flux, and the other for the determination of
minor and trace constituents, which involved the use of
pressed briquettes of the meteorite powder.

(i) 7Pusion discs: To overcome the severe matrix effects

inherent in X-ray fluorescence analysis for major elements,
the fusion technique of Norrish and Hutton (1970) was

used. A method of pre-ignition of samples was employed.

It is essential that all metal be in an oxidized form
during the fusion, as tests indicated that any unoxidized
metal would raepidly alloy with the gold-platinum

crucible used for the fusions. This would result in low
Fe values, particularly for the highly reduced enstatite
achondrites, as well as damage to the crucible.

It was therefore necessary to ascertain the optimum pre-
heating period required to oxidize all the metal in the
samples. Large metal fragments from the chondrite
Richardton were heated for 16 hours at lOOOOC, the
normal pre-heating temperature. After this period,; the
oxidized fragments were ground to about -200 mesh. No
metal was detected during the grinding. X-ray diffraction
examination of this powder (Cu tube, 48kV,20mA,Ni filter,
scan. speed 2° 20/min., chart speed 40 mm/hr) showed
peaks of Fe203 pnly° The absence of kemacite, taenite
and FeO peaks indicated that oxidation was complete,

in spite of the large grain size. (In his investigation
into the oxidation techniquaes discussed above, von
Michaelis showed that oxidation proceded from kamacite
via Fe0 to F9203f Incomplete oxidation was evident

from the appearence of Fe0 peaks on the diffractogram )
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For achondrites, a preheating period of 20 hours was
considered adequate to oxidize all of the metal present
(i.e. acheive constant weight) even in the presence of

silicate powder.

The manufacture of the fusien discs was carried out as
follows. 0.9 to 1.0 g aliquote of the ~-200 mesh meteorite
powders were weighed into vitreosil crucibles (which had
previously been heated to 1000°C for 1 hour), and,

after a drying pericd of about 5 hours at llOOC, were
heated at 1000°C. The loss/increase in weight was
measured. These powders were then ground in a hand
agate pesﬁlé and mortar in order to bregk up the
particles of Fe203 resulting from the oxidation of the
metal. In this way, the representative nature of the.
small sample removed for the manufacture of the fusion
discs would be insured. Ag mentioned previously, the
uptske of moisture during this grinding is not likely

to result in any seriousg errors.

0.28 g quantities of powder were removed from this
preheated material, mixed with a lithium tetrsborate -
lithium carbonate - lanthanum oxide flux (Johnson Matthey
Spectroflux 105) which had previously been dried at.
450°C, and 0.02 g of sodium nitrate added. The mixtures
were fused over a Meker burner in an Au-Pt crucible and
cast into thin discs as described by Norrish and Hutton
(19%8) . At least three separate discs were made of most
samples. For some samples, however, fewer were prepared

due to insufficient material being available.

(ii) Pressed briguettes: Trace and some minor elements

were determined using undilutced meteorite powders. The

—-200 mesh powders were mixed with a few drops of distilled
water to facilitate binding, placed in a. special die, and
praessed at 15 tons per square inch to form éxéﬁalimbriquette;
Backihgé“to-these.briquettes were made of a bakelite- H3BO3
mixture, Details of this procedure have been described by
Norrish and Chappel (1967).
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SECTION II.

INSTRUMENTAL CONDITIONS,

Introduction.

Two X-ray spectrometerswerc available for this project -

a Philips model, PW 1220 Semi-Auntomatic Spectrometer and
‘an older model PW 1540 instrument. Both instruments werc
of the flat crystal type. Facilities for pulse height
selection were available on both instruments. The PW

1220 was equipped with a 2 kW generator, while the PW 1540
machine had only a 1 kW gencerator. The composition of

the gas in the flow proportional counters of both instrumenta
was 90% argon and 10% methane. Dead times on both detectors
was of the order of 3 micro-seconds. Although the equip-
ment was basically standard, certain modifications had

heen made to the PV 1540 in order to be able to reach highex
angles., These invedved the filing down on the collimator
housing and have been described by Willis et al (1969).

On the PW 1220, a choice of two primery collimators was
available, viz. 480 micron and 150 micron. The BW 1540

had a single 160 micron collimator permesnently fitted.

A useful feature available on the model BW 1220 was an

exit port on the flow counter, enabling both flow and
scintillation counters to be used simultancously. Both
instruments had four sample holders. On the BPW 1220,
these pogitions were not equivalent but a difference of up
to 2% existed between extremes. This necéssitated the

use of a pogition correction on all determinations carried

out on this spectrometer,

Major and some minoxr elemenitis.

Major and some minor elements (Si, Al, Ca, K, Mg, Fe, P,

Mn and Ti) in the meteorite samples were determined using
the PW 1220 spectrometer. The method of analysis is
basically similar to that of Norrish and Hutton (1969).
Nevertheless, the approach used here did differ in some
respects. A& reference sample was counted before and affer
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cach set of three samples. This refercnce sample was

a fusion disc which containcd fairly high concentrations
of all the cloments of intcrest, and hence gave fairly
high count rates. All the results for a given element.
were normaligscd to a. common reference count. In this
way, correction for long torm instrumental drift was made.
Such drift is particularly prevalent in the case of the
flow counter, which was the dcotector used for all these
elements. Working curves werc established using natural
rock standards, These rock standaerdg and their adopted
concentrations are presented in Tablce 1. The intensity
measured on thc samplce was then used to calculate a nomingl
concentration in the sample from the working curves.

Thigs procegs was rcpeated for all clementse. Nominal
concentrations were then uvsed to calculate a matrix co-
efficient: (absorpiion coefficient) as described by Norrish
and Chappcl (1967) and Norrish and Hutton (1989). The
factors used in the calculation of the matrix cocfficients
are given in Table 2. Measured intensity was corrected
weing this coefficient, and concentration again calculated
from the working curves. Converged concentrations were
obitained on a third such iteration. This computation

wag donc with the aid of an ICL 1301 computer, using

programs written by Mr. J. P. Willis.

Instrumental conditions used in these determinations are
presented in Table 3. All determinations were carried
out under vacuum, and the detector used was the flow
proportional counter. Each disc was counted oncc foxr
the period indicnted in Tablec 3. K lines werc uscd

throughout. .

Some points regording the selection of instrumental
variables descrve gpecial mention. In the determination
of Mn, thc IiF (220) crystal was preferred to the LiF (200)
in spite of the greater reflecting efficiency of the latiffer
crystal (Jenkins end Dc Vrics 1968). LiF (200) has a
poorer dispersion than. LiF (220). This poses a problem
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TABLE 1

Standard Concentrations used in the Analysig of

Mcticorites for Major and Some Minor Elementscl
ool BR_| GH T=1 GSP-1 S-1
| Fay05 12,96 | 1.33 | 6.03 4,33 8.721
Mnb 0.21. | 0.05 | 0.11 | 0.04 | 0.40
7105 2,62 0.09 | 0.59 0.69 0.48
Ca0 13.74 0.65 5.19 2.03 10.X
K20 1. 40 4,78 | 1.23 5 49 2.63
SZLOZ 389 20 75)0 80 62o6)5 670 28 59n 57
1 A1,03] 10.20 | 12.50 [16.52 |15.16 9.30
Mg0 13.28 0.03 | 1.89 0,96, 4.19
Nao0 - - - - -
P20s 1.04 0.01 | 0.14 | 0,29 0,22
W1 PCC-1| DIS-1 | O0K2723| G-I
Fe203; 11.09 - - - -
MnO 0.17 - - - -
Ti0o 1.07 - - - -
Ca0 10.96 - - - -
K20 0.64 - - - -
Si0p | 52.64 - - - -
AL203] 14.85 - - - -
MgO 6.62 | 43.56 | 49.80 - -
Nao0 2.15 - - e 29 3032
P20s5 0.14 ! - - - -
1 Sources of data: TFleischer M. Geochim,

Cosmochim, Acta, 33, p65 (1969); Flanagan
F,J. ibid., p8l: Sine N.M., Taylor W.O.,
Webber G.R. and Lewis C.L. ibid., pl2l:
Roubault M., de la Roche H. and Govin~
daraju K. Sci. de la Terre. XIII No. 4
P378?l968); Thomas W.K.L. Tanganyika
Geological Survey Suppl. No 1 (1963).

2 Total Fe expressed as Fe203
3 Departmential. standard.
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PABLE 2

e s ek at .

=
2]

trix

Ak

Corrcction Factors,

Wave-
length Element
Fe Mn ‘ Ti 1 _Ca | K P
Fo ~0.027 | =0,031 | 0.1461 0.134| 0.126 |[-0.060
Mn ~0.044 | -0.044 | 0,146 | 0.135| 0,130 |-0.063
Ti 0,081 | 0.077 |0.179% 0.647| 0.644 | 0.181
Ca 0.050 | 0.092 | 0.065| 0.130 | 0.723 | 0.182
I K 0.098{ 0,086 |0.017} 0.000| 0.069 | 0,179
P 0.108 | 0.094 10,020 | -0.037 | ~0.047 {-0,063
Si. 0.082{ 0,086 |-0.034 {-0.042 | -0.055 |-0.061
Al 0.112 { 0,116 |-0.032 | -0.037 | -0,048 |-0.060
Mg 0.136 | 0,126 {0,010 | =0.021 | =0.043 |=0,016
Cr 0.069 § 0,060 | 0.698 | 0.631 | 0.647 | 0,136
si | Al Mg | Wa Cr Flux
Fo 20.065 | ~0.074 1-0.090 [ -0.110| 0.244{ 1.046
Mn ~0.0631-0.074 ~0.078 | -0.100 | =0.092 | 1.045
T4 0.110 ! 0.078 | 0.069 | 0.051| 0.033 | 0.851
Ce, 0.128 | ©.105 | 0.068 | 0.051| 0.036 | 0.865
K 0.119 | ©0.101 | 0.080 | 0.057| 0.028 | 0.897
P 0.127 | 0,110 | 0.094 | 0.046| 0.043 ] 0.896
si ~0.061 | 0.122 | 0.093| 0.063| 0,050 | 1.014
Al ~0.088 | -=0.072 | 0.116 | 0.058| 0.054 | 1.056
Mg ~0.070 | ~0.078 1-0.084 | 0.080| 0.073 | 1.050
Cr 0.102 | 0.084 | 0.061 | 0.040| 0.028 | 0,853
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TABLE 3

Instruncntal Conditions for thc Determination of Major

and some Minor Elcments in Metcorites.

b Cry»_s"t-'al LiF( 200)

Element | T Ca X 51 0 om e
Tube ¢cr o . cr iCr  Cr . Cr
v 50 50 . 50 5 . 50 = 50
o 1212 20 32 32 32
Coll, (um) 480 | 150 480 480 480 480

 LiF(200) LiF(200) PET  PET . ATP
Time(sec) 10 E 10 § 20 § 20 § 60 2240
P 86,88 112.98 | 136.48 1108.94 144.77 136.49]

Elecment P . Fe = Mn  Begrnd. Na
| Tube Cr % W g W % o % Cp
kV 50 . 60 . 60 .50 . 50
mA 32 0 32 32 32 32
Coll. (um) 480 . 150 150 480 480
Crystal Ge LiF(220) LiF(220) Gypsum Gypsum

& : : :
Time(sec) 120 : 10 60 | 60 240

°26 140.70° 86.48  94.98 96.00  102.95
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for meteorite anclysis as the Mn Kgcand the Cr'Kuglines
are not resolved by the LiF (200) crystal, recsulting in
cxcessive interferencc from the abundant meteoritic
chromium. Therefore, the LiF (220) crystal was preferred.
The crystal selection for the detormination of Mg and P
has becn discussed by Norrish and Chappel (1970).

Counting times for Mg arc relatively long, largely because
of low intcnsities measurad, Mg dates arc therefore
particularly prone to crror caused by short term
instrumental drift. |

Sodium was not determined on the fusion discs, but: on
presscd pellets as suggested by Norrish and Hutton (19%9).
The background was egstimatcd by taking a measurcment

near the chline. The system of roferencing abovce was
8lso uscd for the determination of Na. Instrumental

- conditions for the determination of Na are listed in
Table 3. Pulse hoight sclection was used to improve the
peak/background ratic.  Following Norrish and Hutton
(1970), no matrix corrcction was made for Na, since, for
this cloment, oxygen dominates as the absorber, snd this
docs not vary much from sample to sample,

Minor and Trace Elements.

The romaining minor and tracc clements investigated in
this work were determincd on pressed briguettes. Matrix
cffects in samplos of this form arc severe, particularly
in view of thc¢ rangc in bulk composition in the samples

and standards.

(1) Mcthods of Matrix Correction.

A varicty of methods for correcting matrix cffccts are
availablec. Two forms of correction were applied in this
work, The hesvicst majér cloment in most of the samples
studied here is Fe. Thereforc, for wavc%gngths shorter
than the K absorption edge for Fe (1.744 A), no abrupt
changes in mass—absorption cocfficients arc likely to
oceur. Thus, 2 single measurement of mass absorption
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hCI‘(—Z‘ . ‘S h-\ aa 0 ass aQ 3 . -~
W /umatr_l.x- ig the sample ma absorption co-

efficient, ¢4 thc wcight fraction of component i in

the samplc and 4. thc mass absorption cocfficients of
the element under consideration (Jenkins and De Vrdes,
1968). Valucs of A3 given by Birks (1963) werc uscd.

Corrections for primary’absorption»are complicated by the
fact that & range of wavelcngthe are responsibie for the
cxcitation of any particular clcement. In an attempt

to eimplify the situation, it was assumed that the bulk
of the eXcitation of =2ny ¢lcment. being determined was
induccd by the wavelength immediately to the short wave-
length side of the relevent ahbsorption edge for that:
elcuent, The matrix absorption for this wavelength
was calculated from the bulk chemistry of thc sample
using the above equation. The relative contributions

of primary (/ab) and sccondary (/) absorption co-
cfficicnts werc weighted according to the gceometry of
the instrument and combincd by mcans of the the equation

M patrix = /ap- + 1.567 4.

Absorption coefficicnts calculated in this way were used
in the determination of Ba, K and Cr.

(ii) Potassium.

Because of the relatively low potassium content of
achondritecs and HL chondritcs, this clemcnt was detern-
mined using the undiluted briquettcs, as well as by the
Norrish fusion mcthod.:

Analysis using thc brigqucttes was carricd out: on the PW
1220 spcctrometcr under vacuwm. The potassium Kgeline

was uscd for the analysis, with a flow proportional countcr
to dctcet the radiation. Tha instrumental conditions
usecd in  the determination arc listicd in Table 4. 4

systcm of refcrancce counting was uscd to minimise the
cffect: of lang term machinc drift as discussced above. A
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singlc background position was counted, as the background
in this region ig csscentially flat.

Instrumental Conditions for the Determination of K in

Undilutcd Brigucttes.

KX [ Background.
Tube cr Cr
kV 50 50
mA. 32 32
collimator Qum) 150 - 150
crystal LiF (200) IiF (260)
time (&) 60 60
020 136,58 43,0

A corrcction was applicd for the absorption of primary
radiation. The wavelongth usced for this corrcection was
3,360 K, (Ca Kog) - Results were calculatcd with the
2id of an IBM 1130 computcr, A Fortran IV pregram was
writtcn by the author for this purposc. This program
may bce found in Appendix I. (The samc program was also
uscd for the calculation of the Cr data.)

A singlc standard was uscd for the determination of K,
viz, W=7, The adoptcd valucs of potassium in this
nelyscs was 5310 ppm. Unfortunatcly,

-
s

a
[

stendard for thoesc
no suitablc standards at lowoer concontrations were

availablc.

(iii) Chromium.

The determination of Cr by X - ray ~fluoresence is
complicatea by intorfercence on the Cr Kecline by thc V

K/3 linc, In motcorite analysis, howcver, this problcem
may be ignorcd, as Cr usually oxcceds 0.1% while . v

is proscnt et about the 100 ppm level (wiik 1970,

Ahrcens and Danchin 1971). For similar recasons the cffecet
of a Cr Raylcigh .scattcrced 1linc arising from a slight
emount of Cr prcscent in the X - ray tube was ignored.
Hencey, the method for detormining  Cr used in this work

is similar to that adoptcd for K, viz. a singlc background
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position is mcasured in addition to the analytical
line, and both primary and sccondary absorption corrections
arec madc. For this rcason, thc same computer program
uscd to calculatc the XK data was used for Cr ( sec
Appocndix I.)

Cr was detcecrminoed on both the PW 1540 and PW 1220

spectrometoers. In both cascs; the Kbcline wag uscd and
the detcerminations were carricd under vacuwn with the

flow proportional countcr as dctector. A& refereonce was

used to monitor arift. Instrumental conditions are
listcd in Table 5.

primary radiation was made.

A correcction for absorption of

The wavelength used for
this purposc was 1.437 ﬁq the Zn Kegwawelcength.
Theorctically, the Fc¢ Keewaveleongth should be used, viz.
6.937 £, as this is closcst to the K absorption cdge of
Cr (-2.070 ) ) e
( H. Fesqg pers. comm. ) have shown the Zn wavelength to

Empirical studics in this department
produce superior rcsults. The rcagson for this probably
rclates to the prescnee of the W Lgeline closc to the Zn
Kgewavelength: and this linc, togothor with the whitc

continumium of cven shortor wavclength, is largcly resp-
ongible for tho Cr cxcitation.

TABLE 5.

s e S -

Instrumcntal Conditions for the Determination of Cr

in briquocttes.

PW 1220 Spcctromctor BV 1540 Spectromcter,

| Cr Kee Background| Cr K s Background
Tube targct W W W W
kV 60 60 50 50
mA 32 32 20 ‘ 20
Collimatorgum)l50 150 160 150
Crystal LiF(220) LiF(220) [LiF(220) LiF(220)
Time(s) 60 60 120 60
920 107.10 99.00 ]107.05 110.80
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Unfortunately, standards present a considerable problem

in the determination of Cr. W - 1 was unsuitable due to V
interference as well as its low Cr abundance. PCC and

DTS sre ideesl standards for the purposes Unforﬁunately,}
there ig little agreement on abundances of Cr in these

rocks, as is evident in the values listed by Flanagan (1969).
(See Table 6 of this work.)

ZABLE 6.

Range of Cr abundance in PCC and DT5-1 by different workers.
(After Flanagan 1969)

o Pcc-1 - DPS-1 ;
(ppm) (ppm) }
|_1843-4780 2800~-5560 |

In an attempt: to resolve this situation, two high Cr
BCS standards were dilutced ten times with Johnson-Matthey
Specpure 5i0p, and fused in a similar way to the method

used for major elements. These were then used to stand-
ardize similar fusion discs of PCC and DTS. Cr contents
ERRATA

Data in Table 7 from Willis (pers, comm.) and Bureau of Analysed 1

Samples, Ltd., List No.#o#. 1962,

- | k S
e e e e e e e /oo V_j .
BCS 370 14.6

Corrections for sbsorbtion were made as degscribed by
Norrish and Chappel (1967) and Norrish and Hutton (19%9).
The factors used for this purpose are ligsted in Table 2.

During the course of this standardization, it became apparent
that other factors which tended to complicate the analysis
were involved. FPirstly, the ratio of corrected counts on
DTS and PCC for fusion discs differed by 10% from that on
pressed brigquettes. This is probebly the resuvlt of particle
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size effectis. Secondly, the few meteorites examined

gave consistently higher values on the pressed briquettes
than on fusion discs, even though the same values of PCC
and DTS were uscd in both cases. This effect was
proovably caused by two factors, one being particle gize
effects; and the second being enhancement of Cr radiation
by the high Fe content of the metcorites concerncd.. For
those metecorites analysed by both methods, the ratio of the
concentration by fusion to concentration by pressed briguette
. remained congtant, indicating that whatever effects were
voperative cauging the éiscnepancy between standards and
samples, it was congstant for these samples.

'Fe in .diogenites, howardites and eucrites was essentially
constant at 14% so any enhancement effectis are likely %o

remain constant for all., For this reason, a working curve
based on meteorite samplcs was preferred to that based on

PCC and DIS. This was used to calculate the concentrations

of Cr in the pressed briquettes. Strictly, thig calibration
curve ig only valid for diogenitcs, howardites and eucrites, as
thesc have eggentially constant Fe, and Cr probably occurs

in them in the same form. (See bclow).

The meteorites used to construct the working curve covered

a wide range in composition, as may be secn in Table 8.

LABLE 8.
Cr in Meteorite “Standards™. (%)
Shalka | 1.66
Frankfoxrt (T) 0.69
Juvinag 0.23

Al though results are probably internally consistent,the actual
accuracy hinges on the adopnted values of the BCS standards.
The possibility of some gystematic error cannot be ruled

outs; and, in fact, it. was found that such errors are present
in the data. (See below).
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The gtandardigsation was carried out. on the PW 1220 spec-
trometer., The Cr Kegcline was used; in spite of a high
background resulting from a ILa %510 line. Various blanks
were. uged to correct for this tailing. Instrumental
conditions are listed in Table 9. A referonce system

wags employed, and each disc was counted at least twice,
In some caseg, duplicate discs were counted as well.

TABLE 9
Instrumental Conditions for Cr
Standardisation
 Tube W]
kV ' 60
mA 32
Coll. (pam) 150
Crystal TiF(220)
Time (s) 100 ¢
©2¢ 107.10

(iv) Barium:

Thig element was determined on the PW 1540 spectrometer,
using the method of Willis et a1 (1969) basced on the
neasurement of the Ba Lg¢line, with certain modifications
ag suggested by Kable (pers. comm.). A background posgition
was measured on each sample in preference to the method of
blanks as originally suggested by Willis et a1l (1969).
Correction for Ti tailing was made by establiching the
ratio of intensity in the Ba Lecposition to the intensity
of the Ti Ke¢ peak using various 810, - Ti0, mixtures.
Measured counts on the Ti peak for esch sample could then
be used to ascertain the extent of the tailing on the Ba
line. Correction for absorption of primary radiation was
made using the wavelength 2.291 & (Cr Kg)» A reference
wag counted before and after cach sct of three samples.
The flow proportional counter was used to detect the
radlation. Instrumental conditions usged arc listed in
Table 10.
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TABLE 10

Instrumental Conditions for the Determination

of Barium.

| Ba Ly | Bend. Ti Kaoe
Tube Cr Cr Cr
kv 50 50 50
mA 20 20 20
Coll.{um) ; 160 160 160
Crystal LiF(220) | LiF(220) | LiF(220)
Time (=) 180 180 30
26 | 124,31 | 112.00 |119.76

G-1 and W-1 were ugscd as standards. The concentration
of Ba in these standards arc listed in Table 11.

