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PROGRAM FOR THE CALCULATION OF Zr, Y, Sr AND Rb. 

~EAL INT, INTER, KONK(20,4l,MOLY, NPEAK(4), NSPK(20,4) , M0(20) 
INTEGER ULANK,AUDTl,ADDT2,STO,Q 
DIMENSION BLAK(3),BG(5l,PK(4),BGUP(4l,BGF(4),FACT(4l,SBG(20 

*r5l,STAND(20,2l,SPK(20,4),CONC(20,4), SBGUP(2C,4l,SL(20,4) 1 ~ACK 
* ( 4 l , S U1 ( 4 ) , A 13 S E ( 4 l , I< E L E R ( 4 ) , S 1\ M P L( 3 ) , PEAK ( 4 l , R S 0 ( 2 0 ) , 
*ELE(Sl, OLIM(S) ,ERq(5) 

IREAO=B 
IWRIT=5 
DT=0.000003 
N=O 
ZRF=O 
SRF=O 
YFA=O 
RBF=O 
INTE~=O 
1'-i=O 
L=O 
RAflU=O 
SLZR=O 
SLY=O 
SLSR=O 
SLRi3=0 

C SECTION l 
c 

dACKGROU~D CORRECTION FACTORS 

c 
c 
c 
c 

RE~lJIREMENTS---A SERIES OF BLANKS OF DIFFERENT 
MASS ABSORPTION COEFFICIENTS MEASURED ON ALL 
BACKG~OUNU AND PEAK POSITIONS 

WRITE(IWRll,99) 
99 FORMAT(lHl,26X, 1 ThE DETERMINATION OF ZR, y, SR AND RB BY X-RAY flU 

*ORESCENCE ANALYSIS 1 ,//,1H rlOX,'FACTORS FOR THE DETERMI~AriON OF B 
*ACKGROUND UNDER PEI\KS 1 ,!/,lH ,20X,'I3LANK',l0X,'ZR FACTOR'rlOX,'Y F 
*ACTOR' 1 10X,'SR FACTOR',10X,'RU FACTOR',//) 

REAO(IREAU,lOO) SFBG,SFPK,TUG,TPK,RLANK,AODTl,ADDT2,STD 
100 FORMAT(4F4.0,414l 

C ~EAOS SCALE FACTORS ON 8Gr PK, TIME ON AG, PK, NO OF BLANKS, NO OF RB 
C ADDITIONS, NO UF SR ACDlfiONS, AND NO OF STANDARDS 

109 READ( IREAU,lOl) (RLAK(J),J=1,3),(8G(K),K=1,5),(PK(K),K=l,4) 
101 FORMAT(3A4,9F5.0) 

N=N+1 
C READS 5 ~ACKG~OUND POSITIONS, STARTING AT ZR, PLUS PEAKS IN THE ORDER 
C ZR,Y,SR,RH, ALL OFF ONE CARD 

DO 102 K=l,'5 
BG(K)=BG(Kl*SFBG/TBG 

102 BG(K)=8G!Kl/(1-GG(Kl*DTl 
C BACKGROUND PnSITIONS ARE DEAD-TIME CORRECTED 

DO 103 K=l,4 
PK(K)=PK(Kl*SFPK/TPK 

103 PK(K)=PK(K}/(1-PK(K)*DTl 
C PEAK POSITIONS ARE CEAO TIME CORRECTED 

DfJ 104 K=l,4 
RGUP(K)=BG(Kl+GG(K+l) 
fACT(K)=PK(Kl/~GUP(K) 
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C CALCULATES THE ~ATIO OF THE BACKGROUND IN THE PEAK POSITION TO THE 
C SUM OF THE BACKGROUNDS ON THE SIDES OT THE PEAK 

GO TO ( 10?,106,107,108) ,K 
105 ZRF=ZRF+FACT(K) 

GO TO 104 
106 YFA=YFA+FACT(K) 

GO TO 104 
107 SRF=S~F+FACT(K) 

GO TO 104 
108 RBF=RBF+FACT(K) 
104 CONTINUE 

WRITE(lWRlT,lll) (8LAK(J),J=l,3),{FACT(K),K=l,4) 
111 FORMAT(1H ,13X,3A4,llX,F8.6,lOX,F8.6,11X,F8.6,11X 1 F8.6,/) 

IF(N-8LA~K)l0Y,110,101 

110 ZRF=ZRF/BLA~K 
YFA=YFA/BLANK 
SRF=SRF/BLA:~K 

RBF=RBF/RLANK 
BGF(l)=ZRF 
RGF(2)=YFA 
BGF(3)=SRF 
B G F ( 't ) = R 13 F 

C CALCULATES AVtRAGE BACKGROUND CORRECTION FACl'ORS 
WRifE(IWRIT,ll3) ZRF,YFA,SRF,~Bf 

c 

113 FOR~AT(1H ,/,6X,'AVtRAGE FACTORS ARE'r11X,F8.6,10X,F8.6,11X,F8.6, 
*l1X,F8.6,///Il 

C SECTION 2 
c 

RB INTERFERENCE ON Y 

c 
c 

R[QUIREMENTS---BLANKS OF APPROXIMATELY 20PER CENT 
FE203/80PER CENT SI02 CONTAINING 1500-2~00PPM RB 

WRITt:(IWRIT,120) 
120 FORMAT(lH ,lOX, 1 CORRECTION FACTORS FOR RB INTERFERENCE ON Y',//, 

*lH r20Xr'RB 400IfiON'rlOX,'CORRECTION FACTOR',/) 
116 READ(lRE~U,l14) (BLAK(J),J=l,3),(nG(K),K=l,5),Y,RO 
114 FORI~AT(3;~4, 7F5.0) 

C READS 5 BACKGROUND POSITIONS PLUS Y AND RB PEAK IN ORDER TO CALCULATE 
C THE RH/Y INTERFERENCE FACTOR 

M=M+1 
DO 11g K=l 1 1) 

BG(K)=OG(K)*SFOG/JBG 
119 bG(K)=BG(K)/(1-bGlKl*DTl 

C DEAD TIME CORRECTS 
Y=Y*SFPK/TPK 
Y=Y/(1-Y*DTl 
RB=RA*SFPK/TPK 
RO=Rt:l/(1-Rb*DT) 

C DEAD TI~E CORRECTS 
BCY=Y-( (BG(?.l+t.3G(3l )*BGF(2)) 
BCRB=RB-( (!3G(4)+[\G( ')) l*BGF(4)) 

C CORRECECTS Tb~ Y AND RU POSITIONS FOR BACKGROUND 
INT=BCY/BCK.R 

C CALCULATES THR RATIU OF THEY TO THE RB POSITION 
INTER=lNTER+INT 
WRITE(IW~IT,ll5) (BLAK(Jl,J=l,3),INT 

115 FORMAT(lH ,19X,3A4,14X,FA.6,/) 
IF (M-ADDT1lll6,117,116 

117 RBYF=IN1Ek/4rDTl 
C CALCULATES THE AVERAGE Y CORRECTION FACTOR 

BRBYF=Ri3YF-
WRITE(lWRIT,ll8lbRBYF 
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118 FORMAT(1H ,//,6X,'AVERAGE FACTOR IS',23X,F8.6,////l 
c 
C SECTION 3 
c 

SR INTERFERENCE ON ZR 

c 
c 

REQUIREMENTS---BLANKS OF APPROXIMATELY 20PER CENT 
FE203/80PER CENT SI02 CONTAINING 1500-2500PPM SR 

WRITE(IWRIT,l2l) 
121 FOR~AT(lH ,lOX,'CORRECTION FACTORS FOR SR INTERFERENCE ON ZR 1 ,//, 

*1~ ,20X,'SR ADDITION',lOX 1
1 CORRECTION FACTOR 1 ,//) 

125 READ(IREAD,l22) (8LAK(J),J=l,3),(BG(K),K=i,S),ZR 1 SR 
122 FORMAT(3A4,7F5.0) 

. C READS 5 BG POSITIONS AND ZR AND SR PEAKS IN ORDER TO CALCULATE THE 
C SR/ZR INTtRFERENCE CORRECTIONS 

L=L+l 
DO 123 K=l,5 
BG(K)=BG(K)*SFBG/T~G 

123 BG(K)=BG(K)/(1-BG(K)*DT) 
C DEAD TIME CORRECTS 

ZR=ZR*SFPK/TPK 
ZR=ZR/(1-IR*DT) 
SR=SR*SFPK/TPK 
SR=SR/(1-SR*DT) 

C DEAD TIME CORRECTS 
BCZR=ZR-((8G(l)+BG(2))*BGF(ll) 
BCSR=SR-((BG(3)+BG(4) l*BGF(3)) 

C CORRECTS ZR AND SR PEAKS FOR BACKGROUND 
RAT=SCZR/dCSR 

C CALCULATES THE RATIO OF ZR TO. SR POSITION 
RATIO=RATIO+RAT 
WRITE(IWRIT,l24) (BLAK{J),J=l,3) 1 RAT 

124 FORMAT(lH ,19X,3A4,14X 1 F8.6 1 /) 

IF(L-ADUT2) 12?,126,125 
126 SRZRF=RATIO/ADDT2 

ASRZR=SRZRF 
C CALCULATES AVERAGE ZR CORRECTION FACTOR 

WRITE(IWRIT,l27)ASRZR 
127 FORMAT(lH ,//,6X,'AVERAGE FACTOR IS 1 ,23X,F8.6,////) 

c 
C SECTION 4 
c 

ZR,Y,SR,RB CALIBRATION CURVES 

c 
c 
c 
c 

REQUIREMENTS---STANDARDS COUNTED IN ALL POSITIONS 
AEBREVIATIONS--ACONC=ACTUAL CONCENTRATION,~CONC= 

MEASURED CONCENTRATION, A8ERR=ABSOLUTE ERROR, 
RELER=RELATIVE ER~OR 

ZAP=128000.0*DT 
WRITE(IWRIT,l28) 

128 FORMAT(lH ,lOX,'CALIBRATION CURVES FOR THE DETERMINATION OF ZR, Y, 
* SR AND RB',//,lH ,28X,'ZIRCONIUM',22X,'YTTRIUM',23X,'STRONTIUM!, 
*21Xr'RUBIDIUM 1 ,//,lH ,5x,•SAMPLE',5X,4('ACONC'r1X, 1 MCONC',1X,'ABER 
*R'rlXr'RELE~'r2X)) 

DO 139 J:l,STO 
REA0(1REAO,l30) (STAND(l,J),J=lt2),(SBG(I,K),K=1r5),(SPK(I,K),K=1 1 

*4),(CONC(l,K),K=lr4),M0(1) 
130 FORMAT(2A4,13F?.O,F7.0) 

C READS STANDARD NAME, FIVE BACKGROUND POSITIONS (STARTING AT ZR ENOlr 
C ZR,Y,SR AND R8 PEAKS (IN THIS ORDER) AND THE COUNTING TIME IN TNE 
C MO POSITION I.E.THE TIME TO ACCUMULATE 128000 COUNTS ON MO COMP.PEAK 

DO 131 K=l,5 
SBG(I,Kl=SBG(l,K)*SFBG/TBG 

131 SBG(I,K)=SUG(l,K)/(1-SBG(l,K)*OT) 
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C DEAD TIME CORRECTS 
DO 132 K=l,4 
SPK(l 1 Kl=SPK(l,Kl*SFPK/TPK 

132 SPK(I,Kl=SPK(l,K)/(L-SPK(I 1 K)*OT) 
C DEAD TIME CORRECTS 

MO ( l ) = MO ( I ) -ZAP 
C DEAD TIME CORRECTS 

DO 133 K=l,4 
SBGUP(I,K)=(SBG(I,Kl+SBG(I,K+1))*BGF(K) 