TABLE 11

Barium in Rock Standards.

}Wal 160  ppm J
1G-1 1040 ppm

Results werc calculated with the aid of an IBM 1130
computer using a Fortran IV program written by Mr. E.J.D.
Kakle.

(w) Strontium:

Strontium was determined by two methods, one on its own,
and the other along with Rb, Y and Zr. The former method
is described here. The determinatiion was carried out: on the
PW 1540 spectrometer. The Sr Katline was used for the
analysis. No: vacuum was necessary, and no referencing
system was used because of the superior sitabilityof the
scintillation counter. Instrumental conditions used are
listed in Table 12. Simultanecously with: the measurement .
of the Sr peak, the Mo Ky Compton pesk was measured, using
a fixed time method, as & measure of mass absorption co-
efficient. Conditions usged are listed in Table 13. An
average of three readings was taken on each sample,
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IABLE 12
Instrumental conditions for the Determination of Sr

. Bend. | SrKee | Bgnd, |
Tube Mo | Mo Mo N
kv 50 50 50
mA 20 20 20
Coll. (pm) 160 160 160
Crystal LiF(220) LiF(220) |LiF(220)
Time(s) 120 240 120
©20 37.00 35.87 35.00

IABLE 13

Instrumental Conditions for the Measurement
of the Mo Compton Peak,

w“Tube Mo
kV 50
mA , | 20
Coll, (um) 160
Crystal LiF(220)
Counts. 128000
%26 30.12

The Mo tube 1s ideal for the determination of Sr as the

Mo K lines are well situatied for the exitation of the Sr

K g¢ line. Purther, the method is entirely self-contained,
as mass absorption coefficient can be estimated in the

same run as the Sr line intensity is measured. The LiF(220)
crystal was preferred to the LiF(200) in this instance to
ensure that background positions were free from tailing by
Rb and ¥ Kglines,; particularly on the standard. |

Blank samples, free of Sr and of a range of absorption
coefficients were counted to ascertain the relationship
between the sum of the two background positions and the
Sr peak position. This factor was then used to estimate
backgrounds under the Sr peaks of the samples. A factor
method such as this was preferred to a linear
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extrapolation as the background in this region actually
follows a curve. A single standard, W-1, was measured
simultaneously with the samples. This standard was
counted numerous times throughout the run. The Sr content
of W-1 was taken as 186 ppm.

A Fortran IV computer program (written by the author) was
used in conjunction with an IBM 1130 computer to calculate
the results. This program appears in Appendix I.

(vi) Rubidium, Strontium, Yttrium end Zirconium.

These four elements were determined on the same run using

a technigue similar to that described by Cherry et al

(1970) for Rb and Sr. The determinations were carried on
both the PW 1540 and the PW 1220 spectrometers. Instrumental
conditions used are listed in Table 14.

TABLE 14

Instrumental Conditions for the Determination

. P R . l
e / ERRATA @ .

ancentrations'of all elements in standard W-1 from M.Fleischer

(Geochim.'Cosmochim. Acta 33, 65, (1969)) except Sr, where the

i

Valug'recommended byIWillis (pers. comm.) has been used. -

TSI ) 160~ —50 : —_—

Crystal. LiF(220) LiF(220)
Time(s) 240 120

Angular positions: (°26) Backgrounds. 31.00, 33.00,
35.00, 37.00 and 39.00.
Peaks., Zr - 32.11; Y - 33.90
Sr - 35.87, Rb - 38.00.
Pw 1220 spectrometer:

Peaks Bgnds.
Tube W W
kV 60 60
mA 33 33
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TABLE 14 (cont.)

Peaks Bgnds,

Coll. {um) 150 150
Crystal LiF(220) LiF(220)
Time(s) 60 60

Angular positions: (°26) Backgrounds. 30.80, 33,10,
34.60, 37.00 and 39.00
Peaks. Zr — 32,03, Y = 37.75
Sr - 35.72, Rb - 37.867.

K oclines were usged thrdughout, and a scintillation

counter was used o detect the radiation. The analysis for
these four elements is complicated by the fact that the

Rb. K/@ and ¥ Kgp and 3Sr K/g end Z® XK ¢ are not resolved

by the crystal, necessitating corrections. These were ——-. .. .
applied by determining the ratio of the intensity of

the Rb K pcand St K g lines tothe intensity of their
respectiveiK/g lines at the angular positions of Y

%xand Zr Kb( regpectively. The measured Rb and Sr Kec
intensities on the samples could then be used to ascertain
the extent of the interference on the Y and Zr Kego

lines respectively. The ratio between the K o¢ and Kﬂ?
lines i8 unlikely to change in the suite of samples
studied here, as no major absorption edges separate these
lines.

Backgrounds under the peaks Were determined using a factor
method as described in part (iv). Background positions
were carefully selected to avoid tailing. These were
checked for possible tailing on the powder most enriched
in these four elements by plotting the background counts
graphically and fitting a line with the aid of a spline
curve. The absence of tailing was evidenced by the good
fit of the five background points to this line.

These determinations were based on a single standard, viz.
W-1. It is ideally suited to the purpose and contains
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greater abundances of all four elemente than any meteorite
studied in this work. The concentrations adopted are
listed in Bable 15. The standard was counted numerous

times throughout the run; and an average result was used

TABLE 15

Rb, Sr, Y and Zr content of W-1 (ppm).

Rb 21.5 Sr 186.0 Y 25.0 Zr 100.0

to compute the data. Correction for matrix effects was
made using the method of Mo Compton pesk measurement:
degcribed previously.

Resulte were calculated on an IBM 1130 computer using
a Fortran IV program written by the author for the purpose,.
This program may be found in Appendix I.

(wii) Nickel:

This analysis was carried out on the PW 1220 spectrometer.
The analysis for Ni is complicateé, firstly by a curved
background, and secondly by the presence of trace guantities
of Ni in the X-ray tube used, which causged interference
on the analytical line by Rayleigh scattering. Due to
the possibility of tailing and the fact that the back-
ground is curved, four background pogitions were measured
and a curve fitted graphically to the plotted points
using a spline curve. The intensity of the background
under the Ni K o line was thus obtained. Correction for
interference fron the Rayleigh-gcattered line was accom-
plished by ascertaining the ratio of the Au L o¢ 1ine to
to the peak intensity of the Ni K ¢ line, using samples
free of Ni. The Au L, line on the samples was measured
and this ratio used to ascertain the extent of the tube
contribution to the Ni Ky line. As\detector sensitivity
for both flow and scintillation counters is low in the
wavelength region of Ni Kets both detectors were used
simul taneously. Actual instrumental conditions used are
presented@ in Table 16.
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TABLE 1&

o iy o A £l

Instrumental Conditions for the Determination of Ni.

Ny

| Bena.| WiEg | AuT g
Tube Aw Aw Aw
kv 55 55 55
mA 36 36. 3a
Coll. 9“ m)l 150 150 150
Crystal [ LiF(220) LiF(220) |LiF(220)
Time(s) 100 200 10
°20 + 71.18 53.17

+ Background positions: 64.80, 66,40,
69.50 and 73.50.

Results are based on W-1 (78 ppm Ni), which was counted
a number of times during the course of the run.
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SECTION ITT

THE ANALYTICAL DATA AND AN ASSESSMENT OF THEIR QUALITY.

Results.

Numerous classifications have been proposed for stony
meteorites; and before presenting the data, the classification
adopted in this work will be outlined. Carbonaceous chon-
drites have a relatively well established classification
viz. that originally proposed by Wiik (1956). In this

work this scheme - has been adopted, although the group
studied will be referred to as ‘HL' as suggested by Keil
and Fredriksson (1964), and used by Keil (19692)., In

the opinion of the author, Wiik's oriiginal nomenclature

for carbonaceous chondrites, viz. Types I, II and III
should be dropped as this can lead to confusion with

van Schimus and Wood's (1967) petrologic types, In contrast,
no uniformity exists in achondrite nomenclature, partic-
ularly for the so-called Ca-rich or Basaltic achondrites,
which form a large part of this study. Traditionally,
achondrites have been divided into a Ca-poor and a Ca-

rich type (Mason 1960). As will be discussed in a later
section, the distinction between these two types is not
clearcut. Purther; amongst the Ca rich achondrites, two
criteria for subdivision have been suggested. Mason (1967)
proposed a subdivision based on the relative proportions

of ortho-~and clino-pyroxene, with ortho-pyroxene dominating
over clino-pyroxene in the howardites. The difference in
mineralogy between the howardites and eucrites is reflected
in their chemistry. Thus, howardites are characterised

by lower CalQ contents and lower Fe0AFe0+Mgl) ratios than
eucrites. Duke and Silver (1967), on the other hand,

have suggested that the nature of the brecciated structure
be used as the criterion for subdividing howardites and
eucrites. In their system; howardites are recognized as
being polymict breccias, while eucrites are regarded as
monomict. In terms of this classification, Binda, a
meteorite which has a bulk composition similar to some
howardites ig classified as a2 eucrite. Inthis work, the
clagsification of Duke and Silver (1967) has been adopted,
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as it is considered to be genetically more meaningful than
the system of Mason. This i1s discussed at greater length
in a later section.

There seems to be no standard form for presenting meteorite
analyses. $ome authors, e.g. von Michaelis el al (1969),
present meteorite analyses in the form of elements, while
others prefer to list data as oxides; sulphides, etc.

(for example, Jarosewich 1966).As the analyses presented -
in this work are in some ways incomplete, the data will be
presented in element form. The anslytical data are
presented in Table 17.

The data for major and minor elements represent averages of
gt least two and in most cases more replicate analyses of
the same meteorite powder. Before averages were calculated,
the data were carefully screened for errors, and any
analysis obviously in error was excluded. An individual
analysis was excluded if the total differed by more than

2% from the average of replicate determinations, or if any
individual component differed by more than 3% relative

from the mean of that component. In applying these
criteria, it was found necessary to exclude only one
analysis, where insufficient sample resulted in

an erroneous result.

The trace element data represents; in most instances;
averages of replicate determinations. These data have also
been carefully screcned, Where replicate_trace analyses
for a meteorite differed by more than the combined uncer-
tainty due to counting statistics (at the 36~level), the
meteorite was reanalysed. If this failed to resolve the
problem, an average of the analyses was calculated.

Quality of the data.

Although H.3.Washington, as early as 1917, had emphasised
the question of the quality of silicate analyses; this
issue was brought home to meteoritics by Urey and Craig in
1953, who managed to classify only 94 analyses out of
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TABLE 17

Analytical Data

| Serra,

de : ; . : ’

i Mage | Stannern: Bereba ! Juvinas A Pasamonte
Fo 4 12.58 . 13.82  14.83  14.63  14.93 |
Mn % | 0.426  0.406 | 0.426 . 0.433 0,438
Ti% ¢ 0.100  0.587 | 0.422  0.383  0.434
Ca% | 6.49 ¢ T.62 7. 49 T.42 1 T7.36
cr % 0.37 . 0.23 0.22 | 0.23 . 0,21
P % 0.025.  0.045 . 0.046 @ 0,040 | 0.047
si % 22,64 23,24 22,97 . 23.07 | 22,57
AL % 1 6.71 1  6.53  6.75 6.88 6.52
Mg % 6.85 4.21 4.10 4.38 3.96
Ha % nd 0. 46 0.34 0.46 0.38
K ppm &0 549 294 340 356
Sr ppm | nd 91 78 7 7T
Zr ppm | nd 98 53 48 57
Y ppm nd 33 23 20 24
Ba ppm nd 50 33 31 33
Ni ppm i nd <dl <4l &dl 5

+ denotes find
<4l below detection limit

nd not determined
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TABLE 17 (cont.)

|

i

i
|
1

|
{
!

e T e T e
' County @ Heraiya . Cachari’ Macibini Binda *
Fc % 14,44 © 14.97  14.85 14.23 13,08
Mn % 1 0.432  0.459  0.459  0.418 . 0.418
Ti % 0.370:  0.335. 0.379° C.430 © 0.139
ce # | 7.41 0 7.33  7.33 . T.12 3.99
Cr % 0.24 = 0.22 | 0.22  0.29 0.51
P % ' 0,030  0.042 . 0.036  0.048 = 0,018
si % | 22,92 | 22,76 | 22,56 @ 23.06 23,51
AL % ¢ 6,80 6.61 6.80 . 6.41 3.69
Mg % 4.29 4.29 4,31 5.05 10.71
Ne. % | 0.33 0437 0.38 = 0.36 0.15
K ppm: 295 2170 a1 399 85
Srppm| 74 71 83 74 32
Zr ppm 42 37 41 59 18
¥ ppm 20 19 I9. 25 6.
Be ppm | 28 25 48 36 11
Nippm| 13 @l | <l 23 &
| | T Frankfort Frankfort |
Malvern: Chaves @ Zmenj (T) - (F)
Te % | 14.02  11.92 0 13,39  T13.91 13050
Mn % ' 0.411°  0.371: 0.405 0.434  0.427
™%, 0.293  0.219  0.192 0.136  0.170
Ca % | 5.76 @ 4.03 i 3.89  2.60 3.28
cré% | 0.38  0.42 | 0.55 . 0.76 0.69
P % | 0.039. 0,025, 0.020. 0.015 @ 0.020
i % 22,98 | 24.21 . 23.40 . 23.79 23,78
Al % 5,27 3.62 3.43 . 2.26 ¢ 2.88
Mg % 7.48 1 11.09 = 10.41 & 12.63  11.63
Na % 0.31 0.16 nd | 0.16  0.15
K ppm 379 176 160 ¢ 108 . 128
Sr ppm 57 38 nd 22 28
Zr ppn 35 3L nd 15 20
Y ppnm 16 10 nd & 7
Ba ppr 22, 17 nd 8 11
Ni ppm | 274, 34 nd | 48 63
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TABLE 17 (cont.)
T e ‘ .,b.,.,,__‘,,__*--._,,___,i Tat*a_ . {
| Johnstown Ellemeet : houine Shalke Chassigny |
12,64 13.48  11.77  12.65 . 21.34
©0.387  0.439  0.384  0.428 = 0.413
0.072 | 0.034 . 0.041  0.037  0.040
©1.04 0,57 0.54  0.52 . 0.42
Cré% | 0.59  1.29 0.50 . 1.65  -0.57
P ¢4 | 0,006  0.003 0,003 <dl 0,018
€i % | 25.07 24,08  25.58 24,11 | 17.30 |
AL % ;. 0.65 . 0.49  0.27 . 0.32  0.19
% - 15.62 16,29  17.03  15.55  19.80
§a % ° 0.02 0,08 0,02 . 0,03  0.11
K ppm' 20 27 edl 0 13 268
srppm;  <dl  <dl <l @l 5
Zr ppm: <dl . <dl . <4l P edl L o<dl
Y ppm, <dl = <dl = <dl | «dl = <dl
Ba ppmi <1 <d1 <41 <dl 4
Ni ppmi 90 . 21 15 5 . 494 |

=
}—l i
YN R v

‘Gumberiand Norfon  Shallo- (Cumberiandl
__\Falls(ach) County . water | Falls(ch)]

Fe % | 2,11 | 1.26  12.14 14,70
Mn % | 0.140 © 0.191  0.042 = 0.298
Ti % 0.027 = 0.034  0.013 = 0.068
Ca % 0.77 © 0.93  0.28 1.43
ce % ! 0.074 = 0.070  0.066 | 0.46
P % 0.008 @ «dl . 0.106  0.066
si % | 26.12 25,21  21.43 | 20,69
Al% . 0.21 | 0.12 . 0.50  1.03
Mg % | 22.65  25.16  18.89 . 17.33
Ne % : 0.17 . 0.07  0.36 - nd
K ppmi 190 = 55 425 869
Sr ppm | <£dl i <3dl é 6. % nd
Zr ppm|{ <dl <4l <& | nd

Y ppm| <d1 = <dl . <1 | nd
Ba ppm| 21 <l - 15 = nad
mippm! 371 314 7600 = nd
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TABLE 17 (cont.)

Vigarano Mokoia All

= M o o B3 5 =
oo H O P B o

Mg

Na

I S
ar
Ba

R

ROR AR

RN

=

N R

D
[She ¥

ppm
bpm
ppm
prm

22.24 22,59 | 2
0.147 = 0.155 .
0.104 = 0.091
2.26  2.00
0.40 | 0.42
.093  0.097

15,25 | 15.30 @ 1
2.07 = 1.82

3.55
0,157
0.091
1.84
0.43
0.101
6.00
1.74

14,41 14.32  15.10

0.28 . 0.36
319 . 306
16 15
11 7T
45

0.36
300
14
8

- 22.02

- 0.146
0.091
1.80
0.40

. 0.095

- 15.55

. 1.83

- 14.86

- 0.11
100

[Coolidge® Lancé Warrenton Felix

Fe
Mn
Ti

R

R=EN

Y
Q

AR R R

AR

R

ppm
ppm
ppm
ppm

24.oo§ 24,65 § 2

0,125 0,169
0.087 = 0,074 .
1.66 © 1.53
0.44 = 0.44
0.103  0.103

15.64  15.55 1

1.67  1.35

5.43
0.175
0.075
1.57
0.45
0.107
6.01
1.40

14.92  14.27 = 15.10

0.20  0.35
129 397
14 12
8 T
11 3

0.43
390
13
9
8

25,30
0.172
0.075
1.54
0.46

. 0.106

- 16.05

. 1.38

. 14.85

. 0.36
371

12

ende Leoville'

i

i
i
1
I

é
i
|
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286. as superior, even though the criteria they used would
not today be regarded as very exacting. Mason (1965) has
reinvestigated the question of quality of data, and formuwlated
certain criteria for assessing quality. In addition,
numerous other workers have made obgervationa on the
quality of the available data (see von Michaelis 1969).
More recently, the question of the quality of data has been
brought into sharp focus by the work of von IMichaelis et al
(1969b). Their work showed thst much of modern data were
of insufficient quality to show inter-relationships of
various elements in chondrites. In this regard, PFigure 1
of Ahrene and von Michaelis (1969a) is very pertinent.

The quality of meteorite data is dependant not only on the
analysis itself, but also on the nature of the sample
Obviously, non-representative sampling can destroy the
ugefulness of an analysis, although this is not always the
case. In this work, an attempt was made to obtain as large
semples as possible, which, it was hoped, would be free of
the problem of non-representative sampling (see page 6).
The analytical technique used in this work has been shown
to be capable of producing data of good quality, and it

wag hoped that by analysing representative sliquots of
relatively large crushed samples; data of a fairly high
quality would be obtained for a relatively large number of
achondrites. The purpose of this section is to assess this
data, with a view to esgtablishing whether this aim has

been achieved.

Various schemes have been suggested foTr assessing the

quality of major element analyses of meteorite Urey

and Craig (1953) initiated these. Mason (196 proposed a

more rigorous approach. He based his assessment on:

a) Accuracy, gauged by the degree of correlation between
the Fe0/(FeO+Mg0) ratio calculated from the analysis
and that measured in the ferro-magneasian minersls,

b) Summation, represented by the closeness of the total
of the major components in the analysis to 100%,
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c) The completeness of the analysis.

Unfortunately, such a scheme is not spplicaeble here. In
the case of the HL chondrites studied in this work, only
total iron is known, so the Fe0/(Fe0+Mg0) ratio is likely
to be in error. TFurther, Ni has not been dettermined so thatb
both the criteria of summation and completeness. cannot

be satisfied completely. In the case of the achondrites,
the reliability of available optically determined
Fe0/(Fe0+ig0) ratios are questionable, particulariy in
view of the age of many of these determinations (some date
back prior to 1920). Keil and Fredriksson (1964) have
also suggested that errors up to 10% may occur in
optically determined FeQ/(Fel+Mg0) ratios in ferro-
magnesian minersls.,

Other criterie have also been used to assess the quality
of major element data. O0f particular interest is the use
by von Michaelis et al (1969) of the spread of inter-
element ratios and element abundance in various types of
meteorites. In addition to this criterion, these suthors
used a direct comparison of their data with that in the
literature, probably the most widely used method of

establishing the quality of data.

In this work, a procedure gimilar to that used by von
Michaelis el al will be used., The reproducibility

for the fusion technique of analysisg wag ascertained by
teking thirteen separate aligquots of a homogencous rock
powder through the entire sample preparation (crushing
excepted) and snalytical procedures. The possibility

of systematic error was investigated by direct comparison
of the data obtained in this study with that in the
literature, Finally, where possible, various rock samples
of known composition were analysed simultaneously with
the samples. This served as a further check on accuracy.

Majoxr and some Minor eslements.
Results obtained by the fusion method axe discussed in
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terms of their accuracy and the precision of the technique
used.
a)

into thirteen portions,

Precigion: A homogeneous dolerite powder was split
and taken through the entire
enalytical procedure in order to determine anelytical
preclision. Further, individual discs were distributed
randomly amongst the sample diges, and not counted
which in-

consecutively. The precigion thus obtained,

- cludes every step of the technique, thus accurately re-
Statistical data calculated

from these thirteen analyses are presented in Table 18.

flects that for the samples.

TABLE 18
Analytical Precigion for Fusion Determinations.
Average of Standard Coefficient
N |13 anelyses | Deviation | of Variation
Fe,04 11.059 0.074 Q.67l
MnO, 0.176 0.002 1.688
Ti0, 0.879 0.007 0.904
Ca0 10.968 0.064 0.586
K50 0.659 0.003 0. 458
P,0; 0.194 0.008 4,166
510, 51.272 0.409 0.798
A1203 15.985 0,131 0.819
g0 6.551 0.101 1.541
Ne,0 2.250 0.024 1.070
HQO" 0.119 0.0195 164353
H,0" 0.210 0.047 22,679

(Total Fe is expressed as F@203)
Careful examination of Table 18 is instructive. For most
elements, as expressed by the coefficient
Some rather interesting
the precision for

the precision,
of variation, is good ( <1%).
features may be noted.
Mg is considerably poorer than that for X, although the
The reason fon

and hence the

For example;

former is about 10 times more abundant.
this is the relatively long wavelength of Mg,
long counting times required; which makes this element
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particularly prone to short-term instrumental drift.

The precigion for P is vparticularly poor, probably
resulting from a combination of low abundance and
relatively long wavelength. This seems to be substantiated
by comparing this data with Mn, which is present in a
similar sbundance but has a superior precision. The

poor precision as far as H20+ and HZO” are concerncd is
probably partly due to the imprecision in the weighing

of emall changes in weight, although some variation must
be real. The reasons for this are not clear.

b) Accurscy: As mcntioned above, the accuracy of meteorite
analyses can be ascertained by comparison with the data in
the literature. The most satisfactory method of compar-
ison 1g obwiously 1o comparc average compositions

of fairly large numbers of analyscs of members of groups
which are uniform in composition. Of the meteorites
studied in this work, eucrites and HL chondrites are

best sulted to such a comparison, as a reasonably large
number have been analysed. Howardites are of more
variable compogition with respect to most elements, and
will not be used in all comparisons. Where possible,

the data of this work are compared to those published

by specific workers individuelly, and in most cases only
post=1960 anzlyses have been used. It is assumed that
inferences regarding the quality of data based on HL chor=
drites and eucrites applies eqgually to the other achondrite
types studied. Broadly speasking, the abundance levels

in eucrites and HL chondrites encompass those found in
clazses not tongidered in the comparisons. In celculating
group averages of eucrites, Binda and Serre de lage have
been ommitted, as these are unusual eucrites (this work
and Schnetzler and Philpotts 1968).

(1) ZIrons Ahrens and von Michaclis (1969b) and Ahrens

and Danchin (1971) have stressed the limited spread of Fe
in eucrites and howardites, despite the marked variation in
other major components such as Ca, Al and Mg. The range

in iron abundance in cucrites and howardites analysed in
this work is comparable with that found by other workers
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as may be seen in Figure L and Table 19.

TABLE 19

Comparison of Fe abundances obtainced in this work with those

. +
obtained by other workers.

’ Analyst Method Eucrites
Rangec lean
von Michacelis et .
21 (1969b) XRP 14.35-14.37 14.36(2)
Schmitt. et al ‘
(1971) NAA 11.6 -18.5 14.8 (15)
Duke and Silver
(1367) - 14,35-15.75 14.89(5)
Nichiporuk el al
(1967) XRF 12.93-14.52 13,75(6)
This wozrk XRF 13.82-14.97 14.58(8)
Howardites
Range Mean.
Wwiik (1970) "Classical’} 13.20-13.96 13.64(4)
Schmitt et al
(197L) NAA  11.0 -19.1 13.6 §9)
This work XRF 11.92-14.02 13.30(5)
HL
Range Mean
von Michaelis eth ‘
21 (1369Db) XRF 22,33=24.60 23.10(4)
Wiik (1970) "Clagsical®’} 24.04-26,18 25,17(9)
Schmitt et al ‘
(1971) NAA. 20.0 -23.6. 24.1 (9)
{This work XRF 22,24-25.43 23.63(8)

+ Data expressed as weight % Fe.

The extreme variation in the Fe content of meteorites
analysed by Schmitt et al (1971) probably reflects non-
representative sampling. (Sample sizes used by these
authors ranged from 0.014 to 1.24g.) This is suggested
by the paor agrecement with the data of other analysts

for individual meteorites. For example, Schmitt et al
found Sioux County to contain 17.1% Fe as compared with
14.35% by Duke and Silver (1967), 12.39% by Nichiporuk et

-2l (1967), 14.35% by von. Michaelis et al (1969b) and

14,44% in this work.

The limited spread of the data obtained in this work for
Fe attests to their high quality; not only from the
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analytical aspect, but also from the point of view of
the representative nature of the samples. Further,
group averages obtained in this work compare favourably
with those obtained by other workers, indicating the
probable absence of large systematic errors. Although
the standard with the highest Fe content contained less
Fe than the HL chondrites; the calibration curve is
nevertheless linear over the entire range of iron
concentration encountered in this work. This has also
been confirmed by Willis (pers. comm.) who analysed
artifically prepared F6203/5102 mixtures using the same
techniqgue.

It appears from the snalyses presented here that iron is
slightly fractionated between eucrites and howardites.
This fact is not. apparent in the body of data collected
by Ahrens and Danchin (1971), but may be seen in the
combined data of Duke and Silver (1967) and Wiik (1970),
1f one accepted the absence of systematic error. The
analyses presented here confirm this absence. It will
become gpparent in a later section that this fractiemtion
of Fe is not discrete, but is related to the composition
range exhibited by the howarditese

(ii) Silicon: The silicon abundance in howardites and
eucrites, like that of iron; is remarkably uniform. This
has been pointed out by Ahrens amd by Ahrens and Danchin
(1971), In fact, the latter authors go so far as to state
that ‘Y...the dispersion of 5102 in the basaltic achondrites
(¢ = 1,1%) is about the same as that of the analytical

data on homogenised powder of one rock, standard W-1.°

The analytical data for howardites and eucrites obtained

in this work ig compared to some recent data by other
workers in Figure 2. Analytical data in general for Si
compares favourably with that obtained by other workers,

A slight fractionation of Si between howardites and
eucrites is apparent from the data presented here. As will
be shown in a later section, this fractionation is related
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to the composition variation exhibited by the howardites.
Further comparison of data may be found in Table 20.

TABLE 20

S L T 55T

Comparison of 5i abundances (wh. %) obtained in this work
with those oleinmed by otheér workers.

§ Analystt f Method Bucrites |
S b i Renge  Mean |
‘Duke and Silver i
; (1967) = ©R2.71-23.21 23.01(5)
Vogt. and Ehmann :

(1:965) . KAa 23.3 -23.6 23.5 (4)
von Michaelis ot |

al (1969%) : XRF 22.38-22,94 22,66(2)
This work . XRF 22,44-23,24 22,88(8)

; Howardites
| ~ ? Range  Mean ;
Wiik (1970) "Classical' [22.63-23,56 23,21(4)
This work i XRF 22,98-24,21 23.61(5)
| HIL

o L ] Range Mean
Vogﬁ and khmann _ T T CoTmme T B

(1965) I NaA 15.3 -16.1 15.7 (4)
von Michaelig ei ; : :

al (1969b) ' XRP 15.55-16.29 15.84(4)
Wiik(1970) 2 Classical’ [14,32-15.24 15,50(9)
This work . XRF 15.24-16.05 15,61(8)

Average Si concentrations obtained here agree favourably
with those obtained by other workers uging a variety of
methods; indicating the absence of systematic errors.

(iii) Manganese: Like Si and Fe, this element; has also
been shown to remain at. a constant abundance level in both
howardites and eucrites by Ahrens and Danchin (1971). No

fractionation of Mn between eucrites and howardites was
obgerved in the dats of this work, This data is compared
to that of other workers in Table 21.
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TABLE 21

S b T s e

Comparison of Mm sbundances (wt. %) obtained in this work

with those obtained by other workers.

Analyst Method Eucrites
_ Range Mean
Schmitt et al B . y
(1971) NAA 0.15 - 0.58  0.38(19)
Duke and Silver
(1967) - 0.39 - 0.43  0.41(5)
von Michaelis et
al (1969b) XRF 0.415-0.421  0,418(2)
Nichiporuk et al
(1967) XRF 0.37 =0.47 0.4055)
This work XRF 0,41 -0,46 0.43(8)
Howardites
Range Mean
Schmitt: et gl
(1971) NAA - 0.37 = 0.43 0439(9)
Wiik(1970) "Classical®| 0.40 -~ 0,43 o.41§4)
This work XRF 0,37 - 0.44 0.42(6)
HL
Range Mean
Schmitt et al
(1971) NAA. Cel3 = 0.17  0.15(10)
Wiik(1970) "Classical’| 0.15 - 0,18 0,16(9)
von Michaelis et
a2l (1569b) XRFE 0.129- 0.165 0.,150(4)
This work XRF 0.12 - 0,18  0,16(8)

Average abundances obtained in this work compare

favourably with thosze of other workers.
in the data of Schmitt et al (1971), particularly for

eucriteg, 1s again evidenty

(iv)

Magnesiums

are coumpared to literature data,
to exhibit & range in: Mg abundance
and Silver 1967).
are compared to thos ebitained here in Table 22,
systematic error is evident in the Mg date presented in this

work.

Only data for eucrites and HL chondrites
as howarditeés are known
(e.g. Mason 1967, Duke
Average Mg abundences ofother workers

No gross

The range

probably due to poor sampling.
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TABLE 22

Comparison of Mg data obtaimed in this work

e e, e as VP b Aene o KR A e aeh s

with that obtained by other workers

Analyst Method Bucrites 1 HL |
Duke and Silver (1967) - 1 3.94(5) -
wiik (1970) "Classieal - 14.42(9)
'von Michaelis et al '

(1970) XRF - 14.59(4)
This work i XRF 4.32(8) 14.55(8)

+ Data expressed as wt. % Mg
(v) Calcium and Aluminimm: The importance of the
abundance relationship betwecen Ca and Al in stony mcteorites
has Yeen stressed by Ahrens and von Michaelis (1969a,b) and
Ahvens (1970c¢), and these clcements are thercfore discussed
together. Average Ca and Al abundences in eucrites and HL

chondritcs obtained by various workers are comparcd o those
obtained in this work in Tables 23 and 24 respectively.

TABLE 23,

. ot
Comparison of Ca Data.

Analyst Mcthod Fucrites HL
 Nichiporuk et al (1967) | XRF 7.23(6) | =
Duke and Silver (1967) Classicall 7.43(4) -
Wiik (1970) Classical - 1.59(9),
| von Micheelis ct. al o Z
| (1969b) XRF ~ 1.84(4)
| This work | XRE 7.38(8) | 1.77(8)!

+ Deta expressed as wt. % Ca.
TABLE 24
Comparison of Al Data’t

Analyst Method Eucrites HL
Loveland et al (1969) NAA 6.38(6) 1.37(8)
Duke and Silver (1967) |'Classical® 6.59(5) -
von Miiggglis et al XRF _ 1.70(4)
Wiik §197O "Clagsical - 1.46(9)
This work _ XRF 6.656(8) 1.65(8)

+- Data expressed as wt. % AL



48

Average Ca and Al sbundanccs of the data obtained in this

work agreec rcascnably woell with those of other workers,
indicating the absence of large systomatic crrors in the
data reported herc.

Ahrens and von Michaclis (1969a,b) and Ahrens (1970¢) have
shown that the Ca/Al ratio in chondritecs, howardites and
cucrites romaing esgsentially  constant over a wide range
of Ca and Al abundance lcvels, The average Ca/Al ratio
obtained by these authors was 1.08. This ratio not only
provides & criticasl chcck on the gquality of data, but, in
gddltion, in the casc of the howardites and cucrites it
also provides a test, albeit somcwhat insensitive, on the
reprasentative nature of the samploes, as the relative
proportions of nlagioclasc and clino-pyroxene must be
fairly well balanced in order to produce a Ca/Al ratio of

1.08. (The theoretical maximiwm Ca/Al ratio in plagio-
clasc is 0.74). The rclative contributions of non-—

repreasentative sampling and inferior quality enalytical
data on the Ca/Al ratio arc obvicusly difficult to dist~
inguish in a smell number of znalyass.

Ca/K1 ratios obtained in this study are compared to some

recent determinations by other workers in Table 25,

TABLE 25

Coa e AR L.

Comparison of Ca/Al rqtlooa

Bucrites
ange Mean
Litcraturet |1.09-1.16 1.12
This work 1.08-1.17 1.11(8)

‘Howardites

; Range Moan
Literaturec |1.02-1.15 1.06
This work 1.08-1.15 1.12(%)

A HL
: Ran&e Mcan
Literatured [0.91-1.37 1.11

This work 0,98-1.13 1.07(8)
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l. Average of four cucrites. Data from Dukc
and Silver (13567), Engelhard(1963) and
von Michaclis ot al (1969D).

2. Avecrege of five howarditcs. Data from
Wiik T1970) and von Michaelis ot al (1969b)

3. Average of nine chondrites. Data from
Yiik (197G) and von Michaclis et al (1969b)

The data of this work comparc favourably with rccent anzalyscs
of high quality. Further comparison of data ig shown in
Figure 3, wherc howsrdites snd HL chondrites analysced in

this work ars compared histogresmeticelly with analyscs of

a single analyst of some repute, vig. H. B. Wiik.

The spread of Ca/Al ratios in HL chondrites obtained by
Wiik is conesiderably grecater than that found in this work,
indicating tho superiority of XRF data at low levcls of

Ca and Al. In the howardites, this is not quitc as marked
indicating that wet: chemical moethods used by Wiik produce
data of comparablc quality to XRT at relatively high Ca and
Al sbundance levels. The data prescntcd in this work suggest
a slight fractionation of the Ca/Al ratio in HL chondrites.
At lecast two groups are clcaerly recognizalble on this basls.
A third group may exist as wcll. Thesc sub-groups, with
their corresponding Ca/Al ratios arc shown in Table 26,
Ca/Al ratios for both Wiik (1970) and von Michaclis et al
(1969) data have been included in this table as well.

The level of significance of the Ca/Al ratios for the data
prescnted here hae been cstimated using the analytical
precision for Ca and Al presentcd in Table 18.. At the 200
level, Ce/AL1 ratios are significant to within *0.022 for

Lancé and 0,015 for Vigarano, the HL chondrites with the
lowest and highest Ca respectively. Leoville and Coolidge

have significantly lower Ca/Al ratios than the remaining
six HI, chondritcs. Within this lattcr group therc is a

m

uggestion of a fractionation of the Ca/Al ratio, although
i

this does not stand up to rigorous gtatistical tests.
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TABLE 26

e e G A

parcd to that of othor workers
cxhibit o

cxcluded.

Pogsibls gub-groupings amongst the HL chondritcs bascd on
Ca/AL ratio fractionation.
Mcteorite Typ0+ This work |von Michaclis Wiik(1970)
21 (1969Db)
Ca/Al Co/41 Ca/Al

Looville C4-v(?) 0,98 - 0.91
' Coalidge C4~v 0.9% -
 Vigerano | C3-V 1.09 1.05 1.05

Mokoisg c2-v 1.10 1.09 1.37

Allondc C3-v(® 1,06 - -
| Lanco C3-0 1.13 1.12 1
| Warrcnton| C3-0 1.12 - 4
| Folix ¢3-0 1.12 1.07 1 01

+ C2, C3 and C4 donoto the potrologic
groups of van Schmus and Wood (1967).
V and O rcfcr to the Vigarano and
Ornans sub-typcs of the HL chondritos
cspoctively (ven Schmus 1968).
Cl;u ification from Clarke et al (1571)
(vi) Titenium: Ti datz cbtaincd in this work are com-

Table 27.
abundancce and have therceforc boen

Howarditcsa

ronge in Ti

TABLE 27

T e b s A

Author Mothod  |Eucrites HI,"
bukce and Silver -
(1967) 0.46(5) -

wiik (1970) *Classicaly - 0.09 (9)
von Michaclis

ot al (1$69b) XRF - 0.087(4)
This work XRF 0,417(8) 0,086(8)

+ Data cxprosscd as wt. % Ti
Aversge abundancos of Ti in cucritos and HL chondritos

obtaincd in thigs work

of othor ans

are in good agrccmaent with those

lyats

(vii) Sodium: Sodium analyscs carricd out by X-ray
fluorcseencc arc not rozardced ag being of a particularly

high standard.

In this work absorption

corrcction was
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applied for thie elcement. Further, counting timecs are
long, meking the results susc Dtvb e to instrumental
drift. - These difficultics are reflected in the measurcd
precision for the Na dctermination. The data obtained

in this work arc comparcd to literature valucs in Tablc 23,
No. serious systematic crrors are cvident in the Na reported
in this work,

TA LE 283

et Seraa e e

Comparigon of Na daﬂa

e i b e, L

Analyat Method Eucrites HL
Schnitt ot al

(1971) | . Naa 0.32(14) | 0.34(9)
Duke 2nd Silver :

(1967) - 0.36(5) -
Wiik (1970) "Claaaical? - 0.42(83)
Tera ot al ;

(1970) AA ' 0.3451(6): -

{This work XRF 0.39 (8) G.30 (8)

+ Data expresse =d as wt. % Na

(Vii) Potagsivms Ag discugsed in Section II, potassium

has been detsrmined by two methods on most of the semples,
viz. on the fusion discs and on pressed powder briquettes.
A comparison of the data obteined by the two methocds is
ingtructive;, since, in come cases, insufficient material
was available for the preparation of briquettes, and, as K
ig low in the meteorite studied here, the validity of the
fusion determination must be established before the data

can be used.

Pigure 4 gshows a plot of K determined by the fusion mathod
against that mezssured on the briguettes. A distinct and

aystenatic departure from the 45° line is eViC>rt, with the

briquetts determination being systematically high relative
to the fusion dats, The data used to construct Figure 4
may be found in Appendix II. The fitted line does not pass

through the origin, but intersects the ordinate (briquette
determination) at a2bout 15 pom indicating insufficient
background corrcction on the briquctte data



ERRATA
Equation for calculating weighted average of primary and secondary

mass absorption coefficients from H.Fesq (pers. comm.).
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oxX  over correction on the fusion data. The latter is
probably the cause of the error, as the standards and
blarks uged in this run had already been in usc for sonme
ten months prior +to this work being carried out. Dome

K contamination is highly likely in thesc circumstances.

In addition Tto this errcr; results obtained by the briguette

method are some 9% higher than these obtained by the fusion
technique. The reason is not clear. However, a szmple

of gabbro which  has been standardised in this laboratory
by 2 varicty of methods (Erlsnk et al 1968) at 0.169% K

was anklysed simulteaneously wth the samples by the briquettes
method. A result of 0,170% K was obtained indicating that
the trapolation from W-1 is egpentially correct, =nd that

the systematic error cccurs in the fusion disc techniquec.

0]
"

)
D

A final check wasg provided by the sample of Serra de lage,

b

which wasg found by the fusion L“fﬁplqu to contain 0,004%

K. (The detection limit by the fusion technigue is 10ppm.)
Philpotts and Schnetzler (19702) have analysed this same
powder uaslng isotope dilution technicues, eand found it to

o]

o

contain 61 ppm K, a result which is in satisfactory azree-
ment with the fusion value which hag been corrected for the

4o

systenatic errors discussed above.

e}

In addition to the above systematic errors; the K dats for
the enstatite achondrites scems to be narticularly unrelaible,
This is mogt probably due to matrix effects in the bricuctte

For this reason, corrected fusion K values are proeferred

for these metecorites.

Uncertzinties in the mat rlx corrections for the briguette
are probably slso regponsible for the slight scatter of the

1, 1

Because of the range of K abundnnce in the meteorite tymes

studied in this work, comparigorswith literature valucs are
beet undertaken using individual moteorites, rather tha
Zroup aversses, These comparisons are shown in Table 29,
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TARLL 20

HPF SRR

Comparison of X data obltainsd in this work

v

with that ootaln\o _by othor analyqu

T A A s AL o o T ARl

Mcteorite Author Method |[K(ppm)
Juvinas Tera et al (1970) ID 322
Philpotts and Schnetzler ‘
(1970a) D 298
Thig work ARF 340
Pasamonte Tera ct al (1970) ID 327
Thig work XRF 356
Stanncrn Tera et al (1970) ID 657
Philpotte and Schnetzler
(1970e) ID 686
Thig work XRF 549
Bereba Tera et al (1970) ID 258
This work XRF 294
Sieux County | Tera ot al (1970) ID 305
This work XRT 295

|

Data obtained in this work compares favourably with reccent
determinations by isotope dilution analysis, and arc
congidercd satisfactory for ths present purposes.

(ix) Phosphorus: Data for phosphorus obtaincd in this
work arc comvared to somec litorature values in Table 30.

TABLE 30

Comparison of P data obtalncd in thisg work
+

with that obtained by other snalysts

D <

Author liethod Eucrites
Range G
Duke and Silver (1967) 0.04-0.06 0. 05(5)
This work XRF 0,03-0.05 0.04(8)
Howardites
Range Mean
wiik (1970) "~ ['Classical’| 0.025-0.05 0.04(3)
This woxrk XRF 0,02=-0.04 0.,02(5)
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TABLE 30 (cont.)

Author Method HL
Range Mean
Wiik (1970) "Clagsical’| 0.04-0.17 0.12(9
Thig work ARP 0.09-0.11 0,10(8)

+ Data expressed as wt. % P.

Comparison with the data of other workers is favourable,
indicating the absence of gross systematic errors in the
data of this work.

‘Minor and Trace Elements.

a2) Precision:; The manufacture of briquettes for trace
element determination is very reproducible. The factor
which is largely respongible foe determining the preeision
of a trace element analysis is therefore the random nature
of X~radiation. The statistics relatsd to this distribution
are well known, go that analyticel precision can readily be
calculated. Thus, for example, Willis et 21 (1969) showed
that the precigion obtained by counting the Ba Leg¢ line

on 11 briquettes of the same sample (¢ = 2.3%) was very
similar to the precision calculated from the measured

count rate om one of these briquettes (¢ = 2.2%). In

this work, the precision for each trace element analysis

has been calculated using the formulae giwenby Norrish

and Chappell (1967) (eqnas. 32 and 33).

b) Detection Limits: Many of the trace elements studied

in this work are present in achondrites in extremely low

abundances. An estimation of the detection limite is
therefore essential. These have been calculated from
background measurements at a level of significance of

36" ugsing the formula given by Norrish and Chappell (1967)
(ean. 37).

¢) Accuracy: The accurecy of trace element. determinations
by X~-ray fluoresence is heavily dependant on the accuracy
with which the mass absorption coefficient can be deter-
mined. Ags discussed previously, the Compton peak method
of Reynolds (1963) has been used in most instances.