133 NSPK(I,Kl=SPK(I,Kl-SBGUP(I,K) 
C CALCULATES NETT PEAKS FOR STANDARDS 

NSPK(l,1l=NSPK(I,1l-!NSPK(l,3l*SRZRF) 
NSPK{I,2l=NSPK!I,2)-(NSPK(I,4l*RBYFI 

C CORRECTS ZR AND Y FOR INTERFERENCE 
DO 134 K=lr4 
SL(l,K)=CONC!I,K)/(MO(l)*NSPK(I,K)) 
GO TO ( 135, 136, 137, 138) ,K 

135 SLZR=SLZ~+SL(l,K) 
GO TO 134 

136 SLY=SLY+SL(l,K) 
GO TO 134 

137 SLSR=SLSR+SL(J,K) 
GO TO 134 

138 SLRd=SLRB+SL(l,Kl 
134 CONTINUE 
139 CONTINUE 

SLZR=SLZR/STO 
SLY=SLY/STD 
SLSR=SLSR/STIJ 
SLRB=SLRI:3/STD 
SL0(1)=SLZR 
SL0(2l=SLY 
SL0(3l=SLSR 
SL0(4)=SLRB 

C CALCULATES AVERAGE SLOPES OF THE FOUR WORKING CURVES 
DO 142 I=l,STD 
DO 140 K=l,4 
K ONK ( I , K l = S L C ( K) *~0 ( I ) *N S P K ( I r K ) 
ABSE(K)=CONC(J,K)-KONK(I,K) 

140 RELER(K)=lOO.O*ABSE!Kl/CUNC(I,K) 
C CALCULATES TbE CONCENTRATIONS IN THE STANDARDS USING THE AVERAGE SLOPE 
C PLUS THE ABSOLUTE AND ReLATIVE ER~ORS 

WRITE(IWRIT,14ll !STAND(I,J),J=l,2),{CONC(l,K),KONK{I,Kl,ABSE(K), 
*RELER(K) ,K=1,4) 

141 FORMAT(lH ,3X,2A4,5X,4(F5.1,1X,F5.1,1X,F5.2,1X,F5.2,2X),/) 
142 CONTINUE 

WRITE(IWRIT,143) SLZR,SLY,SLSR,SLRB 
143 FORMAT(lH ,//,3Xr 1 AVERAGE SLOPES ARE'r2X,4(E15.6,7X)) 

c 
C SECTION 5 
c 

CALCULATION OF CONCENTRATIONS IN SAMPLES 

c 
c 
c 

AclBREVIATIONS---CO-PPM=CONCENTRATION IN PPM, 
RSDPPM=RELATIVE STANDARD DEVIATION lN PPM, 
DLIM-PPM=DETECTION LIMIT IN PPM (3 SIGMA) 

153 WRITE(IWRIT,lg9) 
Z=O 

199 FORMAT(1Hl,26X, 1 THE DETERMINATION OF ZR, Y, SR, RB BY X-RAY FLUORE 
*SCENCE ANALYSIS',//,lH ,lOX,'CONCENTRATIONS IN SAMPLES',//,lH ,9X, 
*'SAMPLE',16X,'ZIRCONIUM',l5X,'YTTRIUM',l6X,'STRONTIUM'rl6X,'RUB1DI 
* UM' , II , 1 H , 2 3 X , 4 ( ' CO-PPM' , l X , 'R S DP PM' , 1 X, 'DL IM-P PM 1 

, 2 X l t //) 

152 REAU(IREAu,l44) !SAMPL(J),J=l,3),(BG(K),K=lr5),{PK(K),K=lr4),~0LY, 
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*Q 
144 FOR~AT(3A4,1FS.O,F7.0,1l) 

C READS SAMPLE NAME, BACKG~OUND POSITIONS STARTING AT THE 
C ZR END, FOLLOWED BY PEAKS IN THE ORDER ZR,Y,SR AND RB, AND 
C THE MD COMPTON PEAK 

lf(Q-1) 145,200,200 
C Q TAKES THE VALUE 0 FOR DATA CARDS AND l FOR LAST CARD 

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

146 BG(Kl=BG(K)/(1-eG(Kl*DT) 
MOLY=MOLY-ZAP 

C DEAD TIME CO~RECTS 
DO 147 K=1,4 
PK(K)=PK(K)*SFPK/TPK 

147 PK(K)=PK(K)/(1-PK(K)*DT1 
C DEAD TIME CORRECTS 

DO 148 K=lr4 
BGUP(K)=(~G(K)+BG(K+lll*BGF(K) 

148 NPEAK(K)~PK(K)-BGUP(K) 
C BACKGROUND CORRECTS PEAKS 

NPEAK{1)=NPEAK(1)-{NPEAK(3)*SRZRF) 
NPEAK(2)=NPEAK(2)-(NPEAK(4)*RBYF) 

C CORRECTS FOR ZR AND Y 
DO 149 K=lr4 
ELE(K)=NPEAK(Kl*MOLY*SLC(K) 

C CALCULATES CONCEI\JTRATTON 
PEAK(K)=PK(Kl*TPK 
BACK(K)=(BG(K)+BG(K+1)·)*TBG 
RSD(K)=SQRT(PEAK(K)+UACK(K))/(PEAK(K)-BACK(K)) 

149 ERR(K)=cLE(Kl*RSD(K) 
C CALCULATES COUNTING ERROR 

BGUP(l)=BGUP(l)+(NPEAK(3l*SRZRF) 
BGUP(2)=BGUP(2)+(NPEAK(4)*RBYF) 
DO 150 K=l,4 

150 DLIM(K)=SQRT(BGUP(K)/TPKl*3.0*MOLY*SlO(K) 
C CALCULATES DETECTION LIMIT 

WRITE(IWRIT,l51) (SAMPL(J),J=l,3),(ELE(K),ERR(K),DLIM(K),K=lt4l 
151 FORMAT(lH ,6X,3A4,4X,4(F6.1,2X,F5.2,2X,~5.2,4X),/) 

Z=Z+1 
IF (Z-26) 152, 153, 153 

200 CALL EXIT 
END 
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PROGRAM FOR THE CALCULATION OF Sr. 

REAL M0(20),NPEAK(20),K,MOLY,KONK 
INTEGER SFAB,SFAP,SFAMO 
DIMENSION BGL(lO),SR(lO),BGH(lO),CBGL(lOl,CSRSlO),CBGHtlOl,8GUP(l0 

*l,BLANK(l0,3),STD(20,3l,BG1(20l,STR(20),BG2(20),CBG1{20),CBG2(20), 
*CSTR(20),CONC(20),SAMPL(3),SLOPE(20) 

IREAD= 8 
IWRIT= 5 
DT= 0.000003 
SUM=O 
AVSL=O 
TABER=O 
TREL=O 
REAO(IREAO,l00) SFAB,SFAP,SFAMO,IBLAK,ISTO,TBG,TSR 

100 FORMAT(514,2F4.0) 
C READS SCALE FACTOR FOR BACKGROUND, SR PEAK AND MO COMPTON PEAK, THE 
C NUMBER OF STANDARDS, AND THE COUNTING TIME ON BACKGROUND AND SR PEAK 

WRITE(IW~IT,llO). 
110 FORMAT(1Hl,32X,'DETERMINATION OF STRONTIUM BY X-RAY FLUORESCENCE 

*ANALYSIS',/1/,lH r10X,'BACKGROUND CORRECTION FACTORS AS DETERMINED 
*FROM BLANKS ARE AS FOLLOWS',//,lH r20X, 1 BLANK 1 ,10X, 1 FACTOR't/l 

REAO(IREAD,lOll ((BLANK(l,J),J=1,3),BGL(I),SR(I),BGH(I),I=l,IBLAK) 
101 FORMAT(3A4,3F6.0) 

C READS BACKGROUND AND SR PEAK COUNTS ON BLANK SAMPLES 
Q=SFA13/TOG 
R=SFAP/TSR 
DO 103 1=1, IBLAK 
BGL( I l=BGL( I l*Q 
C BG L ( I ) = B G L ( I ) I ( 1- B G L ( I ) * D T ) 
SR(ll=SR(I)*K 
CSR( I )=SR.( I)/ ( 1-SR( I l*DT) 
BGH( I l=BGH I l*Q 
CBGH(Il=OGH(I)/(1-BGH(Il*DTl 

C COUNTS ON BLANKS ARE DEAD-TIME CORRECTED 
BGUP( I l=CSR( I )/(CBGH( I )+CBGL( I)) 
SUM=SUM+BGUP(I) 
WRITE(IWRIT,l04) (BLANK(l,J),J=l,3),BGUP(l) 

104 FORMAT(1H ,l6X,3A4,12X,F8.6,/) 
103 CONTINUE 

AVBG=SUM/IBLAK 
FACT=AVBG 
WR1TE(IWRIT,l05) AVBG 

105 FORMAT(lH ,30X,'AVERAGE BACKGROUND FACTOR IS',3X,F8.6) 
C CALCULATES AND WRITES AVERAGE BACKGROUND FACTOR 

READ(IREA0,106) ((STD(t,J),J=l,3),8Gl(I),STR(I),BG2(I),MO(l), 
*CONC( I), 1=1, ISTD) 

106 FORMAT(3A4,5F6.0) 
C READS BG, ~TRONTIUM AND MD COMPTON PEAK COUNTS AND CONCS FOR STANDARDS 

ZAP=DT*SFAMO*lOOO.O 
DO 107 I=l,ISTO 
BG1 (I l=BGl (I H'Q 
CBGl(I)=BGl(I}/(1-BGl(I)*DT) 
BG2( I l=BG2{ I l*Q 
CBG2( I l=BG2( I)/( 1-BG2( I l*OT) 
STR( I l=STR( I l*R 
CSTR(t)=STR(l)/(1-STR(Il*CT) 

C DEAD TIME CORRECTS STANDARD COUNTS FOR BACKGROUND AND PEAK 
NPEAK{I)=CSfR(I)-((CBGl(l)+CBG2(1))*FACTl 

C NETT PEAK FOR STANDARDS CALCULATED 
MO(I)=MO(I}-ZAP 



-A7-

C OEAD-Tl~E CORRECTS MO COMPTON PEAK 
SLOPE!Il=CONC(l)/(NPEAK(ll*MO!l)) 
AVSL=AVSL+SLOPE(l) 

C CALCULATES SLOPE OF CALIBRATION CURVE 
107 CONTINUE 

WRITEIIWRIT,108) 
108 FORMAT11H ,/!1,10X,'STRONTIUM WORKING CURVE',//,1H ,20X,'STANDARD' 

•,sx,•ACTUAL CONCENTRATION 1 ,5X,'CALCULATED CONCENTRATION',5X,'ABSOL 
*UTE ERROR',5X,'RELATIVE ERROR',/) 

K=AVSL/lSTD 
Z=K 

C CALCULATES AVERAGE SLOPE FOR All STANDARDS 
00 112 I=l,ISTD 
X=K*NPEAK(I)*MO(l) 
ABER=CONCII)-X 

RELER=ABER*lOO.O/CONCill 
TABER=TABER+ABSIABER) 
TREL=TREL+A8SIRELER) 

C CALCULATES CON~ENTRATIONS IN STANDARDS FROM THE AVERAGE SLOPE OF THE 
C WORKING CURVE,· AND EXPRESSES DEVIATIONS IN THE FORM OF ABSOLUTE AND 
C RELATIVE ERRORS 