Norrish and Hutton (1989) have pointed out that a 2 g
briquette ig infinitely thick for all wavelengths at
least. as short as the Sr]ipcline. Most of the samples
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included in this study exceed this 2 g limit. However,
two of the meteorites studied were probably not infinitely
thick for the 3r X ot wavelength, partly because of their
low Fe content (and hence low mass absorption coefficient)
coupled with the fact that insufficient material was
available. These are Cumberland Falle (achondrite) and
Chassigny. This does not present a problem, however,

s both these meteorites had contents of Rb, Sr, Y and
Zr below the detection limit of the method used.

As in the cage of major elements, the guality of the

trace element data is assesged by comparison with analyses
taken from the literature. In view of the general

paucity of data, analyses of individusl meteorites have
been compered rether then group averages.

(i) Strontium: As mentioned sbove, Sr has been determined
by two, and in some instances three separate techniques,
i.e., different instruments and instrumental conditions

were used. Resgsulte by the different techniques compare
favourably and in most cases agree to within the

calculated precision. Detection limits and precision

(2¢) for the various techniques are listed in Table 31.

TABLE 31

e amon.

Detection Limits ana Precigion for the

Determination of Sr.

e PwW 1540 PW 1540 PW 1220
Mo tube W _tube W _tube
etection Limit
(ppm) 1.5° 2.0 2.0
Counting error
(ppm) +1.1 +1.5 +1.5

Sr data obtained in this work ars compared to some recent
determinations by other workers in Table 32.

As may be seen, the Sr data reported in this work compare

very favourably with recent analyses carried out using
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Comparison of Hr data obbglned in this work

. ety SR

with that obtulnbd by other analysts.

LNV PO FENPERCT e

Meteorite Author Method | Su(ppm)
Stannern Schnetzler and Philpotts
(1570) ID 87.0
Eberhardt and Geiss (1966) iD 85,0
Tera et al (1970) D 87.7
This work XRF 90
Pasamonte von NMichaelis el al
(1969 1) XRF 77
‘Gast (1962) iD 82.7
Gopalan and Hetherill
(1968) iD 778
Tera et al (1570) ID 78.0,75.0
Thig work | LRE.. | 7
Sioux von Michaelis et al
County (1969b) XRF 73
Burnett and Wasserburg
(1967) ID 73
Gast (1962) IiD 68,8
Tera et al {(1970) ID 76.0
This work XRF 74
Juvinas Tera et al (1970) ID T7el
1 This work XRF TT
Bereba Tera et al (1970) ID The'(
This work XRE 78
alvern von Michacelis et al
(1969h) XRF 58
1 This work LRE 57
Mokoia Rama Murthy and Compston
(1965) ID 16.3
von Michaelis et al
(1969b) XRF 15
Kaushall and Wetherill XRF
(1970) ID 14.20
This work N XRE 15
Lancé Rama Murthy and Compston | | ]
(1965) iD 1407
von Michaells et al
(1969b) XRE 12
This work XRF 12
Allende Kaushall and Wetherill
(1970) ID 14.42
This work XRF 14

isotope dilution analysis. Rock gtandards PCC and DIS
were included in the determination as cross-checks on

the background correction factor, as both have Sr contents
below the detechtion limit of the method used (Flanagan
1969), Results obtained for these rocks indicated the
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egsential correctness of the background factor correction

method,.

(ii) Barium: The detection limit of the anslytical
technigue employed for the anslysis of Ba in this Work‘
(Willis et al 1969) is dependant on the concentration

of Ti in the sample, as Ti Keg interferes slightly with
the Ba L& line. Approximate detection limits are ligted
together with estimated analytical precision in Table 33.

LABLE 33

Detection Limits and Precision for the

Determination of Ba,

P - L

HL and Ca-poor Ca—rich
achondrites achondrites
Detection Limit
(ppm) 1.7 2.6
Counting error
(ppm) +1.2 +2,2

The data obtained in this work are compared to some
recent. literature valueg in Table 34.

The data obtained in this study compare favourably
with that of other workers. Few HL chondrites have
been enalysed for Ba, and there does not appear to be
much agrecment between thoge which arc available, Tor
example, Moore and Brown (1963) find the average Ba
content of HL chondrites to be 4.0 ppum, while
Greenland and Lovering (1965) obtaincd a value of 13.4

ppm. An average of O pum was found in this work.,

5

(iii) Zirconium: The detection limit and counting

error for Zr are pr ted in Table 35, Zr date obtained
in this work arc comparcd with some recent determinations
by other workers in Table 36. It ia evident from this

comparigon that no systematic errors arc vrescant in the
0



Comparison of Ba data oot91n d in this
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TABLE 34

o,

with that obtaincd by ,“Q.Elf{i«;{‘ Aan_%ly;t“

Work

Meteorite Author Method | Ba(pnm)
| Stennern Schnetzler st al (1968) ID 58
Gaet et a1 (1970). 1D 49,2
Tera et al (1970) D 53.0
Thig work XRE 50
Sioux Gast (1965) D 25
County Tera et al (1970) ID 27.2
Thig work XRP 20
Pasamonte | Gast (1965) ID 38
Tera et al (1970) iD 28.6
Thig work . XRF 33
Juvinas Schnetzler and Philpotts
(1968) ID 33
Tera et al (1970) ID 30.2
This work ARF 31
Bereba Tera et al (1970) ID 28.6
This work XRF 33
J.AB“];E bY) 35
Detection Idmit and Precision for the
Determination of_ﬂgi
Detection limit (ppm) 2.5 ¢
Counting error (ppm) +1.7}
TABLE 36
Comparigson of Zg;gat” obtained in thisg worlk
with that obtaincé by other anslys 53ts.
lieteorite Author Method | Zr(ppm)
Juvinag Schmitt et al (1964a) NAA 53
Thig work XRT 48
Pasamonte | von ifichselis et al v
(1969Db) XRT 56
Bhmann and Hebagay
(1870) NAA 58,64
| This work XRF 57
ESiouX von Michaclis et al ,
County (19691) XRF 10
This work XRF 42
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TABLE 36 (cont.)

Wetaorite | V Author | Methoa Zr{ppm)
Stannern Schmitt et o1 (1964a) NAA 70
This work XRF 90
Binda Ehmann and Rebagay
11970) NAA 17
This work XRF 18

(iv) Yttrium: Detection limits and counting errors for
Y are presented in Table 37. Few achondrites and HL chon-
drites have been anslysed for Y. The analyses by Schmitt
et al (1964b) for Juvinag (17.1 ppm) and Stannern (25 ppm)
agree reasonably well with the values for these meteorites
obtained in this work (20 aznd 33 ppm respectively).

J.A:}fv 37

e

Detection Limit and Counting Error

for the Determination of Yttrium

Detection Limit (ppm) 2.4

{Counting error (ppm) +1.3

(v) Nickel: Unlike its abundence in chondrites, Ni is

[on R ————

present in trace amounts in achondrites (Wichiporuk et

1967). For this reason, Ni was determined on undiluted
powders, The success of this techniqgue hinges on the
fineness of the metal phasse, as ¥i occurs largely in this
phage, . In this form; severe matrix eoffecte could
occur in the determination of Ni. The reason is that the
Ni Kid&amalysis line (1.6598) occurs immediately to the
short wavelength aside of the e K absogption cdge (1, 7ﬂﬂ2)
and will therefore be atrongly absorbed by the Fe
component of the metal phase. If the grain size of the
metal is coarsec, most of the attenuation of the Ni Kec
radiation will be caused by abgsorption within the metal
phase. Calculated absorption coefficients or Compton
peak measurements will not corrcct for this absorption,
as these methods give an avsrage absorption coefficient
for the entire sample. The results will therefore be in



e

v

error, I1If, on the other hand; the metal phage is suffic-

iently fine so that absorption by the eilicatc matrix
exceeds that ocouring in the metal phase, then the applied
matrix correction will be satisfactory. Unfortunately,
it is not possible to estimate to what extent the data
presented here have been affected by such particle size
effecte gince metal particle gize digtributions are un-
known. Nor have oxidized achondrite powders prcparcd by
von Michaelis et al (1969a), which were zvailzble for
study in this work, bcen able to throw light on this pro-
blem, as sample inhomogenelty with respect to Ni in these
samples was too great. For example, two scparaste oxidized
samplegs of Malvern containcd 327 ppm and 221 ppm Ni respec-
tively, while two Johnstown samples countaincd 137 and 45 ppm
easpcetively., |

Two pointe smerge from this discugsion. Firgtly, there isg
every likelyhood that Wi data presented in this work arc
subject to a variable systematic error, and secondly, that
samples are not representative as far as the metal phase

ia concerncd.

The cdats fur %% btained in this work do not compare vary
favours bly/tio date of other analysts., Some thin-film

X~ray fluorecsence determinations by Nichiporuk et al (1967)
are comparasd to the data of this work in Table 33.

TABLE 38

e o sme

Comparison of Mi data obtzined in this work with

o yana a N iwo e e amae Aabe S

that of WLOthOfﬂP et al (19 ;llf

Moteorits Thig NlChlpOTuﬁ
vork | et al (1967)
Binda 6 13
Juvinag <Ldl 9
Pasamonte 5 9
Sioux County & = 18
Stannern <dl | 9
Harasiya <dl. 15

+ Date in ppm
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Cr dats
study are compared
__)9: Th{:)

(vi) for howa

obtained in this

Chromivms

o

by other workers in Table

ingtences ig congiderable,

probably due largsly to

diteg

to some recent analyscsa

and eucrites

ange of Cr in many
gampling

problems. The achondrite data in Table 39 suggests the
presence of a aelight systematic error in the data of thig
work.
TAPLE 3
Lomparison of Cr cata obtained in ‘this work
with that ‘omf Lother analysts.
Meteorite Analyst Method| Cr(ppm)
Bereba Schmitt et a2l (1971) NAA 1870
This work XRE 2200
Sioux PSchmitt et al (1971) NAA | 2000, 2300
County ! , 2260
 Nichiporuk et al (1967) XRT 1420
i Duke and 3ilver (1967) - 2460
This work REF 2300
Stannern Schmitt et al (1971) NAA 1780
Nichiporuk ct al (1$67) XRF 1250
Duke and Silver (1967) - 1920
This work ¢ XRF 2300
Macibini Schmitt ot al (1971) . NAA | 2380,2730
This work . " . XRF 2500
Binds Schmitt et al (1971) NAA | 4070, 4350
Michiporuk et al (1967) : ; 6500
This work : 5100
Frankfort Schmitt et al (13871) NAA 5160, 4740
Wiik (1970) G200
This work XRE 7700, 7T0GO
Shallowster| Hichiporuk ot 21 (1967) XRF 517
This work XRE 655
Torton Tichiporuk et 21 (15867) XRT 3532
County Schmitt et al (1971) NAA 570
This work XRF 760
Cumberland | Hichiporuk et al (1967) XRF 427
Fallg Schmitt et al (1971) NAA 160,730
Thig work XRE T4L
Shalka Hichiporuk ot =l (1967) ARP 1.07%
TI_-_lS‘ wo Tk XRF 1.66%
Johnstown | Nichiporuk et al (1967) ZRF 5300
Thig work _ ARF 5000




In the ca

agaln evi

in the achondrité data,

in Table

o~

40. Th

e casuge of this is not

be due to enhancement by Fe, as well as

sa of the HL chondrites, & syctematic error is
dent, and ig considerably larger than that observe
as may be seen in the data listed
apparent, but may

other matrix

effects.
TABLE 4C
Comparison of Cr data for HL
chondrites ©
Meteorite | This Wiik Wichiporuk Schnitt
work {(1970) | et a1 (1967) et =21 (1J71)
Pelix 0. 46 0,30 0.35 0. 366
Lancé 0.44 C.33 - 0.351, 0.363
Leoville 0. 40 0.34 0.34 -
NIOI{Oia Oo 4‘2 0035 - Oc '8 053507(): 336
Vigarano 0.40 C.35 0.34 0s353
] Data exprossed as ¢ Cr.

(vii) Bubidium:

here, ag

limit of thz method used in =211 typs

gtudied i

Deta for this element are not reported

Rb is present either on or helow the detection

n this

worlc,

g of metecorites

_1
C
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SECTION IV.

DISCUSSION.

Introduction.

In the past, numerous papers have been published concerning
the chemistry of achondrites. These investigations have
in many cases, been hampered by poor data, by the complex
systems of nomenclature which have existed, and simply by

a lack of knowledge of other complimentary aspects of these
meteorites. Thus, in earlier studies, all achondrite
types have sometimes been grouped together, obviously pro-
ducing a somewhat complex, and misleading picture ( e.g.
Cassidy 1958). As our knowledge of meteorites increased,
it has becPme apparent that the absence of chondrules

does not necessarily-.imply a similar genesis for these
meteorites. Thus, recent studies of achondrites have
tended to be of a more specific nature. A similar approach
will be adopted here, particularly where obvious group

dissimilarities exist.

DIOGENITES, HOWARDITES and EUCRITES.

1. Inter-element relationships amongst the diogenites,

howardites and eucrites.

Unlike other specific meteorite groups ( e.g. eucrites,
chondrites ete. ), the howardites exhibit a large range

in :composition, in which certain distinct inter-element
relationships have been known for some time, and have been
discussed by workers in relation to the origin of these
meteorites. Furthermore, the association of eucrites and
diogenites with the howardites has also been discussed by
some workers,

Although most achondrites are brecciated (Mason 1962, Keil
1969a), it became apparent to students of these meteorites
that they had been molten at some stage of their history,
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and most theoriges for their origin have revolved arnund
this onbservation. The classic study of the unbrecc-
iated eucrite Moore County by Hess and Henderson (1949)
proved beyond doubt that this melting pesxnt must have
been extensive, as they were able to show that this part-
icular meteorite had been formed by crystal settling in a

silicate melt.

Trends in composition amongst the achondrites have been
studied by many workers in their efforts to unravel the
origin of the achondrites. Cassidy (1958), starting with
the assumption that tektites, achondrites and chondrites
were genetically related, .concluded that processes of liquid
immiscibility, or crystal fractionation in a very acid

melt, were responsible frr the observed composition varia-—
tions in achondrites. Ringwood (1961), although not
elaborating on detailed inter-element relationships,
suggested that achendrites might have arisen by melting

of a chondrite, with separation of metal and ferro-
magnesian minerals (pallasites, diogenites and aubrites),
leaving a eucritic type material. This ~ suggestion has
been further documented and expanded by subsequent studies.
Moore (1962), in his examination of achondrite - chemistry,
showed that the relationship between aubrites on the one
hand, and diogenites, howardites and eucrites on the other,
was nnt one of simple igneous differentiation. In contrast,
he observed that the variation in bulk composition among

the latter groups was regular, and could quite conceivably
have been produced by processes of igneous differentiation
as suggested by Ringwood. Mason (1962) extended Moore's
and Ringwood's suggestion, and related the séquence of
pallasites, howardites and eucrites to the phase system

Si0p - Mgp8i0, ~ CaAlpSis0g of Andersen (1915). Mason
(1967) has further elabrrated this idea, and has shown ™
that a regular increasc in Ca0 with increasing FeO/(FeO + MgC)
ratio occurs in the sequence pallasite - diogenite -
howardite - eucrite.
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Hore recently, Ahrens and von Michaelis (1969b) have
examined the chemical inter-relationships amongst in
particular, howardites and eucrites, anil have made some
observations very pertinent to the origin of these meteor-
ite types. Using modern analyses only, these workers
showed that the Ca/Al ratio in chondrites was essentially
constant (Ahrens and von Michaelis 1969a) and that this
ratio remained unchanged.. - in howardites and eucrites at
1.08, in spite of the increase in absolute abundance of

Ca from 0.85% in enstatite chondrites to about 7.4% in
eucrites. Howardites themselves are shown to cover a
considerable range in Ca (and Al) increasing from 2.77%

in Frankfort, to nearly 7%. Bucrites, on the other hand
are rather uniform in composition. These authors have
also pointed out that Mg decreases regularly with increase
in Ca and Al, forming a regular inverse relationship. In
spite of these variations, Ahrens and von Michaelis, and
Ahrens and Danchin (1971) have observed that over the entire
range of Ca, Al and Mg variation, from eucrites on the one
extreme to Frankfort on the other, the contents of Fe, Mn
and Si remain essentially constant at approximately 14.1%,
48.7% and 0.40% respectively. Further observations by
Ahrens (1970a) and Willis et al (1971) have shown positive
linear correlation to exist between the element pairs Mg
and Cr, Ba and Nd, and Sr and Eu, once again with howardites
defining the bulk.of the concentration range in each =case.
As far as these trace element‘pairs are concerned,; eucrites
tend to exhibit a spread in concentration, reaching maxima
in Nuevo Laredo and Stannern (Ahrens 1970b), as opposed to
the major elements ( i.e. Ca, Al, Mg ) which are somewhat

invariant from one eucrite to another.

Some of the inter-element relationships observed by the
above-mentioned workers have been investigated in this
study with a view to €llucidating the origin of the diog-
enites, howardites and eucrites. In most instances, only
the data obtained in this work have been used in order to
minimize any systematié inter-laboratory differences, as
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well as the effects of sample inhomogeneity. The chondrite
data of von Michaelis et al (1969b) are considered to be
comparable to the data of this work (large samples were
analysed by the same technique as used here) and are there-
fore used for comparative purposes. However, the data of
other analysts, where used, have been treated as separate
sets.

(a) Some relationships between refractory elements.

Ahrens (1970c) has defined thé refractory group- of elecments
as comprising Ca, Al, Sc, Ti, Sr, Y, Zr, Nb, Ba, REE, Hf,
Ta, Th and U.- He has pointed out that all these elements
increase in abundance through the howardites to reach
maximium meteoritic abundance in the eucrites.

(i) The Ca-Al relationship: The Ca and Al data of this
work for diogenites, howardites and eucrites are shown

plotted against one another in Figure 5. Included in this
figure axe the E, H and I group averages of von Michaelis
et al (1969b) and the HL average obtained in this work.

The Ca/Al ratios of pertinent meteorite groups are shown

in Table 41. '

Evident ©both in Figure 5 and Table 41 is a slight

tendency for the Ca/Al ratio of howardites to diverge from
that of chondrites with decreasing Ca and Al. Unfortunately,
no howardites are known to have lower Ca than Frankfort ,

so this divergence is difficult to confirm. It will be
noted that data for two Frankfort samples have been gquoted
and that these differ significantly in their Ca and Al
content. Both meteorites nevertheless lie on the Ca/Al
trend line in Figure 5 - in effect, the two samples of
Frankfort analysed in this work apparently behave as
different, but normal howardites and have therefore, been
treated as such. The significance of this observation will
be discussed at length in a later section. As may be seen
in Figure 5, the Ca/Al ratio of diogenites is variable, but
nevertheless significantly greater than that for chondritic
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exhibit a range in Ti from 0.335% in Haraiya to 0.587%
in Stannern. The resultant trend in the Ca-Ti plot
contrasts sharply with the broad trend of increasing Ti
with Ca as defined by the howardites.

TABLE 41.

The Ca-Al relationship in chondrites, diogenites, eucrites

and howardites.

Meteorite HCa = BAL Ca/Al
Eucrite average (8) 7.38 6.66 1.11
Malvern 5.76 5.27 1.09
Chaves 4,03 3.62 1.11
Binda 3.99 3.69 1.08

. Zmeny 3.89 3.43 1.13
Frankfort (F) 3.28 2,88 1.14
Frankfort (T) 2.60 2.26 1.15
Diogenite average (4) 0.61 0.43 2.586
HL average (8) 1.77 1.65 1.07
H average 1.17- 1.06 1.10
L average 1.29 1.17 1.10
Enstatite 0.85 0.81 1.05

(iidi) The Ca-Ba relationship: This relationship is

depicted diagramatically in Figure 7. It exhibits certain
similarities with the Ca-Ti relationship discussed pre-
viously, in that Binda is depleted in Ba (or enriched in
Ca) relative to howardites in general, and that eucrites
are observed to exhibit a range in Ba, while Ca is
essentially invariant.

A particularly interesting feature of both the Ca-Ba and
the Ca-Ti relationships is that the line of best fit to
the howardites does not appear to pass through the low Ba
and Ti ends of the eucrite trends. Thus, 1t appears that
Haralya, the eucrite most depleted in the refractory

trace elements, does not'follow on' from the howardite
trend as might be expected if these trends represented
genetic sequences. The actual intersection point of the
two trends is difficult to estimate due to the spread in
the howardite data.
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(iv)  The Zr-Ti and Sr-Ba relationships: Figures 8

and 9 show the relationship between Zr and Ti and Sr

and Ba respectively in howardites and eucrites. These
diagrams serve to illustrate some of the points mentioned
above. The distinctly different trace element trends

in howardites and eucrites is immediately obvious. In
general, howardites exhibit a greater variability in
these trace elements than do the eucrites ‘- i.e. the
spread of data is greater for the former meteorites,
making the estimation of the intersection point of the
two trends almost impossible to pinpoint. The coherence
of the eucrite data indicates that this spread in the
case of the howardites is real, and not due to analytical
error. In the case of the element pairs considered in
Figures 8 and 9, the line of best fit through the how-
ardites appears to pass through the average eucrite
composition. The depletion of Binda in Zr and Ti
relative "to howardites i1s evident in Figure 8, where- the
relative positions of Frankfort (F) and Binda observed in
the Ca/Al plot (Figure 5) have actually been reversed.

In both Figures 8 and 9, but, particularly in the former,

a distinct hiatus exists between Stannern and the remaining
eucrites. . .kn Figure 9, this gap is partly filled by

the anomalous eucrite Cachari, in which both Ba and Sr are
enriched relative to Ti, .Zr (andiY). This™’

hiatus is probably the result of non-representative sampling
of the eucrite population. “It°will be recalled that..
Stannern is not alone in showing enrichment in refractory
trace elements. Nuevo Laredo is known to exhibit similar
features (Ahrens 1970b).

The relationships between the refractory elements
discussed here are by no means unique. Similar observ-
atinons may be made using any pair of refractory elements
determined in this work.
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. |
(b) Relationships between refractory and non-refractory

, elements.
Inter-element relationships of some importance occur

within this group.

(i) The K-Ca relationship: The alkali metals, although
not normally considered to be volatile elements, are

nevertheless very slightly depleted in common chondrites
relative to Ccy chondrites, and are regarded as "normelly
depleted" elements. (Larimer 1967, Larimer and Anders
1967). In contrast, the alkali metals(other than 1Li
which shows a reversé - tendency - Tera et al (1970))

are strongly depleted in achondrites relative to Ccy
chondrites (Gast 1960, Larimer and Anders 1967). Exp-
lanatinns for this are varied, ranging from selective
volatilization to mixing of different proportinns of
volatile-rich and volatile-depleted fractions. Irrespective
of the mechanism responsible, a relationship between
refractory Ca and the relatively volatile alkali metals

is of interest from the print of view of the origin of the
meteorrite types under discussion. K has been selected
for this purpose, because K data presented in this work
are considered to be superior to that for Na, the only
other alkali metal determined.

Data for K reported in this work are shown prlotted against
Ca in Figure 10. Unfortunately, few howardite data points
are available. Nevertheless, a linear trend of increasing
K with increasing Ca is evident. Malvern appears to be
enriched in K relative tn the remaining h~wardites - perhaps
the result of contamination, as this meteorite is normal in
other respects. Binda, on the other hand, is completely
anomalous. Diogenites show a variation in K which is
apparently random. Eucrites exhibit a range in K,‘reaching
maximium enrichment in Stannern, a feature which was
observed in discussion of refractory element behaviour.

The contrast between the trend of increasing K in eucrites
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and in howardites ( i.e. different slopes ) is immediately

obvious.
(ii) The K-Sr relationship:  This relations is is shown
in Figure 11, In howardites, there is a parallel increase

in X and Sr, as would be expected from the above discussion.
Bucrites exhibit this trend as well, although the two
trends are distinctly different. Malvern is again sugges-

tive of X contamination.

A similar situation would obtain if Na had been used
rather than X, as may be seen if the data in Table 17 is
examined. The apparently similar behaviour of these two
alkall metals and refractory elements is regarded as highly
significant to the understanding of processes operative
during the formation of these meteorites.

(iidi) The Ca-Mg relationship: The inverse Ca-Mg

relationship in howardites and eucrites has been noted

by Ahrens and von Michaelis (1969Yb). A plot of Ca versus
Mg for the data presented in this work is shown in Figure
12. This inverse relationship is in direct contrast to
those which exist between refractory elements. It is
clear that howardites form an almost continuous link
between diogenites on the one hand and eucrites on the other.
It will be noticed that most eucrites are of uniform comp-
osition with respect to Ca and Mg. Macibini, a eucrite,
shows certain affinities with the howardites, as does the
dingenite Johnstown. ‘The unigue chemistry of Binda is
not revealed by the Ca-Mg relationship, and it could,

on this basis, be classed as a howardite. Chaves, on.the
other hand, deviates from the trend line although as far
as the refractory elements are concerned, it appears to be
a normal howardite. Non-representative sampling could

be responsible. Also significant is the fact that the
two samples of Frankfort again may be seen to behave as
two normal howardites, as both lie on the trend defined

by the other howardites, eucrites and diogenites.
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(c) Relationship between non-refractory elements

~the Mg-Cr relationship.

Ahrens (1970a) and Willis et al (l97l)ihave observed a
positive correlation between Mg and Cr in howardites.
Data for these elements obtained in this work are shown
plotted against each other in Figure 13. This relation-
ship is not particularly well developed, although a trend
of increasing Cr with Mg is evident. Both Binda and
Chaves lie significantly off the line of increasing Cr
and Mg. Significantly, both samples of Frankfort lie

on a line between the diogenite average and the average
eucrite. Macibini again may be seen to show howardific
affinities. Diogenites are extremely variable :+~with
respect to Cr. This may reflect the random distrib-
ution of the chromite in these meteorites; although it
would appear from analyses nf hypersthene (or more
correctly, bronzite - Keil 1969a ) from Johnstown and
Tatahouine presented by Mason (1963a) that this mineral
contains considerable quantities of Cr. Unfortunately,
most analyses of diogenites by other workers are rather
0ld, making assessment of the sample to sample variability
impossible. (See Mason 1963a).

2. Consideration of Fe, Si and Mn abundance.

In their study of achondrite chemistry, Ahrens and von
Michaelis (1969b) and Ahrens and Danchin (1971) pointed

out that these three elements remained constant 1in howardites
and eucrites, in spite of rather large variations in
composition among the howardites. As discussed previously,
slight fractionation of Fe and Si was observed between
howardites and eucrites in the data prescented in this work.
The fractionation of these two elements is not discrete,

but appears to be related to the general composition
variations in howardites discussed above. Using Ca as a
measure of the composition variation in howardites, both

Fe and Si may be seen to vary somewhat regularly with this
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parameter. (Figures 14 and 15 respectively). The
scatter of points is large, but the regular variation
with Ca particularly for Si is clear. Also apparent

in these figures is the fact that diogenites again form
an cnd member in the howardite sequence, as was observed
above for other elements. Nevertheless, over the whole
sequence from eucrite to diogenite, Fe decreases by only
2%, while Si increases by a similar amount. In contrast,
Mn 1s present at the same abundance level in eucrites,
howardites and diogenites, as isshown diagramatically in
Figure 16. A decrease in Mn with decreasing Ca may
exist, but wn view of the scatter of data points, this

cannot be established with any certainty.

3. Relationships involving the Fe0/(Fe0 + Mg0O) ratio.

This ratio is widely used as an index of igneous differ-
entiation, based on the fact that Fe enriches in ferro-
magnesian minerals as differentiation proceeds.
Accordingly, it has been applied to achondrite studies

as well, e.g. Mason (1967). From considerations of

the data presented in this work, it is clear that this
ratio, if calculated from a meteorite analysis, will show

a regular increase from diogenites to ecucrites, since Fe
varies only between narrow limits, while Mg shows consider-
able variation over the same range. Thus, the FeO/(FeO

+ Mg0O) ratio isyat the first approximation, equivalent to
the reciprocal of the Mg abundance and the positive
correlation between Ca0 and FeO/(FeO + Mg0O) in diogenites,
howardites and eucrites reported by Mason (1967) is
equivalent t0 a plot of Cal against 1/Mg0. It follows
that all trace elements discussed here which show enrich-
ments or depletions corresponding to the Mg composition
range will correlate with the FeO/(FeO + MgO) ratio.
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4, The significance of inter-element relationships

in consideration of the origin of the howardites.

It is proposed here to review “some theories put faward
for the origin of diogenites, howardites and eucrites in
the light of the element abundance relationships discussed

above,

(a) Tgneous differentiation model.

This model is widely accepted at the present time to

account for trends in major element composition exhibited
mainly by the howardites. The continuous spectrum of
composition fromdiogenites through howardites to eucrites
was attributed by Moore (1962) to fractionation in a

silicate melt. The sequence of minerals crystallizing

from this melt (possibly a carbonaceous chondrite - Moore
1962) was olivine and hypersthene (bronzite) to form the
diogenites (Roda and Ellemeet are known to contain olivine, -
Mason 1963a). The appearance of plagioclase simultaneously
with pyroxene on the ligquidus resulted in howardite formation.
As this differentiation proceeded, the orthopyroxene
crystallization was superseded by clinopyroxene, and the
eucrites began to form. This model has been adopted by
Mason (1962), but pallasites have been included as an
 ear1y differentiate, following the suggestion of Ringwood
(1961) that the pafent material was a common chondrite.
More recently, Mason (1967) has again discussed this
mechanism with some refinements, but with few major
changes. He suggested H group chondrites as a possible
parent material.

The inter-element rekationships exhibited by the major
elements discussed here place certain restrictions on
this model, the more important of which will now be
considered.  Perhaps the most significant is the Ca/Al
ratio, whiéh remains almost constant over the whole range
of known eucrite and howardite composition ( i.e. from
Frankfort to Stannern). This ratio is significantly
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greater than the maximium possible in plagioclase (1.10

as opposed to 0.74)° The additional Ca required to satisfy
this ratio is presumably located in the clinopyroxene, the
only other major Ca bearing phase in these meteorites.
(Mason 1967; Duke and Silver 1967). In order to -main-
tain the Ca/Al ratio at its observed value, the relative
proportions of plagioclase and clinopyroxene crystallizing
at any one instant must be carefully balanced (ortho-
pyroxene and olivine can be effectively considered as
diluents). This balance must remain over the entire
composition range from Frankfort to Stannern. In addition
the Ca-Mg relationship poscs. further restrictions on the
model. The bulk of the Ca in the howardites and eucrites
probably occurs in plagioclase, while Mg occurs in both
ortho- and clinopyroxene. In order to generate the inverse
trend observed between Mg and Ca, the relative proportions
of orthopyroxene and plagioclase crystallizing must be
inversely related. Clinopyroxene, also a major Mg -
bearing phase, must however of necessity follow plagio-
clase in order to maintain the Ca/Al ratio, as mentioned
above. In addition, the Fe content of the meteorites
involved varies only slightly,in contrast to the large
variation in Mg. Thus, parallel to the trend of decreasing
Mg, Fe content of the ferromagnesian minerals would have

to increase in‘order t~» maintain constant Fe. The over-
all picture is one of a very delicate balance of mineral
.proportions, over a considerable range of differentiation.
It is difficult to imagine igneous differentiation operating
in such a perfectly balanced way, although of course, this
is not conclusive evidence. One could envisage this
balance operating, since relative proportions of minerals
crystallizing are controlled by the melt composition and
by pressure and temperature conditions prevailing during
crystallization.

Considerations of trace elements are also important. The
various inter-element relationships among trace elements
discussed previously suggest that two separate processes
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have been involved in the formation of eucrites and
howardites respectively, as these meteorites each define

a separate trend in trace element distribution. In

spite of the scatter of the data for howardites, it
appears that these processes were not sequéntial, i.e,
processes forming the eucrites did not'follow on'from
those forming the howardites. No reasonable explanation
can be provided for fhis in terms of a simple igneous
differentiation model, as the only mineralogical difference:;
which existeg hetween howardites and eucrites according to
Mason(1967) is the dominance of clinopyroxene over ortho-
pyroxene in eucrites, while the reverse is true in howard-
ites. A change in mineralogy of this nature during
differentiation is not likely to produce such marked
differences in the trace element distribution observed

in this work between howardites and eucrites.

From these considerations, it seems unlikely that a
process of igheous differentiation could have sequentially
produced the diogenites, howardites and culminated in
eucrite formation. This does not, of course, rule out
the possibility of some process of igneous differentiation
having operated within individual groups. The study of
Moore County by Hess and Henderson (1949), for example{

is unequivocal proof that these processes have been
involved in the formation of some of these meteorites.

The implication of this discussion is that the variations

in major element composition observed in the howardites

are not the result of igneous differentiation. It will
be shown that this process was probably largely resp-
onsible for diogenite and eucrite formation.

(b) Sequential condensation model.

Following the work of Ahrens and von Michaelis (1969a,b),

it appeared that the Ca/Al ratio was identical between
howardites; eucrites and chondrites. This, coupled with
the Ca/Mg and the almost constant Fe content, indicated that
igneous differentiation of a chondritic pareéent material was
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unlikely as the mechanism of formation of the chemical
variations in howardites and eucrites (Ahrens and von
Michaelis 1969b). The similar Ca/Al ratio in chondrites,
howardites and eucrites led vom.Michaelis (1969) (and the
author) to believe that. howardites and eucrites were formed
by sequential condensation from the nebula at high
temperature. The general enrichment in refractory elements
in eucrites relative to chondrites supported this view,; as
did depletion in alkali metals (Li excluded)., PFurther,
Larimer (1967) has calculated condensation temperatures

of some compounds likely to form in the nebula. It is
significant that those compounds formed at extremely high
temperatures contain Ca, Al and Ti. The revision of these
condensation temperatures by Larimer and Anders (1970)
indicated thatt Fe metal condenses at temperatures
considerably lower than these refractory elements. The
low metal (and alkali) content of the howardites and
eucrites could thus be explained by the isolation of

the early-formed condensate before the bulk of the Fe
metal amd alkali metals condensed. This model breaks

BQown under detailed scrutiny of alkali abundances

relative to refractory elements. It has been shown in
this work that K and Na show a parallel increase with

Ca through the howardite sequence. X and the refractory
elements also show a parallel increase in abundance in
eucrites. In terms of this model, K should decrease

with increasing Ca, assuming the relative condensation
temperatures of Larimer (1967) are correct.

Although this model does not hold in detail, it may
nevertheless provide an explanation of the origin of the
parent material from which diogenites; howardites and
eucrites subsequently formed.

(e¢) Mixing Model. ;
Recently, Jérome and Goles (1970) proposed a mixing model

to account: for the observed chemical variations amongst the
howardites, These authors point out: that the main

evidence for this is based on petrographic studies, although
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the features produced are observable in the chemistry

of the howardites. It will be recalled that Duke and
Silwer (1967) observed that most howardites are polymict.
breccias, containing *‘fragments with a wide variety of
magmatic and crystallization texture....'. This remark
has heen: expanded by Jérome and Goles (1970), who suggest:
thatt the howardites represent various proportions of
mixing of eucrites and diogenites; brought about during
the fragmentation of the original parent body. The Ca-
Mg relationship is used by these authors to show the
continuous sequenCeim:.composition through the howardites
from eucrites at. the one extreme to howardites at the

other.

Further chemical evidence for this model is provided by
the data presented in this work. It will be recalled
that the Ca/Al ratio of howardites shows slight but
significant deviations from the chondritic value with
decreasing Ca content (Table 41 and Figure 5). In terms
of the mixing model, deviation towards a higher Ca/Al
ratdo is brought about by increasing proportions of
diogenite in the mixture, which has a Ca/Al ratio
significantly higher than that of chondrites. The
abundance of Fe, Si and Mn, as discussed previously,
also lend support to the mixing model. The Si content
of howardites is seen (Figure 15) to decrease as the
proportion of eucrite, as measured by the Ca content;
increases. The reverse is tirue for Fe. Mn, on the
other hand, is present in similar abundance in both
diogenites and eucrites; so that this element remains at
a virtually constant level of abundance in howardites.

The differences in bulk composition bhetween the two
ﬁamples of Frankfort analysed in this work also provide
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further compelling evidence in support of a mixing

model. Frankfort (F) consisted of 5.3 g of fragments,
ranging in size from powder to aboutt 5 mm chips.
Frankfort. (T) was received as a single slice weighing

9.4 g. Examination of the hand specimens showed obvious
differences. Frankfort (T) consisted of fine-grained,
grey material, similar in appearence to other howardites.
Set in this material was a2 single large pyroxene fragment,
as shown in Platie Ii7

PLATE I

Frankfort (T). The scale bar is 2cm in length.

Prankfort (F) appearcd similar to the matrix material
of this sample. The differences in chemical composition
observed between the two samples are thws most probably
due to the presence of this large pyroxene crystal in
Frankfort (7). It is significant.that in each of the
element pairs considered in the above discussion on
inter-element relationships, both samples of Frankfort
ara seen to liec on the line between eucrites and
diogenites and that Frankfort (T) always lies closer to
the diogenites than Prankfort (F). Using an average
diogenite and an average eucrite calculated from the
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data presented in this wovk, it 1s possible to recon-
s¥ruct both samples simply by using different proportions
of diogenite and eucrite. The results of these calcu-
lations are presented in Table 42 and indicate that
differences in composition hetween the two Frankfort
samples could have arisen through the presence of 8 %
more diogenite in Frankfort (T). The agreement is

good between measured and calculated abundances,
particularly for the important elements Mg, Ca and Al.

The largest,discrepancies occur for Fe, K and Si.
Reference to Zable 17 and Figures 10, 15 and 16 indicates
that diogenites and eucrites, but particularly diogenites,
are somewhat variahle with respeet to these elements; so
gome error is likely to occur if simply an average end
member is used. In order to obtain a perfect fit for all
elements, the exact end member material would have to be
dlscovered. This 1s particularly true for trace elements,
which show considerable variations in diogenites and

eucrites.

TABLE 42

1 A A

Reconstruction of Frankfort,

Average Average
Bucrite Diogenite

Fe % 14.58 12.62
M % 0.434 0. 409
Ti % 0.417 0,046
Ca % 7.38 0.67
Cr % 0.23 1.01
P % 0.042 0.003
Si % 22,88 24.69
FNAR €. 66. 0.43
Mg % 4,32 16.11
Na % 0.39 0.04

K ppm 364 15
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TABLE 42 (cont.)

38%cucrite+ Frankfort 30%cucrite+r TFrankfort

62%diogcnite (1) 70%diogenite (T)
Fe % 13,36 13.50 13.20 13.91
Mn % 0.419 0. 427 0. 420 0.430
Ti % 0.187 0,170 0,157 0.136
Ca % 3.22 3,28 2.68 2.60
Cr % 0.72 0,69 0.78 0.76
P % 0.0168 0.020 0.015 C.015
Si % 24,00 23,78 24.14 23.79
A% 2,80 - 2.38 2.30 2.26
Vig % 11.63 11.63 12.58 12.63
Na % O.17 0.1% 0.15 0.16
K ppm 148 128 120 108

Calculations similar to this have been donc by Jérome

and Goles (1970) for diffcroent Howardites, and thoy
rcport good agrecment for most olements. The re-
construction of the Frankfort samplcs given above
illustratcs such agrcement. This example is particularly
interesting however, in that two samples of a single
meteorite are involved.

The data presented in this work clearly support a mixing
model for the origin of the polymict howardites. One

of the two processes recognisable in trace elemoent
digtribution in howardites anc cucritcs 1s satisfactorily
explained by this mechanism. The intcr-element relation-
ships raised in this work ag objections against the

igneous differentiation model find an explanation in the
mixing model as well. The balance between the mgjor

Ca bearing mineralsg, plagioclase and clinopyroxenc, required
to maintain the Ca/fl ratio is satisfied by a mixing procCss
where the relative proportions of these minerals found in
eucrites remain unchanged in howarditeg,. The invergae

Ca/Mg results from dilution of a eucrite with Mg rich

bronzite.
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5. Further discussion omw the mixing model.

The mixing model proposed by Jérome and Goles for howardite
origin seems to be in full accordance with the data presented
here. PFurther details of this mixing process will now be
discussed.

(a) End-member composition, A
In the reconstruction of the Frankfort samples discussed
above, it was apparent that the use of average diogenite

and eucrite end members did not quite produce perfect
agreement for all elements. Thus, for instance, in
Figures 14, 15 and 16 howardites do not 2ll lie on the
ideal mixing line Jjoining the eucrite and diogenite
averages. In addition, it was noted in the discussion
on the trace element inter-relationships that the
scatter of howardite pointis about: the fitted lines

was considerably greater than that for eucrites. This
is interpretted as indicating that no single eucrite or
diogenite type dominated over others in its contribution
to the mixing process. Thus, the sample of Zmen] ‘
analysed for REE by Schnetzler and Philpotts (19€8)

was found to have a gmall, negative europium anomaly,
indicating admixture of eucritic material similar to
Stannern. The howardite Bununu, by contrast, did not
exhibit any europium anomaly, and its eucritic component
was probably similar to Juvinas. (Stannern has been
shown to possess a marked Eu anomaly, while Juvinas
shows normal relative Eu abundance - 3chnetzler and
Philpotts 1968).

The variable nature of the eucritic component in
howardites studied in this work is indicated by the

Ba/Sr ratio. As both these elements are present in
amounts less than 2ppm in diogenites, the ratio of the
eucritic component is likaly to dominate the ratio of

the mixture (i.e. howardite) over gquite a considerable

Ca range. The Ba/Sr ratio of the eucrites studied in
this work varies from 0.35 in'Haraiya to 0.55 in Stannern,
and that of the howardites from 0.36 to 0,49. It would
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appear that the howardites examined in this study contain
vepresentatives of almost the entire spectrum of eucrite
composition.

In the case of the diogenitesg, however, the situation
appears to be slightly c¢ifferent. If the diogenite samples
analysed in this work are representative with respect

to Cr, it would appear from Figure 13 that those
diogenites low in Cr arc represented in the howardites
studied in this work, while the high Cr diogenites are
most certainly not. However, before a firm conclusion
.can be drawn in this regard, more analyses of diogenites
are required in order to egstablish the distribution

of Cr in these meteorites.,. The Cxr:data collected by
Ahrens and Danchin (1971) also suggest that the high Cr
diogenites are not well represented im the howardites.

Jénome and Goles (1970) suggested that some chondritic
material may be present in howardites in addition to
diogenitic and eucritic material, in order to account
for excegseg in Na, P, Fe, Ni, Co and Cu which were
found when calculated compositiors of howardites were
compared with the measured compositions. In view of

the difficulty of specifing the composition of the
diogenitic and eucritic end members exactly, this
problem of excess Na ané Fe and other siderophile elements
iz difficult to asgess. Further, non-representative
sampling with respect to the metal phase could gquite
conceivably lead to excesses in siderophile elements.

In general, no inexplicable excesses in these elements
were observed in this work, suggesting that a chondritic
component might not be as widespread as Jérome and Goles
(1970) imply.

(b) Implications of the mixing model on achondrite

classification.