WRITEIIWRIT,109) ISTOII,J),J=lt3l,CONC(lltXtABER,RELER 
109 FORMAT!lH ,18X,3A4,11X,F6.1,20X,F6.1,18X,F6.2, l6X,F7.2,/) 
112 CONTINUE 

AVERA=TABER/ISTU 
AVREL=TREL/ISTO 
WR1TEIIWRIT,ll1) AVERA,AVREL,Z 

111 FORMAT(1H ,/,' AVERAGE ERRORS ARE',72X,F6.2,16X,F7.2,/,lH ,•SLOPE 
*OF CALIBTATION CURVE IS',3X,F8.6) 

150 M=O 
WRITE!IWRIT,130) 

130 FORMATI1H1,32X,'DETERMINATION OF STRONTIUM BY X-RAY FLUORESCENCE A 
*NALYSIS',////,1H t10Xr'SAMPLE'tlOX,'CONCENTRATION',lOX,'R.S.O.(PPM 
*)',10X,'DET.LIMITIPPM)',//l 

140 READIIREAD,113l (SAMPL(J),J=1,3),BCKl,SfRN,BCK2,MOLY,L 
113 FORMAT(3A4,4F6.0,11) 

IFIL-l) 131,141,131 
C TEST FOR LAST CARO,WHICH BEARS ONLY A 1 IN COLUMN 37 

131 BCKl=BCKl*Q 
CBCKl=BCK1/(l-BCKl*DT) 
BCK2=BCK2*Q 
CBCK2=BCK2/Il-BCK2*CT) 
STRN=STRN*R 
CSTRN=STRN/(1-STRN*DT) 
MOLY=MOLY-ZAP 

C COUNTS FOR SAMPLES ARE DEAD-TIME CORRECTED 
BACK=!CBCK2+CBCK1l*FACT 
PEAK=CSTRN-BACK 
KONK=K*PEAK*MOLY 

C CALCULATES CONCENTRATION IN SAMPLE 
DLIM=SQRTIBACK/TSRl*3.0*MOLY*K 
TSRN=CSTRN*TSR 
TBGN=(CBCK1+C8CK2)*TBG 
GAF=TSRN+TBGN 
RSD=SQRT(GAF)/(TSRN-TBGN) 
ERROR=KONK*RSD 

C CALCULATES COUNTING STATISTICS 
WRITECIWRIT,l20) ISAMPL(J),J=l 1 3),KONK,ERROR,OLIM 

120 FORMAT(lH ,7X,3A4,10X,F6.2rl5X,F6.3r20X,F6.2,/) 
M-=M+l 
IF(M-24) 140,150,140 

141 CALL EXIT 
END 
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PROGRAM FOR THE CALCULATIO~ OF Cr OR K. 

REAL NPEAK(20),MU(20),MASP(5),KON(5),NORM,NUM,KONK,NPK, 
*MASS(5l,MAS,MUP(20),MUS(20) 

INTEGER Z, P 
DIMENSION 8G(5),PK(5),STD(20,3),STANDC5,3),CONCC20),PEAK(20),BACK( 

*20),PCS(5),SAMPL(5,3) 
IWRIT=5 
IREAD=8 
P=O 
l=l 
BASE=2000.0 
N=O 
DT=0.0000029 
SDEN=O.O 
SNUM = 0.0 
RELTV = 0.0 
ABSOL = 0.0 
POS(l)=1.0_. 
POS(2)=0.9914 
P0$(3)=0.9828 
POS(4)=0.9981 
POS(5)=l.O 

C POSITIONS 1 AND 5 BOTH REFER TO POSITION 1 
REAO(IREAC,lOO) SFBG, SFPK, TBG, TPK 

100 FORMATC4F4.0) 
C READS SCALE FACTOR ON BACKGROUND AND PEAK,PLUS TIME ON BACKGROUND 
C AND PEAK,PLUS THE NUMBER OF STANDARDS 

WRITE(IWRIT,200) 
200 FORMAT(1Hl,25X,'DETERMINATION OF CHROMIUM/POTASSIUM BY X-RAY FLUOR 

*ESENCE SPECTROMETRY',////) 
WRITE(IWRIT,201) 

201 FORMAT(lH rlOX,'CALIBRATION CURVE',//,20X,•STANOARD',5Xr'ACT.CONC' 
*,5X,'MEAS.CONC 1 ,5X, 1 ABS.ERROR'r5X,'REL.ERR') 

105 READ(IREAD,l01) J 
101 FORMATtl1) 

IF (J-ll 106,106,107 
C J INDICATES THE NUMBER OF READINGS IN EACH SET - I.E. TWO 
C REFERENCES PLUS THE INTERVENING SAMPLES. THE LAST STANDARD 
C CARD IS INDICATED BY 0 FOR J 

107 DO 103 1=1,J 
REAO(IREAD,l02l (STAND(I,ZJ,Z=l,3),8G(I),PK(I),MASP(l),MASS(I), 

*KON(I) 
102 FORMAT(3A4,5F6.0) 

BG(Il=BG(I)*SFBG/TI3G 
BG( I l=BG( I l*POS( I) 
BG( I l=BG( I) I ( l-8G( I l*DT l 
PKIIl=PK(Il*SFPK/TPK 
PK(I)=PK(ll*POS(I) 
PK( I l=PK( I)!( 1-PK( I l*DT) 

103 CONTINUE 
AV=(PK(l)+PK(J))/2.0 
NORM=IJASE/AV 
K-=J-1 
DO 104 1=2,K 
DO 112 Z=1,3 

112 STO(L,Zl=STANO(I,l) 
MUP(l)=~1ASP( I) 
MUS(ll=MASSC I) 
CONC(ll=KCN(l) 
PEAK(L)=PKCil*NCR~ 

BACK(l)=BG(ll*NORM 
MU(L)=MUPIL)+MUS(l)*l.567 

104 l=l+1 



GO TO 105 
106 L=L-1 

M=L 
DO 401 L=l,M 
NPEAK(L)=PEAK(L)-BACK(L} 
X=NPEAK(L)*f"1U(L) 
Y=CONC(L) 
NUM=X*Y 
DEN= X* X 
SOEN=SDEN+OHJ 
SNUM=SNUM+NUM 