The implications of the mixing model on achondrite
clagssification have been discussed by Jérome and Goles
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(1970). Some of their more important observations will

be restated here together with some implications which
have arisen from this work. The concept of a Ca-rich

and a Ca~-poor achondrite variety is no longer tenable,

as a complete gpecttrum of composition is possible in terms
of this model. In fact, Johnstown, long regarded as a
diogenite, doeg show certain affinities with howardites.
Similarly, Macibini, a eucrite, also shows howarditic
affinities. Probably the most suitable criterion for

the classification of eucrites and howardites (and,
presumably, the diogenites) available at the present

time is that proposed by Duke and Silver (1967), i.e.

the nature of the brecciated structure. This classification
has been adopted in this work as it is considered to

be genetically more meaningful than the simple minera-
logical classification of Mason (1967), since it-
recognizes the howardites as the product of mixing of
other meteorite types. In terms of Duke and Silver's
clagsification, Binda, a monomict breccia (Duke and
Silver 1967), is classified as a eucrite, although its
bulk chemistry is similar to many howardites. Binda
nevertheless differs from howardites in terms of trace
element inter-relationships, asscen in the discussion

on these relationships. The fact that Binda is a

monomict breccia suggests that it had a different genesis
to the polymict howardites. This is further substantiated
by trace element inter-relationships. It iz clear

from these relationships that the monomict nature of
Binda is not a secondary feature - i.e. recrystallization
of a polymict: breccia followed by brecciation, but -
rather relates to the fact that it has escaped the mixing
process. Binda 1s regarded as a eucrite for the purposes
of this work simply to indicate that it originated in

a different way to howardites, in spite of the fact that,
as far as its bulk composition is concerned, Binda

shows closer affinities with howardites than with
eucrites. In fact, Binda does create something of a
dilemma for the clagsification gsystem, since Binda is

no more a eucrite than a diogenite in terms of its
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bulk chemistry, and thus, strictly speaking, should form
a clasg on its own.

(¢) Implications of the mixing model on diogenite -

eucrite association.

As discussed previously, it would seem that representatives
of almost the entire range of eucrite composition go to
make up the the howardites. As far as the diogenitic
component. ig concerned, there may be a greater proportion
of low Cr representatives, although this is not. certain.
Further, an almost: complete gradation exists between the
two end members indicating a complete range of mixing
proportions, Although many such mixtures of meteorite
types are known (see, for example, Lovering 1962, Wahl
1952, Binns 19672 and 1568a), only howardites and the
silicate fraction of the possibly related mesosiderites
(Lovering 1962, Duke and Silver 19567, Jérome and Goles
1970, Powell 1971) show such a wide range of mixing
proportions. It is thus reasonable to conclude that
diogenites and cucrites were related in & single parent
body. During the fragmentation of this body, a complete
range of mixing of zll possible types of diogenite and
eucrite occurred. That eucrites and howardites, and diogenites
probably originated in close proxinity is boudrne out by
the age studies of Heymann et al (1968) and Ganapathy

and Anders (1969).

The extent of mixing which has occurred within the
diogenites and eucrities themselves ig difficult to
estimate. Such mixing might be difficult to detect,

in view of the limited composition range represented
by the eucrites and diogenites. However, Duke and Silver
(1967) have recognized distinct textural types within
the eucrites, and they state that ' in a specific
eucrite the lithic fragments have essentially identical
mineral compositions and a limited textural variety °'.
Cross mixing amongst eucrites at least, seems to be
mninimal.
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6. The significance of inter-element relationships in

considerationg of the origin of diogenites ana

eucrites.

It has been shown that howardites were formed by the
mixing of diogcnites and eucrites. It is now proposed
to  discuss the origin of tiese latter two meteorite
types. As far as the origin of cucrites is concerned,
the consensus of opinion geems to favour crystallization
from a melt. This theory is supported in detail by
crystal orientation (Hess and Henderson 1949, Duke and
Silver 1967), REE distribution (Schnetzler and Philpotts
1968) and crystallization texture (Duke and Silver)Qe7).

In the igneous differentiation model proposed by Mason
(1962, 1963a, 1967) for the origin of diogenites and
eucrites, howardites formed a convenient bridge across
the chemical hiatus between diogenites on the one

hand and eucrites on the other. In terms of the mixing
model, howardites can no longer be regarded as such.

It is therefore necessary to review the evidence for a
common origin of diogenites and eucrites.

As discussed in the previous section, howardites represent
virtually a complete range of mixing proportions of
diogenites and eucrites. In view of this it "was
concluded that diogenites and eucrites originated in fairly
close proximity. Further evidence for a related origin
is their similar oxygen isotope chemistry as observed
by Taylor et al (1965). The existence of a pyroxene
"rich material as an early—formed/ggaﬁgt unexpected in
the differentiation which produced the eucrites. Duke
and Silver (1967) pointed out that crystallization
probably began in the pyroxene fiecld of the system
plagioclase - pyroxene. On this basis it would appear
that the two types are genetically related.

Unfortunately, no unequivocal chemical link exists between
" the two groups. Binda, a monomict breccia (Duke and
Silver 1967), has a composition intermediate between
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diogenites and eucrites and, as far as the author is
aware, represents the only unambiguous chemical link
between the two. It is quite possible that other
meteorites occupying a similar posgsition to Binda in

the differentiation sequence have been converted to
polymict breccias during the break-up of the parent
body. Before any details of the supposed differentiation
sequence can be discussed, it is essential that the
representatives of this sequence be recognized. Binda
is regarded as a member of this scquence because of its
brecciated structure and on the bagis of trace element
inter-relationships. Macibini has been excluded, as

it shows affinities with the howardites. All remaining
eucrites which have been analysed in this work are
regarded as monomict, and therefore considered to be
differentiates. Similarly, the diogenites, excluding
Johnstown which shows howarditic affinities, have been
included as well.

(2) The parameter FeQ/(Fe0+Mg0O): Assuming that the range
of rock types represented in each monomict brecciated
meteorite is small, then clearly the parameter FeO/(Fe0
+Mg0) calculated from the chemical analysis of a eucritec

or diogenite is a valid index of differentiation. A
regular relationship appears to exist between this ratio
and Cr (if Tatahouine is ignored),as is shown in Figure
17, in the form of & distinct drop in Cr with increasing
Fe0/(FeO+Mg0) ratio. This relationship/ifi Badid igneous
differentiates (e.g. Curtis 1964) similar to the
diogenite - cucrite suite. Elements such as the alkali
metals and alkaline earths;, Y, Zr, Sr, Ba,etc. enrich

as the Fe0/(FeO+Mg0) ratio increases, as would be
expected in a differentiation sequence. Other than for
showing these broad trends, however, the ratio Fe0/(FeO+
MgO) is of little practical use in this study, because
it is too insengitive to enable its use in the most
populated part of the differentiation sequence; viz,.
amongst the eucrites.
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(b) Trace clements: These provide a far more sensitive

means of examining the crystallization history of the
eucrites. Unfortunately, the important elements Sr,

Y, Zr and Ba could not be measured in the diogenites
becausc of the limitations of the X-ray fluoresence
technique. Nevertheless, Binda and the remaining eucrites
show sufficient vaviation in these trace slements to
throw some light on conditions prcvailing during the
formation of diogenites and eucriies.

(1) QOrder of crystallization of eucrites and diogenites
studied; In terms of gross chemical features such as the
Fe0O/(Fe0+Mg0) ratio, the order of crystallization appears
to be identical to that suggested by Mason (1962, 1963a,
1967), viz. firstly diogenites, followed by Binda and
then eucrites in general (howardites are, of course,
excluded). As mentioned, no representatives are known
immediately before and after Binda (Figure 17). These
hiatuses may reflect distinct layering within the parent
body;, as is common in basic intrusions on earth, e.g.
Bushveld and Stillwater complexes. However, in view of
the magnitude of the hiatuses in Fe0/(Fe0+MglO), it seems
morc likely that some representatives must exist to fill
these gaps. This is discugsed at greater length below.

Amongst the diogenities, crystallization probably followed
the order Tatahouine -~ Shalka - Ellemeet, judging by

the Na and K contents, which increase in this order.

This is supported by the Fe0/(FeO+Mg0) ratio, and, at
least in part by the Cr abundance (Figure 17). It is
rather intriqesing that Tatahouine is unique among
diogenites in that.itfdisplays local recrystallization;
which Mason (1963a) has attributed to ‘mechanical
deformation® under extreme confining pressure. Another
interesting feature concerning these meteorites is the
absence of olivine from both Tattehouine and Shalka,

and its presence in Ellemeet. This has some bearing on
the postulated genctic association of pallasitic meteorites
with diogenites (Ringwood 1961, Mason 1962, 1967).
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These authors have suggested that crystallization of
pallasites, diogenites and eucrites took place in this
order from a melt of L or H group composition., It secms
remarkable, however, that the earliest formed member of
the diogenites contains no olivine (Tatshouine or Shalka),
while later formed members (e.g. Ellemeet) do. Further,
the olivine in pallasites contains very little Cr

(Mason 1963b), inconsistent with their derivation from
the seme melt prior to the diogenites. The unique
achondrite Chassigny might bs related to the diogenites
as well, asg this meteorite is composed essentially of
olivine with some feldspar (Fabries, pers, comm.).
Examination of the analysis of this meteorite under-
taken in this work indicates that it contains relatively
large quantities of alkali metals (0,11 ¢ Na, 268 ppm K)
relative to diogenites; and thus is probably not an
early differentiate of the melt which gave rise

to the diogenites.

As stated previously, an hiatus appears to exist between
diogenites and Binda. Some mceteorites are known which
could possible fall in this region,; although not:

without some ambiguity. In terms of the Fe0/(FeC+Mg0)
ratio, Chassigny could be a reprcsentative of this
region of the crystallization scquence,i.c. it
crystallized after the diogenites. Its Fe0/(Fe0+Mg0) ratio
of 0.46 falls between those of the diogenites (0.38)

and Binda (0.49). Reference to Pigure 17 indicates

that: its Cr abundance ig also consistent with an origin
in this portion of the sequence.

However, the K and Na contents of Chassigny are not
consistent with this suggestion; although these may
reflect the prescnce of large amounts of trapped liquid,
i.e. magma which was trapped in the sample during its
formation. Although Hey (1966) classifies Chassigny

as an achondrite, he does state that this meteorite
contains chondrules. Its role relative to the diogenites
and cucrites thus remains uncertain.
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As indicated previously, Binda probably crystallized
before the eucrites, as indicatced by Cr abundances,; its
Fe0/(Fe0+Mg0) ratio and its general intermediate character
with respect to Ba, Sr, Y, Zr, Na and K.

The hiatus between Binda and the eucrites likewise
cannot be filled unambiguously. The somewhat unusual
cucrite Serra de Mage could possibly represent material
formed in this region of the differentiation sequence,
judging by its Fe0/(Fe0+Mg0) ratio of 0.59, and its Cr
content (Figure 17). However, the Sr and K contents

are not consistent with Serra de Mage having crystallized
subsequent. to Binda. The Sr/Ca and K/Ca ratios of Serra
de Mage (data of this work and Schnetzler and Philpotts
1968, who analysed the same powder as the author ) arec
7.83 and 9.25 respectively, while those of Binda are
8.02 and 2L.30 respectively. These ratios suggest

that Serra de Mage crystallized from a liquid poorer in
both Sr and K than Binda .  For comparison, Haraiya (a
eucrite) has Sr/Ca and K/Ca ratios of 9.69 and 36.83
respectively. The Ba/Ca ratio (1.,17) is also consistent
with the crystallization of Serra de Mage prior to Binda
(Ba/Ca = 2.76). It is assumed that most of the K, Sr
and Ba are in plagioclase, and that these clements
increased in abundance in the liquid as differentiation
procecded. These assumptions seem reasonable, as will
become appar<nt in later discussion. It is likely that
the evidence of the Sr/Ca ratio is in general a more
reliable index of relative formation times than both

the FeO/(FeO+Mg0) ratio and the Cr abundancc. The
validity of the Sr/Ca ratio is supported by various
other parameters in the case of the eucrites, While in this
same group of metcorites, the Fe0/(FeO+MgO) ratio
calculated from the bulk chemical analysis is apparently
completely insensitive. On the other hand, the presence
of trapped liquid in Binda, which could increase its Sr/Ca
ratio, cannot be ruled out. It would appear then, that
immediately prior to or following the crystallization
of Binda, some plagioclasc cumulatces formed, the
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representative of which is Serra dc Mage. (Schnetzler
and Philpotts(1968) have pointed out that Serra de Mage
is a plagioclase cumulate. A similar conclusion is
reached in this work, as is shown below.)

Like Serra de Mage, Moorc County is also regarded as a.
cumulate by Schnetzler and Philpotts (1968), who cite
the work of Hess and Henderson (1949) in this regard.
Using their K, Sr and Ba data, it would appear that
this metcorite formed immediately prior to those
ecucrites studied in this work. As pointed out by
Schnetzler and Philpotts, this metcorite shows evidence
of some closed-system competition between pyroxene

and plagioclagse for trace elements, and could possibly
represent ligquid and settled crystals which became
isolated from the main stream of differentiation.

The remaining portion of the differentiation sequence is
well represented by the eucrites. Variations in major
element composition through this sequence are virtually
nil, suggesting that the eucrites represent sequential
eutectic crystallization., Within the eucrite scquence,
Duke and Silver (1967) have observed distincet textural
types, ranging from mcdium to fine-grained variefies°

In general, the scquence of crystallization of cucrites as
deducecd from tracc e¢lement abundances compares favourably
with the textural observations of these authors (See
Table 43 and the rclevant discussion thercon).

In view of the QSSentially constant major element composi-~
tion of these samples, absolute enrichment of the trace
elements K, Sr, Zr, Y and Ba clearly reflecct crystalli-
zation from a melt which has been enriched in these cle-
ments. The increasing abundance of K, Sr, Zr, Y and

Ba through the eucrite sequence igs depicted in Figure

18. From this information, the sequence of crystalli-
zation appears to be Haraiya - Sioux County - Juvinas -
Bereba = Pasamonte - Stannern. The position of Cachari

is uncertain. This meteorite is apparently depleted in
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¥, Sr, 2r, Y and Ba in eucrites (excluding Binda). The
unusual nature of Cachari is evident,
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Zr and Y relative to other cucrites (or enriched in X, Sr
end Ba). More detailed work on Cachari (the determination
of REE in particular) could perhaps throw some light

on the reagon for its anomalous nature.

Some interesting features are cvident in this sequence.
Listed in Table 43 are some intcecr-element ratios for
representatives of this sequonce analysed in this works.
The order of crystallization is reflected in the increasing
Sr/Ca and K/Ca ratios as discussed previously. X and Ba
can be seen to enrich faster than Sr in the samples;,

in accordance with the larger partition coefficient of the
latter clement in the major K, Ba and Sr bearing phase,
plagioclase (Philpotts and Schnetzler 1970b). This
faster increase in Ba and K relative to Sr is evident

in Figures 9 and 11, where Sr has been plotted against X
and Ba respectively. In figure 19, the Ba/Sr ratio is
shown plotted against Ba, and in Figurc 20, the K/Sr ratio
is plotted against K. The change in the Ba/Sr and K/Sr
ratios with increasing Ba and K are evident from the
deviations of the slopes from unity. It is significant
that these relationships are linear over the entire

range of differentiation repregented by the eucrites
studied in this work (Binda excluded), without any

tailing off of Sr at Stannern. Becausc the partition
coefficient for Sr in calcic plagioclasc igs of the order
of 1.5 (Philpotts and Schnetzler 1970b), it appears

from the trend of increasing Sr that thce rcmoval of Sr
from the liquid was more than balanced by the simultancous
crystallization of ferro-magncesian minerals with the
feldspar (partition coefficientg for Sr in clino-pyroxenc
is of the order of 0.1 or lesg and for ortho-pyroxene

of the order of 0.01 or less so that the effect of these
minerals on the liquid is ncegligible compare& to that of
plagioclase)., The possibility that the partition coeffic-
ients in meteorites differ from terrcstrial valucs

cannot, of course, bc excluded.
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TABLE 43

Inter-element ratios in eucrites.

Meteorite. sSr/Ca K/Ca Ba/Sr K/Ba K/Sr Tex-,
x100. ture. ;
Haraiya 9,69 36,83 35.2 10.80 3.80 - |
Sioux County | 9.99 39,81 37.8 10.54 3.99 medium-
Juvinas 10,38 45.82 40.3 10.97 4.42 Tine
Bercba 10.41 39.25 42.3 8,91 3.77 -
Pasamonte 10.52 48.36 42.9 10.73 4.60 fine
Cachari 11.32 56,07 57.8 8.56 4.95 -
Stannern 11.94 72,05 55,0 10.986 6.03 fine

+ After Duke and Silver (1967)

The K/Ba ratios listed in Table 43 are also of some interest.
No regular change in the K/Ba ratio is observable over the
range of composition represcnted by the eucrites, in spite
of the fact that the Ba concentration doubles over this
range. If the data of Tera et al (1970) only arc used,

there does appear to be a slight increase in the K/Ba ratio
with increasing XK. This may be scen in the data presented
in Table 44.

TABLE 44

Inter-clement ratios in eucritecs.

Meteorite K K?Ba X/Rb | K K?Ba K/Rb
Stannern 657 12.4 944 |686 11.9 827
Nuevo Laredo | 414 10.5 1278 - - -
Jonzac 329 11.3 812 300 11.4 909
Pasamonte 327 10.5 1304 - - -
Juvinas 322 10,7 1928 |298 9.0 903
Sioux County | 306 11.2 1490 | - - -

| Bercha 258 9.0 1449 | - - -
Moore County | 159 8.5 3265 |193 8.6 2218

A- Data of Tera et al (1970)

B~ Data of Schnetzler and Philpotts (1968) and
Philpotts and Schnetzler (1970a).
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The data of Schaetzler and Philpotts (1968) and

Philpotts and Schnetzler (1970a) also reflects a similar
trend., It will be noted that the sprcad of points is
rather large, so that thce observed trcnd is by no means
perfect. The X-ray fluoresence data for Ba and K presented
in this work are probably not sufficiently precisc to

show such slight relative cnrichments.

The regular change in the K/Ba ratio refleets the slightly
larger partition coefficicent of Ba in plagioclase feldspar
(Phillpotits and Schnetzler 1970b), resulting in a faster
enrichment of K in the liquid. This is a situation
similar Gto tha: observed for Ba and Sr and K and Sr.

The K/Rb ratios of cucrites are particularly interesting.
Using only the data of Tera ¢t al (1970), it is clear
that no rogular relationship exists between the XK/Rb ratio
and the absolute K abundance. Such a relationship might
have becn expeocted from considecration of the partition
coefficients for K and Rb in plagioclase (the major
carricer of Rb and X in these metecorites) as given by
Philpotts and Schnetzler (1970b). This rather unusual
behavior docz not zeem to be due to analytical problems,
as replicate analyses presentcd by Tera et al (1970)
agrce well in wost instances. It is conceivable that small
amounts of liquid trapped during the crystallization

of thesc meteorites could he responsiblc for thesc
anomalous ratios. The effect of such trapped liguid will
diffcr from clcecment to clcment, depending on the
partition cocfficient of that clemont in the phascs
forming the mcivcoxite., For example, the Juvinas
plagioclasc analysed by Schnetzler and Philpotts (1969)
and Philpotts and Schnetzleor (1970a) coexisted with a
liquid containing 5580 ppm K, 548 ppm Ba and 10.8 ppm

Rb, assuming that the mineral/matrix partition coeffi-
cients were 0.1.31, 0.132 and 0.0390 for K, Ba and Rb
respectively. If 1 % of this liquid were trapped in

a metecorite similar to Juvinas, which contained 50 %
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pyroxcne (assumed to have the composition of Juvinas
pyroxene) the contribution of this trapped material to
the bulk K, Ba and Rb would be 14 %, 14% and 29 %
respectively. The lower the partition coefficient, the
greater the effect of the trapped liquid. Thus, small
quantities of trapped liquid c¢ould be respongibile for
marked changes in the K/Rb ratio, while the K/Ba ratio
remains cgsontially unaffccted. On this baéis, onc
might expect some scattor in the X/Sr relationship,

but this does not appear to be the case (Figurc 20).
The alternative cexplanation for the lack of correlation
hetween K/Rb ratio and absoulte X content is sclective
volatilization of Rb rclative to K after the formation
of these metecorites. Careful microprobe exemination

of cucrites should be undertaken with a vicw to ecstab-
lishing which alternative is, in fact, rcsponsible,

(ii) The crystallization history of diogonites and

cucrites: It is of intcrest to consider the implications
of the trace clement abundances determined in this work
on the parent material of diogenitcs and cucrites.

In Figure 21, the date for Ba and Sr obtained in this work
has becn normalizcd to the carbonaceous chondrite (Ccl)

Ba and Sr ebundances of Tera ct al (1970) (4 and 13 ppm
respectively)g and the normalized wvalucs have been plotted
against one another. The trend of increasing Ba relative

to Sr in cucritcs, which was discussed earlier; is evident
in this figure. The curve defined by the normalized

Ba gnd Sr abundances in cucrites (including Binda) appears
to be indistinguishable from the linc of equal enrichment
of Ba and Sr from a normalizcd Ba value of about 4 down-
wards. This could be fortuitous, or it could indicate
that the parent ligquid from which the eucrites crystallized
had rclative Ba and Sr abundances similar to Ceqy chondrites.
The crystallization of phasces such as hypersthene and
olivine from such a liquid are not likely to produce
relative changes in Ba and Sr abundances, as the partition
coefficients for these elements in these mincrals are small.
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Thug, only absolute cnrichments arc likcly to occur.
In rockg representing thesc carly-formed crystelline
phases, the Ba and Sr abundances arc likecly to be
dominated by intercumulus phascs (trapped liquid) and
will reflcct the Ba/Sr ratio of the original parent
liguid. With the appearance of plagioclasc on the
ligquidug, the situation changes rapidly. Both Ba and
Sr substitute in plagioelasec; the latter exceeding the

former. Thus,/%ﬁe crystallization of plagioclasc
proceeds, the relative cnrichments of Ba and Sr in the

crystallinc phascs change, in rcesponsc to the changes
brought about in the liquid. Binda lics very closc to

the linc of equal cnrichment of Sr and Ba (Figure 21)

in spite of the presence of 25 (modal) % plagioclase

(Duke and Silver 1967). The Bz and Sr abundances in

this meteorite arce thus possibly dominated by inter-
cumulus plagioclasce (sece also the recmarks above on the
crystallization order). It is clear from its normalized
Ba and Sr abundances thet little plagioclase crystellization
could have occurred prior to the crystallization of Binda
(if the initial Ba/Sr ratio of the liquid was chondritic),
and, in fact, Figure 21 shows that the sgstart of the markecd
enrichment of Ba relative to Sr, the result of plagioclasc
crystallization, occurrcd prior to the time of formation
of Haraiya, but subsequent to the formation of Binda.