401 CONTINUE 
SLOPE=SNUM/SDEN 
00 109 L=l,M 
KONK=SLOPE*MU(L)*NPEAK(L) 
ABSV=CONC(L)-KONK 
RELER=ABSV*lOO.O/CONC(l) 
ABSOL=ABSOL+ABSIABSV) 
RELTV=RELTV+ABS(RELER) 
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WRITE(IW~1Trl08) ISTO(L,z),l=1,3),CONC(LJ,KONK,ABSV,RELER 
108 FORMAT(lH ,1ZX,3A4,8X,F7.1,6X,F7.1,7X,F7.2,6X,F7.2,/) 
109 CONTINUE 

GRAO=SLOPE 
ABSOL=ABSOL/M 
RELTV=RELTV/M 
WRITEIIWRIT,llO) ABSOL,RELTV,GRAO 

110 FORMAT(lH ,12X,'AVERAGE ERRORS',33X,F7.2,6X,F7.2r//,1H t20X,'SLOPE 
*OF CALIBRATION CURVE'r3X,El6.7,////) 

204 WRITEIIWRIT,ZOO) 
WRITE(lWRIT,203) 

203 FORMAT(lH ,lOX,'SAMPLE',5X,'CONCENTRATION',5X,•ERROR(PPMl',5X,'OET 
*.LIM. (PPM)') 

298 READ(IREAO,l11) J 
111 FORMAT(Ill 

P=P+l 
IF (J-1) 300,299,299 

299 00 210 I=l,J 
REAC(IREAC,400) (SAMPL(I,M),~=l,3),BG(I),PK(I),MASP(I),MASS(I) 

400 FORMAT(3A4,4F6.0) 
BG(l)=BG(Il*SFRG/TBG 
BG(l)=uG(Il*POS(I) 
BG( I )=BG( I l/ ( l-8G( I l*DT) 
PK(l)=PK(l)*SFPK/TPK 
PK(l)=PK(I)*PCS( I) 
PK(l)=PK(l)/(1-PK(l)*OT) 

210 CONTINUE 
AV=(PK(l)+PK(J))/2.0 
NORM=BASE/AV 
K=J-1 
00 211 I=Z,K 
BG(I)=BG(l)*NORM 
PK( I l=PK( I l*NORM 
MAS=MASP(Il+MASS(Il*1.567 
NPK=PK (I l-BG (I) 
KONK=NPK*MAS*SLOPE 
DLIM=SQRT(BG(I)/TBGl*3.0*MAS*SLOPE 
ERR= KONK*(SQRT(PK(I)/TPK+BG(I)/TBG))/(PK(I}-BG(I)) 
WRITE(lWRIT,212l (SAMPL(I 1 M),M=lr3),KONK,ERR,OLIM 

212 FORMAT(lH ,7X,3A4,5X,F7.1,10X,F7.4,9X,F7.4,/) 
211 CONTINUE 

IF (P-26) 29A, 204, 204 
300 CALL EXIT 

END 



l. Data used in the construction of Figure 4o 
2. Sources 7 sizes and concli tion of s8lTI.ples 

~nalysed in this work. 
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Dat:a used in iihe construction of Figure 4-~ --
Met.eori te .§_{(fusion) EPrrJC(:presse_d 

::§ ri quelit-e)_ 

Serra de Mage 0.004 
Stannern 0.050 549 
Bereba 0.027 2.94 
Juvinas 0.034 340 
Pasamonte 0.030 356 
Sioux County 0.027 295 
Haraiya 0.025 270 
Cachari 0.037 411 
Macibini 0.038 399 
Malvern 0.034 379 
Chaves 0.015 176 
Binda 0.006 85 
Zmenj o. 014 
Frankfort ( T) 0.007 108 
Frankfort ( F) 0.,011 128 
Cumberlc.nd Falls 0.017 224 
Norton County o. 004 101 
Shallowater Oo039 488 
Johnstown 0.001 20 
Ellemeet OoOOl 27 
Tatahouine < 0.001 ~2 
Shalka <. o. 001 l3 
Chassigny 0.022 268 
Vigarano 0.029 319 
Mokoia 0.028 306 
Allende 0.029 300 
Leo ville 0.009 100 
Coolidge OaOlO 129 
Lane~ 0.036 397 
Warrenton 0.035 390 
Felix 0.034 371 
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Meteorite _Weigh L~aii~91 ~ Source Condition 
-~·__,__.,.. ..... _-._...,.. .... ,.. ~-,.. ... ~--

received ino f~_SY_SlS --
Allende 29g SI single stone 

Bereba 9o4g MNDN single fragment 

Binda 11 .. 4g AM small fragments 
and powder 

Cachari 4.9g MNDN smalJ: fragments 

Chassigny 2.lg MNDN single fragment 

Chaves 4 .. 7g HIT small fragments 

Coolidge 11. 4g SI slice 

CurJJ. be r 1 c:m d Falls 5.2g SI single fragment 
(achondrite) 

Cu.m be r 1&"'1. d Falls 0.6.g SI single fragment 
(chondri te) 

E1lemeet 20.3g RU fragment. and 
povvder 

Felix (original 9 .. 2g UCT powder 
sample) 

Frankfort (F) 5.3g HU small fragrn en t~s 

Fr8l1kfort;( T) 9 .. 4g llJ slice 

Haraiya 6.7g ASU single fragment: 

Johnstovvn (original 21.8g UCT powder 
sample) 

Juvinas l0.8g MNDN fragments 

Lanc6 (original 4.6g UCT powder 
sample) 

Leo ville 8.5g SI slice 

Macibini 12.2g SAGS single fragment; 

Malvern. (original 4e~ UCT powder 
sample) 

Mokoia (original 10.2g UCT powder 
sample) 

Norton County (original lO.lg UCT powder 
sample) 

Pasamonte (original 10 .. 7g UCT powder 
sample) 

Serra de Mage (original lOg NASA powder 
sample) 

3halka (original 9elg UCT powder 
sample) 

Sioux County (original 10 .. 7g UCT powder 
sample) 

Shallowater 6.8g ASU slice 
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Meteorite vve,i~ht available Source Condition -for anal,ysis :t::(;)Qeived in. 
~- .. """-'"-~-~ - ---

Stannern 10. 3g Mit single fragment 

-Tatahouine lO .. Og MNDN single fragment, 

Vigarano ( o.riginal 
sample) 

16o3g UCT powder 

1.'\iarrenton 6.2g HU small fragrnents 

Zmenj 0.9g H.B.Wiik small fragments 

Abbreviations~ 

Al'li Australian Museum? Sydney. 

ASU Arizona State University~ Tempe. 

HU Harvard University. 

HINDI~ Museum National D9 Hist.oi::re Naturelle~ Paris. 

NASA National Aeronautics and Space Administration 

Nl-il Naturhistorisches Museums Vienna. 

RU Rijksuniversiteit. te Utrecht 5 Utrecht. 

SAGS South African Geological Survey 9 Pretoria~ 

SI Smithsonian Insti-tution? Vvashington. 

UCT University of Cape Town collection. 

YU YB,l e University. 
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•1. Ti 

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

LEGEND 
DECORATION AS FOR 

FIGURE 5 

1 Stannun 

2 Ma tv«rn 
3 Chaves 
4 Zmcrnj 

5 Binda 

6 Frankfort (F) 

7 Frankfort ( T) 
8 Johnstown 
9 Tatahouinc 

10 Shatka 

11 Ellcmcct 
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ASS TRACU!· 

T.en eucrites, four howardites 1 three enstatite 
achondrites, eight HL chondrites 1 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, Crs P 1 Si, A0.. 1 Mgs 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 constituents were determined on powdered 
samples. The data obtained have been critically 
examined from the point of view of both lprecision 
and accuracy, and found to be of a high ~standard 
for most elements. Inter-element relationships 
amongst the diogeni tes, howardi tes and eucri t.es 
suggest that two dist2nct processes were involved in 
the genesis of these meteoriteso Theories for the 
origin of these meteori ites have been examined in the. 
light of these inter-element~, relations::r..ips.. Iii: is 
concluded that mixing. of diog·eni tic and eucri tic 
material '/.was responsible for the formaiJ.ion of 
howardi tes, while diogenites and eucri tes appear. ito· 

L 

have been formed by processes of igneou~ differentiation 
from a single parent magma. :Dhe unique achondrit-e 
Qhassigny may also b.e a product of this p:l2ocess. Some 
speculations concerning the composition of the parent; 
material from which these meteorite types crystallized 
ar.e presented. 

. 
'Jl.he enstat.i te achondrites are apparently unrelated to 
the previously mentioned meteorite types. They do, 
howevers show close affinities with the enstatita 
chondri t0.s • It would appear that the two types 
are not related by igneous differentiation, but were 
probably formed by the same processes. The chondrite 
fragment removed fronr the Cumberland Falls achondri t.:e 
has a composition which suggests that it is a member 
of the genetic sequence represented by enstatite 0 
chondrites e.nd achondri t.es. 
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The Vigarru1o and Omans sub-types of the HL chondrites 
were observed to exhibit slight but distinct differences 
in bulk composition~ in the fonn of higher Ca and .Al 

abundances in the Vigarano sub-type. Superimposed 
on these differences are more draznatic 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 1 meteoriticists are employing a 

groat 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-old bulk chemical 
analysis nevertheless still plays a vi tal role in 
improving our understanding of the origin of meteoriteso 
Naturally, such analyses must be as true a reflection 
of the actual meteorite composition as possible. 
Although this would appear to be axiomatic, it is only 
in recent years 1 with the improvement of analytical 
techniques, that such a situation is being achieved. 
This has been demonstrated rather drmnatically in the 

case a:fi the Ca/A.l ratio in chondrites by Ahrens et al 
(1968). In view of the difficulties associated with 
the detennination of Al by classical 'wet' techniques, 
this is perha.ps an extreme example, but. it nevertheless 
illustrates thepoint. The implication of the work of 
Ahrens and his co-workers was that many chondrite, 
and presurr.Jably, achondri to analyses are not, as good 
as might be desired. This is particularly true for 
older analyses. It was obvious that there was a 
pressing need for new major element analyses of a 
representative range of achondrites using an analytical 
technique which could produce results of a reasonably 
high standard. This project vvas aimed at providing· 
this data. 'Nhere possible,relatively largo samples 
were sought, so as to ensure representative sampling 
of the meteori tcs concerned. 

above 
In addition to the/general goal 1 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 tho so-called 9 refracitory grop.pv of 
slem.::mts (.Ahrens 1970a) showed a continuous enrichmen-t: 
from chondrites~ through hovvardi tess culminating in 
eucrites. These elements, typified by Ca and Al 
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were thought. to provide a link between the chondrites 

on the one hand and the howardites and eucrites on 

the other (Ahren~; and von Michaelis I969b). This 

aspect needed further investigatiorr1 particularly with 

a vievv to establishing the presence of any fine 

structure in the Ca/Al relationship, as it was clearly 

of some genetic significancea In addition to Ca and Al 1 

hovvever 1 data for other minor and trace refract,oey 

elements on the same powt..ers as those on which the 

majors were determined were required. The X-ray 

fluorescence technique used in this laboratory was 

id~.ally sui ted to tbis purpose. 