Serra de Mage occupies a uniquo pogition in Figure 21,
This accords with the sﬁggestion of Schnetzler and
Philpotts (1968)that it is o plagioclasc cumulate, as
purc or almost purc plagioclasc forming from a melt is
likely to contain Sr in excess of that in the liquid;  but
less Ba than the liquid, according to the partition
cocfficients of Philpotts and Schnetzler (1970b).

The point. of origin of Serra de Mage relative to other
cucrites was considered to be prior to or shortly after
Binda. The latter pogibility is morc probablc. It ig
clear that its crystallization did not have -a very marked
effect on the liquid composition., Extensive plagioclase
fractionation would most certainly have produccd strong
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enrichments of Ba relative to Sr in the liquid phase.

A similer argumcent could be applicd using the REE, as
Serra de Mage has a marked positive Eu anomaly
(schnetzler and Philpotts 1968), whilc later crystallizing
phascs show no marked Eu anomaly. Moorce County also
occupices a position in the field of plagioclasc
cumulates;, but closc to the line of equal cnrichment

of Ba and Sr. Schnetzler and Philpotts (1968) have
suggested that this metcoritc represents o plagioclasc -
pyroxene cumulate which hag undergonc some closced -
system compcetition for tracce elements between the

major mincrals. The fact that this meteoritc lies
closc to the line of equal cnrichment might reflcecet

the prescnce of fairly large quantities of trapped
liguid which madc the postulated closced - system
compctition possible and parily nullified the effect

of the accumulated plagioclasec on ite relative Ba and
Sr abundances. The cryatallization of Moorc County
(and possibly Serra dec Mage) may explain the fact that
Haraiya, an carly - formed cucrite, crystellized from

o liquid in which the relative Ba and Sr abundances had
been altercd slightly sincc its generation.

It ig¢ possible to extrapolate back to the original
composition of the original parcnt matcrial of cucritces
and diogenites from consideration of Ba abundanccs,

or at least placc rostrictions on thce abundances of
certain elements within this material. In order to do
this, it is necessary to know the concentration of the
clements concerned in a particular mincral, as wcll

as their partition cocfficients for that mincral,
Fortunatoly, Schnetzler and Philpotts (1968) and
Phiilpotits ard Sétmetzler (1970a) have analysed mincral
phases which provide a useful mcans of ascertaining the
nature of the cucritec parcnt liguid. If onc assumes

o partition coefficient: (mincral/matrix) for K and Ba
in plagioclasc of 0,13 and 0O.l5crespcctively, nmot an
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unreasonable assumption in terms of the partition
coefficients presented by Philpotts and Schnetzler (1970b),
this implies that Juvinas plagioclase (72.4 ppm Ba and

731 ppm K) must have crystallized from a liquid containing
483 ppm Ba and 5580 ppm K. The Ba in this liquid is
enriched 122 times relative to carbonaceous chondrites

(Ccl assumed to contain 4 ppm Ba -~ Tera et al 1970), or

95 times relative to HL chondrites (5ppm, this work).

Clearly, it i$ unlikely for such a liquid to have been
produced from aninitialmelt containing Ba at chondritic
abundance levels. If the initial liquid did have Ccl

Ba abundance;, this implies that the material crystallizing
‘at the time of Juvinas represents the last 1 % (or less) ofthe
original melt. It seems most unusual that this last 1. %

of crystallized liquid is so widely repregented in the
howardites. One might expect a greater proportion of
diogenite - rich howardites (if any howardites at all)

if the original liquid had been chondritic. MNore

likely, the parent material was enriched in Ba relative

to chondrites. This conclusion is based on the

assumed partition coefficients, the purity of the separated
phases of the meteorite concerned and on the analytical
accuracy. 1t would be gratifying if the ligquid

composition could be confirmed by applying partition coeffi-
cientis to the pyroxene. The pigeonite partition coeffi-
cients presented by Philpotts and Schnetzler (1970Db)

are so small (0.00344 for K and 0.00041 for Ba)that.

if these are applicable then the measured K and Ba in the
pyroxene of Juwinas can only be due to feldspar impurity.
Because of the range of partition coefficients available
for pyroxene in general, it is not. possible to use the
analysed pyroxene separate from Juvinas (Schnetzler and
Philpotts 1968) as a eross check. In the absence of

of more analyses of separated phases, and an improved
knowledge of the partition coefficients concerned, it

i1g not possible to argue further along these lines
concerning the non-chondritic nature of the eucrite-
diogenite parent ligquid. One point is, however,
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guite clear, The liquid from whlch Juv1nas crystallized
was enriched approximately 6. tlmeqerIatlvc to Ccl
chondrites, while Ba was enriched roughly 120 times
relative to the Ccl group. As the partition coeffi-
cients for K and Ba are similar, it is quite cleaxr that
elther the parent ligquid from which the eucrites and
diogenites formed was enriched in Ba relative to Ccl
chondrites, depleted in K relative to these meteorites,
or hoth.

" Certain restrictions can also be placed on the bulk
composition of the parent liquid from which diogenites
and eucrites formed based on the observations made in
this work, It will be recalled that of the diogenites
studied in this work, the first to have crystallized was
congidered to be Tatahouine oxr possibly Shalka. Neilther
meteorite contains olivine while a later-formed meteorite
does (Ellemecet - Mason 1963a). The implication is that
crystallization began in the pyroxenc field of the system
Anorthite-Quartz-Forsterite (see Mason 1962, page 117),
and not in the 6livine field as suggested by Mason.

Thus, the first formed material consisted entirely of
pyroxene. As crysballization proceded, the liguid

phase intersected the olivine-pyroxcne cotectic, and

some olivine begen to crystallize along with pyroxene
forming diogenites similar to Ellemeet and Roda.
'Further, the low Ni content of these early-formed phases
indicates the absence of apprecialilie quantities of metal
phase. Either separation of the metal was near perfect,
or the parent material contained no metal phase.
Representatives of‘later events are few in number. This
may reflect poor sampling by the earth, or it could be the
result of the mixing process which formed the howardites,
wherein the intcrmediate representatives were destroyed.
Some olivine and plagioclase cumulates probably formed,
although few representatives of thesc arc known. The
final stages are well represented by the cucrites, which
could represent; in the main, crystallization at the
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cutectic in the system Anorthite~-Quartz-Forsterite.

The relative abundances of diogenites and cucrites are of
some interest. According to Keil (1969a), 7 diogenites
(Johnstown excluded) and 22 eucrites arc known (excluding
Macibini - see above, Medanitos -~ abnormal composition,
Symes and Hutchinson 1970, Moore County and Scrra de Mage,
Shergotty, Padvarninkai and Zagami -- Shergottites, Mason
1967). Binda, Serra de Mage and Moore Ccunty may be
regarded as a separate but related clagss along with
Chassigny as another possible representative. If the
abundances reflect the actual propcrtions of the daughter
products produced by the differentiation process,; 1t is
clear that the original parent was not chondritic, but
was enriched in all refractory elements relative to

common chondrites. BSuch a weighted average has been
calculatcd from the data of this work, and is listed
together with average chondrite compositicns inm Table 45.
Little reliance can be placcd on the trace eclement content
(including K) of such an average, due to variability

TABLE 42

Weighted average composition

for diogenites—eucriteso+

| Weighted
| average HL(ave) L(ave) H(ave)
' Fe % ! 14.1 23.6 21.5 27.0
Mn % | 0.43 0.15  0.26 0,23
i 1 0.33 0.09  0.06  0.06
Ca % |  5.76 1.8 1.3 1.2
CI‘ C)/é { Oé 41 0035 Oc35 0035
P % |  0.03 0.1 0.1 0.1
Si % | 23.3 15.6 18.55 16,7
Al % | 5.2 1.7 1.2 1.1
Mg % 7.2 14.7 14.9 13.9
Na % ! 0,31 0.31 0.69 0.65
X ppm i 280 288 850 780
sr ¢ | 59 14 11 9
Zr v 1 41 2 9 8
Y ¥ i 17 2 2 2
Ba " | 27 5 3.7 3.2
| .

+ Data from: Wiik (1970), von Michaclis ct al
(1969b), Schmitt et al (1967), Reed ct al
(1960) and this work.
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of thesc elements in cucrites. However, the cnrichment
in Ca, Al and Ti in this weighted average reclative to
chondritcs is clear. Whether this has any significance
depends on whether the meteorite population has been
sampled randomly or not. This is impossible to determines.

However, the discussion of the distribution of Ba lends
strength to the observation that the parent magma

from which diogenites and cucrites crystallized was, in
fact, enriched in refractory clements relative to the
chondrites. Similar conclusions have been reached for

the carth (Gast 1968) and the moon (Gast and Hubbard 1970).

7. Conclusion.

From the foregoing discussion, it would appear that the
origin of howardites, diogenites and eucrites was by no
means simple. Some evidence exists which suggests that the
original parent liquid from which these metceorites . formed
was not chondritic, but wes enriched in refractory clements
relative to chondrites. The suggestion of a non-chondritic
parent material is in accordance with the observations

of Taylor ct al (1965) bascd on oxygen isotopes, i.e.
howardites; cucrites and diogenitcs arc poorer in O18
than chondritcs, contrary to what would be expected if
these meteorites had been derived from a chondritic
parent. PFurther; it was pointed out in the above dis-
cugsion that the parent liquid -

from which the diogenites and cucrites formed was
apparently depleted in heavy alkalil metals relative to
chondrites (in agrecement with the conclusions of Gast
1960), cenriched in refractory elements and apparently
containcd no mctal phase., Material of this composition
could have formed in a nebula if the high temperature
compounds postulated by Larimer (1967), which condensed
early, were igsolated before appreciable metal conden -
sation occurred (temperatures higher than 1300°K -
Larimer and Andcrs 1967). A high temperature material
enriched in refractory elements has becen rccognized as
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discrcte inclusions in HL chondrites. Kurat (1970)
observed discrete phases in Lancé which showed strong
enrichments of Y, Zr, Ti, Al and Ca relative to chondrites.
Similer Ca—-Al rich phases have been observed in Allende

by Marvin et al (1970) and by Clarke et al (1971), and
have apparently =21so been obgerved im Vigarano , Kaba

and Bali (Clarke et al 1971). Keil et al (1968) have
identified similar material in Leoville, but consider it
to be achondritic.

After the differentiation process was complete, and the
eucrites had solidified, collisions broke up the different-
iated material, and mixed them to form the howardites. The
impacting material may have been chondritic (Jérome and
Goles, 1970). It was probably at this stage that metal
and silicate mixed to form the mesosiderites, as has been
suggested by Powell (1971). In terms of the model
proposed here, the metal itself is not directly related tio
the genesis of eucrites and diogenitesg, but could hawve
represented a surface coating on the achondrite parent body.
McCarthy and Ahrens (1971) have shown that the silicate
portion of mesogiderites does not, however, appear to be
normal howarditic materigl as implied by Powell (1971).
However, this must be confirmed by additional analyses of

negosiderites,

During the break up of the parent body, some representatives
of the differentiation sequence could quite conceivably
have been lost, with the result that a somewhat biased
distribution of samples has been captured by the earth.

Although the processes which were mespongiblefor the formation
of howardites, eucrites and diogenites have been discussed

in some detail, no consideration - will be given to the

site whera such processes occured. ( #.@. moon, asteroids
ete.), as this is beyond the scope of this work..
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ENSTATITE ACHONDRITES

The unique character of the enstatite achondrites was

first recognized by Prior, who separated them from the
diogenites and elevated them to a class on their own.

Mason (1962) pointed out that these meteorites bear a closer
resemblance to the enstatite chondrites than to any achon-
drite class. This has been confirmed by oxygen isotope
studies by Taylor et al (1965), who found that the ensta-
tite achondrites were similar to chondrites, and distinctly
different from most other achondrite types. The mineralogy
of the silicate fraction of both enstatite achondrites and
chondlites is similar, both consisting essentially of Fe
poor enstatite and some olivine (Ringwood 1961, Reid and
Cohen 1967, HMason 1962). The enstatite chondrites diffexr

in that they contain appreciable quantitics of Ni-Fe metal,
while this phase is virtually absent from the enstatite
achondrites (except Shallowater - Mason 1962). Another
remarkeable similarity between the enstatite chondrites

and achondrites is their marked degree of reduction, quite
unlike that of any other meteorite type (Reid and Cohen, 1967,
Keil and Fredriksson 1962).

Ringwood (1961) and Mason (1962) suggested that enstatite
achondrites could represent the silicate portion of
enstatite chondrite - like material which had meltéd, and
from which the metal phase had been separated by gravity
settling. A similar suggestion was made by Keil and
Fredriksson (1963).

Recently, the enstatite achondrites have been subjected

to detailed mineralogical studies, which have shown that

2 simple model of separation of metal from an censtatite
chondrite to produce an enstatite achondrite is untcnable.
Thus, Keil (1969b), from his observations on the Ti

content of troilite, concluded that enstatite achondrites
are not equivalent to the non-metallic fraction of
enstatite chondrites. Wasson and Wai (1970) made extremely
pertinent observations regarding the association of
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enstatite chondrites and achondrites. They found that

the gradation in propertiecs of enstatite chondrites
observed by Mason (1966) and Keil (1969b) (e.g. Si and

Ni in kamacite, schreibereite composition, degrce of
crystallization) appear to extend into the achondrites,
and they concluded from this that the same processes
which formed the enstatite chondrites were probably
regponsible for the formation of the enstatite achondrites

as well,

It ig clear that if the origin of the enstatite achondrites
is to be understood; their chemistry must be seen in the
light of that of the enstatite chondrites.

1. Inter-clement relationships in enstatite chondrites
and achondrites.

this work ~ Cumberland Falls, Norton County and Shallo-
water. ., The analyses of enstatite chondritecs of von
Michaelis et al (1969b) have been uscd for comparative
purposes. These analyscs were carried out using the

same technique and X-ray spectrometer as employed in this
work. In addition to these, one analy:li: of an
enstatite achondrite has been taken from the literature.

(a) Fe - Si and Mg - Fe relationships: Mason (1966)

and Keil (1968) observed that the average Fe content of
Type II enstatite chondrites was lower than that of Type
I. Wasson and Wai (1970) noticed that this treﬁdy as
indicated by the Fe/Si ratio, extended to the enstatite
achondrites as well. This relationship is best indicated
in another form, however,; viz. as a plot of weight per
cent Fe against weight per cent Si. ©Such a plot is shown
in Figure 22. The inverse trend is clear. A distinct
flattening off of the fitted curve is cvident at higher
Fe abundances. Linearity over the whole range can be
improved if the Si dissolved in the metal phase is
subtracted from the total Si as is indicated in Figure 22
by crosses. The contribution of the Si dissolved in
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kamacite was estimeted using the kamacite analyses and
matal abundances (wet chemical) of Keil (1968). A plot

of Mg against Fe also produces a good negative correlation,.
apparently linear over the whole composition range(Fig 23). The
chondrite Blithfield is anomalous. Negative correlations
observed in Figures 22 and 23 are not wholly unexpected,
and arise from the dilution of csgentially pure enstatite
by metal. It is ncvertheless of some significance that
achondrites and chondritcs lie on the samc line in these
figurecs. Had there becn significant quantitics of litho-
phile clcements other than Mg and Si present in eilther
enstatite achondrites or chondrites, then both types would
obviously not have defined the samc trend line.

A more significant feature of these relationships,
however, 1s the fact that the slopes of the Fe-Si and
Mg-Fe trends diffecr. This is discussed at length in the

next section.

(b) The Si/Mg ratio: Keil (1968) has drawn attention to
the fact that the $i/Mg ratio is slightly fractionated
between Typce I and Type II enstatite chondrites. Wasson
and Wai (1970) observed that thc ratio Mg/Si increased in
the sequence Type I, Type II enstate chondrites, enstatite

achondrites. This rclationship has beon re-examined

in this work using more modcrn data wherc possible.

Shown if Figure 24 is a plot. of Si/Mg ratio against Fe.
The trend of decreasing $i/Mg ratio with decreasing Fe
observed in thce cnstatite chondrites secms to include

some achondrites as well - viZ, Shallowater and Norton
County. The remaining achondrites for which analyseé are
availablc have a significantly higher Si/Mg ratio than
Norton County and a significantly lower Fe content than
Shallowater. The possibility that the change in the Si/Mg
ratio was brought about by the prescence of 31 in the

metal phase was investigated using the data of Keil (1968)
and of this work. It was found that the change in the
Si/Mg ratio was too large to be markedly affected by -
‘removing the Si digsolved in the kamacite. Other factors
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‘must be responsible.

' The data uscd to construct Figure 24 has been replotted’
on a molar basis in Figure 25. A molar Mg/Si ratio
greater than 1.0 implies Mg in excess over that required
to form censtatite, resulting in the presence of olivine,
assuming an equilibrium mineral assemblage. A Mg/Si
ratio of less than 1.0 indicates that olivine will not
occur if the asscmblage is in equilibrium. Binns (1967b)
has described olivine in Type I cnstatite chondritcs
occuring adjacent to free quartz,; clearly indicating the
non-ecquilibrium nature of the mineral assemblage in
these meteorites. Norton County is the only enstatite
meteorite studied which has a molar Si/Mg ratio signifi-
cantly in excess of 1.0.

(c) The Fe-K relationship: Using the data of von
Michaelis et al (1969b), Hey and Easton (1967) and of this
work, it appears that K and Fe in enstatite achondrites

and chondritces are positively corrclatcd with one
another (Figure 26). In this relationship, as in those
discussed previously, Blithfield is anomalous. Norton
County appcars to diffcr slightly from other enstatite
achondrites; ag docs Shallowatcr. The significance of
this important rclationship is discussed in a later
section,

2. The chondritic inclusion in the Cumberland Falls

achondrite.

A 0.69 g fragment of thc black chondritic fragment from
the Cumberland Falls meteorite was analysed, in addition
to the achondritic fraction. This included material has

" recently been described by Binns (1968b) who prescnted

an analysis by A.J.Easton. In addition, Jarosewich (1967)
has analyscd a chondritic fragment from Cumberland TFalls
as well. The threc analyses arce presented in Table 46 to
facilitate comparison.
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IABLE 46

Analyses of the chondrite inclusion in the

Cumberland Falls achondriter

A.J.Easton E,Jan$¢wich This work

Fe 17.9 13.00 14.70
MnO 0.50 0.66 0.39
Ti0, 10.11 0.20 0.11
Caol 1.64 2,21 2.00
Cr203 0.39 0.53 0.67
510, 42.48 4L.77 44,26
_Al2O3 3.04 2,13 1.95
Mg0 26.75 26.08 28.73
Na,0 1.20 1.31 nd

K,0 0.08 0.08 0.11

+ Data cxpressed as weight %

There appear to be some slight but neverthel css signifi~
cant differcences between the analysis prescnted in this
work and those of Jarosewich and Easton. The Fe measured
in this work is lower than that obtained by the other
analysts, while 5i and Mg are higher. This could be

due to the fact that the small sample analysed in this
work was not represcntative (i.e. lower metal), although
the Si/Mg ratio calculated from the analysis presented
here (1.18) is slightly lower than those of Easton (1.23)
Further, the A1203 content
obtaincd for the inclusion in this study is lower than

and Jarosewich (1.24).

both Easton's and Jarosewich's values, suggesting that

the differences in composition of the diffcrcent semples
analyscd are real and not simply due to non-representative
sampling. ’

Binns (1968b) has suggested that the chondrite inclusion
in Cumberland Falls is intermediate in character between
L group chondrites and enstatite chondrites. The
chondrite fragment analysced in this work, however, shows
certain characteristics which place it in an inter-
mcdiate position between enstatitc chondrites and
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achondrites (sec figures 22 - 25). The fragments analysed
by Jarosewich and Easton show a similar tendency (Figure
24), although they also show close affinities with the

L group chondrites - morc so than the fragment analyscd

in this work. In his cexamination of the mineral chemistry
of this.chondrite fragment, Binns found that the ferro-
magnesian mincerals were almost frce of iron, but signifi-
cantly the metal contained no Si. If this meteorite ig,

- in fact, intermcdiate between enstatite chondrites and
achondrites, onec might expect the kamacite to contain

at least 1.0 % Si. Its abscnce may reflcct oxidation

and removal of Si. from the metal prior to its being
included in the brecciated Cumberland Falls achondrite,
although this doeg seem to be in conflict with Binns’
conclusion that the meteorite is unequilibrated.
Unfortunately, the K content cannot be used to resolve

the dilemma, as the value obtained in this work is most
probably too high -~ perhaps the result of excessive
handling of the small fragment prior to analysis. Assuming
this chondrite to be intermediate between chondrites

and achondrites, one might cxpect it to contain about

500 ppm K, a valuc quite close to that obtained by

Easton and Jarosewich.

3. Some implications of the inter-clement rclationships

among enstatite chondrites and achondrites.

The cvolutionary sequence observed amongst the enstatite
achondrites themselves by Wasson and Wai (1970) is nots
evident in the data of this work. Shallowatcr and Norton
County differ in some respects from other enstatite
achondritcs, and always appear to represcent a2 continuation
of the chemical trends cvident in the Typecs I and II
enstatite chondrites. Similarly, in terms of its bulk
composition, the chondrite inclusion from the Cumberland
Falls meteorite also belongs to this sequencce. These
trends have some bearing on the origin of enstatite

achondrites.
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The regular change in the Si/Mg ratio with increcase in the
metal content is not the type likely to be produced by
igneous differentiation of an censtatite chondrite.

Removal of metal obviously will not affect the Si/lMg
ratio, unless the removed metal containg an appreciable
(and constant) amount of Si. The small quantity of metal
remaining in these metecorites conteins variablc Si

(Wasson and Wei 1970), which is apparently related to the
absolutic Fc ¢content;;, suggesting that removal of an Si

rich metal phase was not responsible for Si/Mg fractionation.
Simultaneous crystallization of a silicate phasc with the
metal could causc fractionation of the Si/Mg ratio. In
order to decreasc the Si/Mg ratio of a liquid of Type I
composition however, enstatite would have to crystallize
and be removed., Such a model is selt—defeahingo'

The Fe - K relationship observed in the enstatite
metcorites ig difficult to cexplain in terms of simple
igneous differentiation, as this would be expeccted to
produce the reverse trend. Selective volatization could
be invoked to explain the inverse trend observed,
although special conditions of formation would have to
be postulated to explain the correlation betwecn the
extent of volatilization of K and the Fe abundance.

In addition to the above objections to an igneous
differentiation origin for enstatite schondrites, thosc
of Keil (1969b) should be added as well. He observed
that: the Ti contcnt of troilite in cnstatite achondrites
was considerably greater than that of the chondrites,
in spite of the similar bulk Ti contents. Thus, in the
postulated differentiation, mass balance requires that
21l Ti be concentrated in the melt, while most of the
sulphide and metal be rcmoved; a process he concluded
.to be highly improbable. The conclusion of Wasson and
Wai (1970) that igneous differcntiation was not
responsible for the formation of enstatitc achondrites
is supported by the data presented in this work.
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As mentioned above, Norton County and Shallowater appear
to differ from other enstatite achondrites in some
respects. The unique character of Shallowater is well
known (Mason 1962, Wasson and Wai 1970) and will not be
discussed here. Norton County differs from other
enstatite achondrites in that its Si/Mg ratio is
significantly lower than that of the other rceprescntatives
of this group of meteorites. In addition, its K content:
sclms to be somewhat lower. In terms of the parameters
investigated by Wasson and Wai, however, (schreiboersite,
perryite and metal composition, Mn/Si and Na/Si ratios)
this meteorite docs not appear to be abnormal. It seems
therefore that the observed differcnces do not indicate
any fundamentally diffcrent proccsses operative in the
formation of Norton County. The suggestion of Wasson
and Wai (1970) that Norton County represents & point

in the evolutlonary scquonce immediately prior to
Shallowatoer and subsequent to the remaining enstatite
achondrites secme to be supported by this observation.

4, Boundary conditions for the formation of thc enstatite

chondrites and achondrites.

The igneous differentiation model for the origin of
enstatite achondrites proposcd by Ringwood (1961), Mason
(1962) and Keil and Frcdriksson (1963), amongst others,
does not provide a satisfactory explanation of the
observed chemical featurcs of thesc metecorites. Rathex,
they appcar to have becn formed together with the
enstatitc chondrites by some dynemic process or processes.
The intcr-element. relationships discusscd in the previous
section place some restrictions on models for the origin
of thcse meteoritces, The most Important restrictions
arcs-—

(1) Thec prescnce of Si in the metal. Such Si must

have been present in the metal prior to accretion of

the enstatite metcorites;, as the metal in Type 1
enstatite chondritcecs is richest in Si, yet their silicate

assemblage is in discequilibrium, indicating that post-



~111-

acor&tion reduction was minimal (Keil 1969b, Binns 1967).
(ii) Ti digtribution. Some Ti has been obscrved in the
silicate phase of Type I enstatite chondrites (Easton and
Hey 1968), indicating that: it must have been present as
such in the gilicate prior to accretion. This is
apparently ehomalous, as the Type I1 enstatite chondrites
and enstatite achondrites show only chalcophilic Ti, in
spite of the lower Si. content of their kamacite (Keil 1968,
Wasson and Wai 1970).

(iii) The varying proportion of meball phase.

(i4w) Thé décrease in the Si/Mg ratio with increase in
the proportion of silicate.

(v) The changes in mineral composition (Ti in troilite
and daubreelite, Si and Ni in schreibersite) through the
enstatitie sequence.

(vi) The positive correlation between kamacite content
and alkali metals.

In addition to these, cosmic ray exposure ages and noble
gas contents place further restrictions on any model for
the origin of these meteorites.

The igneous differentiation model has already been
discugssed. An alternative model proposed by Wasson and
Wai (1970) will now be considered in terms of the above
restrictions. In this model, the authors assume

complete condensation prior to the accretion of the
enstatite-rich meteorites. This is difficult to recon-
cile with the observed behavior O0f $i in kamacite and Ti
distribution. According to Keil (1968) the range of Si

in different kamacite grains in Type I enstatite chondrites
is relatively small, and the Si content is high (3.2%),
indicating high and uniform state of reduction in the
unaccreted dust. However, Ti occurs in the silicate

in small quantities ¢ ssociated with oxygen (see (ii) above),
a feature in marked contrast to the high and uniformly
reduced state of the unaccreted dust. (Ti is chalco-

phile even when only minute traces of Si are present in
the metal). ¥asson and Wai explain the varying proportion
of metal by the superior adhesive properties of the metal,
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resulting in its earlier accretion. It is difficult to
explain (iv) in terms of a similar mechanism, unless it
can be shown that enstatite has superior adhesive
properties to olivine. Points (v) and (vi) depend on
the proposed temperature changes during accretion of the
enstatite meteorites. It is clear that if the proposed
increase in temperature occurred subsequent to the
accretion, large amounts of 5 and K have actually

to be expelled from the parent body in order to explain
the observed mineral and chemical trends. Furthermore,
this simple increase in temperature must be associated
with a change in redox conditions deep into the interior
of the parent body in order to allow the adjustment of
Si content of the kamacite. to take place. Type I
enstatite chondrites, which, in terms of the model, are
located at the centre of the parent body, must have
escaped this heating process. If, on the other hand,
the increase in temperature postulated by Wassorm and Wai
is assumed to take place during the accretion process,
explanation of points (v) and (vi) is less difficult.
Under these conditions, the condensation of alkalis

is partially, and increasing inhibited as condensation
proceeds and temperatures increase, and secondly,
mineral compositions at the accretion surface and in

the unaccreted dust change in response to the increased
temperature. Each successive layer of the parent body
is thus equilibrated (except the Type I core) and

different from previous layers due to the higher
accretion temperature.

The model of Wasson and Wal appears to provide a
satisfactory explanation of the observed chemical

trends within the enstatite meteorites, although it
cannot. satisfactorily explsin the presence of Ti in the
silicate fraction in association with a high and uniform
content of Si in the kamacite in Type I enstatite
chondrites. However, it:is difficult to conceive of

any process which could explain the anomalous behavior
of Ti,
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Under conditions of formation such as postulated by
Wasson and Wai, the inclusion of the chondritic fragment
in Cumberland Falls is not unexpected. In fact, it is
surprising that such polymict breccias are not moxre
common ( e.g. as was seen to be the case for the

howardites).

5. Implications of enstatite chondrite - achondrite

association for stony meteorite classification.

The genetic sequence extending from Type I enstatite
chondritegs through to enstatite achondrites poses some
problems for the classification of stony meteorites.

‘In terms of this sequence; enstatite achondrites and
enstatite chondrites should be included within one
group. Under such circumstances, the Si/Mg ratio can

no longexr be used to catexrgorize the enstatite group, as
is done in the van Schmus and Wood (1967) system, since
the 8i/Mg ratio of the combined chondrites and achondrites
encompasses the H, L and much of the C groups as well.
Purthermore, it poses difficulties for the van Schmus
and Wood concept of'petrologic types!. The chemical
changes through the enstatite sequence are accompanied
by texbural changes, notably recrystallization (Mason

- 1966, Wasson and Wai 1970), and thus lend themselves to
a petrologic grouping. However; the objections of

Keil (1968) to the suggestion that this textural
gradation is the result of metamorphlism are now
amplified by the gross chemical changes which are
observed over the whole sequence. Furthermore, six
sub-groups (i.e. E1 -~ E6) are not sufficient to encom-
pass the enstatite achondrites as well as the chondrites.

In oxder to accomodate the enstatite achondrites with

the chondrites in a genetically meaningful classification
will reguire complete restructuring of the classification
- gystems available at the present time.
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THE HL CHONDRITES

b o e e RVPPE

The HL or Type III carbonaceous chondrites is a partic-
ularly interesting group of meteorites as far as their
content of refractory elements is concerned, in particular
Ca and Al. Within this group, significant variations in
Ca and Al do occur, which are independant of dilution
effects by volatile material. In spite of these
variations, it appeared from earlier work (Ahrens and

von Michaelis 1969a, Ahrens 1970c¢) that the Ca/Al ratio
remained constant over the entire range of Ca and Al

abundance.,

This study was undertaken in an attempt to document the
low abundance end of the Ca/Al ratio more precisely,
and possibly to ascertain whether or not fine-structure
exists in the Ca/Al ratio at these low levels.

1. Classification.

The development of the present day classification of the
HL chondrites is briefly reviewed, as 1t bears some
relevance to the chemistry of these meteorites. A
vériety»of criteria for the classification and further
sub-division of the HL or Type III carbonaceous chondrites
have been put forward. Wiilk (1956) suggested sub-division
of what are now known ag the carbonaceous chondrites on

a bagis of carbon and water content, with the Type III’'s
containing least of these components. Mason (1962) saw
Wiik's Type III as being a distincet class which he

called the 'olivine - pigeonite ' chondrites. Following
Mason (1963c) the use of the term *Type III' appears
o have been preferred. Subsequently, Kelil and
Fredriksson (1964) suggested the term HL chondrites for
these meteorites, H denoting the high Fe group of

Urey and Craig (1953) and L the low metal content.

Van Schmus and Wood (1967) grouped all of Wiik's
carbonaceous chondrite types together because of their
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similar Si/Mg ratio. In their classification system,

the different sub-groups were recognized as ‘petrologic
types’, with most Type III's being regarded as members
of the C3 petrologic type, some as C2 and some as C4.
More recently, van Schmus (1968) has recognized two
distinct. textural types within the HL chondrites,
distinguishable on a basis of their chondrule morphology.
These groups have been named after typical members of
cach type; and are termed the Ornans sub-type and

the Vigarano sub-type.

2. Chemical features of the HL chondrites.

The HL chondrites, quite unlike other chondrite types
(except the B group), show some significant variations

in composition which seem to correlate with their
petrography. The average Si/Mg ratio of the HL
chondrites obtained in this work (1.07) is slightly

lower than the value obtained by von Michaelis (1969)
(1.10), although the difference is not regarded as
significant. The Si/Mg ratio of the group as a whole

is relatively uniform, and is virtually indistinguishable
in the Vigarano and Ornans sub~types (Table 47).

However, if one considers the petrologic types of

van Schmus and Wood (1967),it is evident that the C4
group has a slightly lower Si/Mg ratio than that of the
C3 and C2 groups. More significant, however, is the
Ca/Al ratio. As was pointed out in an earlier section,
the Ca/Al vatio amongst the HIL chondrites is not
uniform, but appears to differ slightly in different
groups. Thus, the Ca/Al ratio of the Vigarano sub-type
in general appears to be lower than that of the Ornans
sub-type (Table 47), but even more significant is the
markedly lower Ca/Al ratio in the C4 group relative

to the C3 and C2 groups. Surprisingly, these distinct
differénces,in the Ca/Al ratio show no correlation with
Ca andvAl abundance. The C4 chondrites have abundances
of Ca intermediate between the other two groups (Table 47).



TABLE 47

Classificatioh | Meteorite | Si/Mg| ca/All| %ca | #Fe | Kppm

L CAL?)-V Leoville | 1.05 § 0.98 | 1.80(|22.02] 100
C4-V Coolidge | 1.05.%{ 0.99 1.66124,00} 129
C3-V Vigarano 1.06 1.09 2.26.|22.241 319
c2-V Mokoia 1.07 | 1.10 | 2.00{22.59 306
C3(?)~V Allende 1,06 | 1,06 | 1.84123.55}| 300
C3-0 Lancé 1.09 1.13 1.53124.65{ 397
C3-0 Warrenton | 1.06 1.12 1.57125.43( 390
¢3-0 Felix 1.08 | 1.12 | 1.54{25.30| 371

+ C2, C3 and C4 denote the petrologic types
of van Schmus and Wood (1967), and V and O
the Vigarano and Ornans subtypes of van
Schmus (1968) respectively. Classification
from Clarke et al (1971).

The abundance of K in the HL chondrites is of particular
interest. Examination of the data in Table 47 shows K
to differ distinctly on the one hand between the
Vigarano and Ornans sub-types, and on the other

between the C4 and C3 petrologic types. A positive
correlation exists between the K contents of HL chondrites
and their Ca/Al ratios if only group averages are used.
No correlation exists within a group. Likewise, Na
shows a similar pattern to that exhibited by K (table 17)
although certain anomalies exist -~ probably a
reflection of the poorer quality of the Na data.

The elecment Fe, by contrast, shows a slight difference
in abundance between the Ornans and Vigarano sub-types,
being slightly lower in the latter group (see Table 47).
Fe;, however; is indistinguishable between the C3 and C4

groups.
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3. Implications of inter-element relationships in

st a7

HL chondrites.

It is clear ffrom the above discussion that both Coolidge

and Leoville are distinctly different from other HL
chondrites as far as their bulk composition is concerned.

0f the HL chondrites studied in this work, only these

two are finds. The lower Ca/Al ratios and K and Na contents
of these meteorites may reflect terrestrial weathering
processes. However, both are highly recrystallized

and hence extremely impervious. Examination prior to
crushing showed no evidence of discolomration by Fe

oxideg within the samples, suggesting that, in general,
weathering was only superficial. Thus, the chemical features
referred to above are probably chacterigtic of the
meteorites themselves.

The only distinct chemical differences observed between the
Vigarano and Ornans subtypes are lower K and Fe

contents in the former group of meteorites. This suggests
that Fe and K, like the rare gases, are associated more
with the chondrules than the matrix, as van Schmus has
indicated that the Ornans sub-type contains less matrix
and is richer in rare gases than the Vigarano sub-type.
More analyses would be required to establish whether

the Ca/Al and Si/Mg ratios are significantly different
between the two groups. The absolute Ca and Al abundances
do seem to differ slightly between the two groups,

with thc Vigarano sub-type containing slightly more of
these elements. However; no marked hiatus separates them.
The conclusion of van Schmus (1968) that in the formation
of both types, essentially the same parcnt material was
subjected to differences in the chondrule-forming
procegses secems to be confirmed by these observations.
These processes probably caused the glight differences

in Ca, Al, Fe, Na and K between the two types. .

It is cleaxr from the foregoing discussion that super-
imposed on the slight chemical differences associated with
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the Vigarano and Ornmans sub-types are marked chemical
differences which correlate with petrologic type.
Unfortunately, Karoonda, the only Ornans C4 represehtétiwe
thus far recoghized, was not available for study. An
examination of the X content and the Ca/Al ratio of thiis
meteorite should prove interesting. In spitc of this,

it would appear from the data listed in Table 47 that

the processes which led to the recrystallization of the
C4 chondrites produced significant chemical differences
between them and the relatively unrecrystallized C2 and
C3 types. .In this regard, a closer examination of the Ca
(and Al) abundance is instructive. If only the €2 and

C3 petrologic types are considered, it is clear that

the Vigarano sub-type is scparated from the Ornans
sub-type by an hiatus in the Ca (and Al and Ti) content.
This is filled by the C4 Vigarano sub-typec members.

If these C4 meteorites formed by the recrystallization

of a normal C2 or C3 Vigarano sub-type member, then

it would appear that Ca and Al have been lost during this
process, and to different cxtents. Similarly, '~ the
somewhat old analysis of Karoonda (Mason and Wiik 1962)
shows this meteorite to contain 1.50 % Ca, slightly

lower than the C3 Ornans sub-type representatives

studicd in this work. (Wiik’s Al analysis was performed
using ‘classical’ techniques; and is probably unreliable).

If the processes which led to the observed chemical
changes associated with the recrystallization of HL
chondrites was metamorphic in character, as implied by

van Schmus and Wood (1967), van Schmus (1968) and

van Schmus (1969), for example, it is clear that such
metamorphism was not isochemical, but led to the loss

of Ca relative to Al; and of Na and K, with the latter two
elements being reduced to one third of their original
abundance. The transference of this material could
conceivably have occurred simultaneously with the
dehydration of these meteorites. Fe remained unaffected
by these processes. Thus; C4 and C3 and C2 represcntatives
of the Vigarano sub-type arc indistinguishablec on a basis
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of their Fe content, while this group as a whole
may be distinguished from the Ornans substype by the
Fe content. (see Table 47). This conclusion is
supported by the reported Fe content of 25.55 % in
Karoonda (Mason and Wiik 1962).

The location of Na, K and Ca in thc HL chondrites is

not clear, According to the work of Clarke et al

(1971) on the Allende meteorite, it would appear

that most of the Ca, Al, Na and X in HL chondrites
ocecurs it the matrix material, although the matrix

is composed largely of olivine. It is not clear whother
these elements are in a form ameanable to rcmoval by
water.

From the forcgoing discussion, it cannot be stated
with any certainty whether the chemical differcnces
between the C4 and C2 and C3 typcs is the result of
metamorphic processes o¥ occurred as a result of the
formation of C4 chondrites at higher tempcratures than C2
and C3 varieties as suggestced for example by Kurat
(1968). sSuffice it is to say at this stage that the
C4 petrologic grade of the C group chondrites appcars
to be associated with chemical differences from other
C representatives in the form of lower Ca/Al ratios
and lower absolute abundances of Ca, Na and K.

4. Some thoughts on the Ca/Al ratio.

Ahrens and von Michaelis (1969a) observed that the Ca/Al
ratio in chondrites varies between very narrow limits.
Ahrens (1970c¢) drew attcention to the fact this ratio

was invariant in spite of changes in the mineralogy

and bulk chemistry. FPFurther, the average Ca/Al ratio

of 1,08 found by Ahrens and von Michaelis (1969a)

is gignificantly greater than the maximum permissible
ratio in anorthite of 0.74.
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The study of the HIL chondrites undertaken in this

work has shown that significant variations in the Ca/Al
ratio do occur in these meteorites; and appear to

be associated with the recrystallization process. 1In
view of the possibility that this could be a secondary
phenomenon; i.e&.coneiwhich occurred after the accretion
of these meteorites, the original observations of
Ahrens and von Michaelis on the constancy of this ratio
still stand. The observed differences in Ca/Al ratio
between the unrecrystallized Vigarano and Ornans sub-
types is slight, compared to the differences in
absolute Ca and Al abundance between these groups.

In fact, this general constancy of the Ca/Al ratio
could be regarded as evidence supporting the theory
that metamorphism was responsible for the lower Ca/Al
ratio and perhaps the other chemical perculiarities

of the C4 chondrites.

The constant Ca/Al ratio observed in chondrites and
possibly eucrites, must have implications regarding the
formation of these meteorites.- particularly on the
processes operative during the fractionation of elements
in the nebula. Quite obviously, Ca and Al have not
been relatively fractionated.

The form in which Ca and Al condensed from the nebular
gas is of some interest. ILarimer and Anders (1970)
have suggested that Al and Ca condensed either as a
single compound or as a mixture of compounds. With
regard to the former suggestion, i.e. a single
compound was responsible, it is clear that no simple
stoichiometry could possibly produce a Ca/Al weight
ratio of 1.08. Large atomic proportions are required
to produce this ratio. Thus, atomic proportions of 11 Ca
to 15 Al produce a wéight ratio of 1.089. Compounds
of such large stoichiometry do not appear in : »
Larimer's (1967) list of compounds which are likely

to form at high temperature in a nebula. It is
doubtful . whether a compound of such a high molecular
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weight could exist for any length of time at the tem-
peratures at which condensation probably occurred. It
thus seems unlikely that a single compound was respon-
sible for the constant Ca/Al ratio. The inclusion of
other refractory. elements (e.g. Ti; Zr, etc) into a
single, early-formed Ca-Al compound cannot be called
upon to simplify the stoichiometry, as these elements
are present. in too low abundance. Thus the suggestion
that a mixture of compounds was responsible seems

more likely. It is clear, however, that these compounds
mﬁst have condensed in balanced proportions, otherwise
~ fractionatiomiicx of the Ca/Al ratio would be observed.
Alternatively, and more likely, all the Ca and Al in
the nebula condensed, probably in a variety of forms,
and the Ca/Al ratio observed in chondrites reflects
that. of the nebula.
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SECTION V

CONCLUSION

One of the principal aims of the project was to in-
vestigate the possibility of fine-structure in the

trends of enrichment of refractory elements through the
chondrites, howardites and eucrites. Such fine-structure
was indeed observed. The investigation indicated that
enrichment of refractoey elements in howardites does

not imply a direct. genetic 1link between these meteor-
ites and chondrites, but relates to the complex genesis
of howardites and eucrites.

The relationship between eucrites; a probable igneous
differentiation product, and chondrites is not clear.
Although the Ca-rich representatives of HL chondrites
(Vigarano sub-type) could be construed as representing
the parent materigl from which these meteorites formed
(oxygen isotope evidence is not in conflict with this),
on petrologic grounds this seems unlikely. Rather; the
parent material of the eucrities and diogenites does

not seem to be represented by any known meteorite. The
Ca/Al ratio of eucrites may indicate that these are the
products of differentiation of a magma enriched in high
temperature Ca and Al rich (refractory) condensates from
the nehula.

The unrecrystallized HL chondrites (i.e. C2 and C3)
themselves appear to form two distinct compositional
groups which coincide with the Vigarano and Ornans
petrographic sub-types. The recrystallization which
formed the C4 group appears to have been accompanied
by chemical changes which have tended to obscure the
compositional hiatus between the Ornans and Vigarano
sub~types. It would appear that C4 meteorites
represent normal C2 or C3 material which has been
recrystallized.
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The enstatite achondrites apparently form a genetic
sequence with the enstatite chondrites. However,

the relationship of these types with other chondrite
types is not clear. The conclusions of Wasson and

Wai (1970) that the absence of chondrules and a coarse
grain-size do noti necegssarily imply melting are
supported by the findings of this survey. The
agssocliation of the enstatite achondrites and chon~
drites also creates problems in meteorite classification.
The traditional chondrite-achondrite distinction is
not valid in the case of these meteorites. Further,
petrologic systems of classification will have to bhe
revised as will the chemical criteria for recognizing
groups, in particular the Si/Mg ratio.

Finally, it would appear that petrologic types in
different meteorite classes have been produced by
different phenomena. 'Thus, the C4 type was probably
produced by metamorphism of C2 or C3 material, while
the E5 or E6 meteorites do not seem to he B Eond)
metamorphosed equivalents of the E4 petrologic type .