In addition to studying the enri clTh1ent of refractory 

elements in howardites, investigation of the HL 

chondrites was undertaken as well 1 as the few 

repre~~entati vc:>s of this group exe.mined by- Ahrens and 

von Michaolis (l969a) showed greater variations in 

Ca 2nd Al than other chondrite types, and thus were 

of particular interest as far as the Ca/Al ratio was 

con~rned. 

Finally 1 Ahrens ( 1970b) had pointed out: thait the 

eucri tes Stannern and Neuvo Laredo showed slight. 

enrichments of refractory elements relative ito other 

eucri tes. A more detailed study o·f such enricbmentt 

trends in eucrites was thus of some interest:. 

In their investigation of oxygen isotopic relationships 

in stony meteorites 1 Taylor et al. (I965) had shovm 

that tho hypersthene achondrites or diogenites were 

app.arontly related to howardi tes and eucri tes. As 

few recent bulk analyses of members of this group 

of meteorites had been carried out·1 some representatives 

were: included in this study. 

Enstatite achondrites or aubrites were included as a 

separate investigat:iono Earlier theories for achondri t:e 

gene.sis (see, for example~ Ringwood 1961 and Mason 1962) 

had linked these meteorites and diogeni tes with chondri t:-:=:s 
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by a process of igneous differentiationo It was hoped 
that a more; detailed survey of their chemistry would 
throw some ligh~ on those proc8ssos. 
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:::mc·rroN I 

SAI\!lPLE PREP ARA'ri ON PROCEDURE 
·--------------~~·--=-----

Introduction. 

Classical methods of silicate analysis, even today, 
seem to be much of an art. Careful scrutiny o,f 
comparable data -e.go lunar samples 1 indicates the 

. 1' t f/the. daitakof d t· th t f super2or qua 2 y o some wor ers compare o a .· o . 
others. Inst~xmental methods of silicate analysis are 
in many respects superior to wet; chemical techniques 1 

particularly as they are in no way operator prone. ( wi 1th 

certain rGservations) .An important:. aspect:: of instrumental. 
analysis is the sample preparation. In addi~tion; the 
size of the sample usod is of some significance, 
Careful consideration was giv0n to both these aspects. 

_9._~pl_~ .. -~.i~~· 
In a study of the bulk chemistry of meteorites, one of 
th8 most important and most fundamental considerations 
is that of representative sampling. It is quite clearr 
that if one hopes to deduce processes operative 
during the formation of m0teori tes from variations in 
chemistry~ whether major or trace,these variations 
should be solely duo to cosmic processes and not: 
related to poor s&~pling of the particular meteorite 
concerned, i.e .• the utmost should be done to reduce 
to a minimum the number of variables determining 
variation in elemental abundance, This is particularly 
true where an element_. occurs in a single phase which 
i::: erratically distributed. e.g. Cu (metal) (Moss 
ot. al I967)~ Cr. (in chromite) 1 o:r Ni(in Kamacite) in 
some achondrites. Nor. is this problGm overcome by the 
use of inter-element ratios. A classical exrunple 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 eucritos in particular, it is clear 
that this ratio is not. determined by any one mineral, 
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but rather is controlled by carefully balanced propor­

tions of tho Ca bearing phases plagioclase and pyroxene. 

VariGtion in the relative proportions of these ~wo 

minerals is likely to caws;e variatio11 in tho Ca/ Al raiti.o, 

There is a disturbing trend amongst.meteorite analysts 

at the present time towgrds tho use of smaller and smaller 

samples. This has 9 to an oxtontg been forced on workers 

by the desire to conserve material. The dangers involved 

in this prc:wtice have, howGvor) not gono unnoticed. H.B. 

Wiik had already drawn attention to the problem in 1956 

when he observed that metal was extremely sporadically· 

distributed in n large specimen of Norton County he 

oxaminedo Numerous vYorkars have since referred t:o tho 

problem. Moore and Brown (1963) for oxo.mple 1 found 

barium to vary oxtensiveJ_y in eight different samples of 

Holbrook. 

Roccuso of the wido r:::;,nge in structure ~.mongst metoori tos, 

there cannot be a single, 6ptimums minimim11 smnplo size 

which would ensure ropresontati ve sa.rnpling. Rather, as 

suggested by Moss et al (1966), each meteorite should be 

studied separately, and, after careful examination of as 

large a frag111ent as possible~ the optimium sample size 

selected. Thus, they point out that 10 - 15 g s~uples 

are often too samll to ensure representative sampling of 

some meteorites. A similar conclusion was arrived at. by 

Keil (1962), who. found that) the min~~~l~;.nti ty of 
sample required to ensure representativeTvaried from 

15 g ~o 70 g, depending on the meteorite. 

In their study of the fractionation of elements in 

chondritesf von Michaelis (1969) and von Michaelis et; 

al (1969) used s~1ples of approximately lOg. The high 

quality of this data serves to indicate that their sampli-ng 

was representativeo Achondri tes 6 although t.exturally 

and minerallogically different from chondrites~ are noit 

considered t-o be fundamentally different- :from chondri-tes 

as far as the problem of sampling is concerned. Therefore, 
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where possible~ approximately 10 g samples wer.e sought~ 

for this study. Where very ::;mall samples were acqu:ilred 
(less tha..Yl 1 g) 1 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 casesy the samples studied in this work appear 
to have been representati ve 7 although the two samples of 
Frankfort analysed showed significant differences from 
one another. Although the differences between these 
samples have a significant Uearing on the origin of 

howardi tes~ the fact remains that;~ in spite of their 
relatively large size~ either one or both were not 
representative of the met:eori t.o as a whole .. 

S ~~:1,;.£._!~~ tm~g_t ... 
Meteori t.e analysis has traditionally been an extremely 
di ffi cult undertaking 9 mainly as a result of the 

presence of metal, silicate and, in some cases, 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 
dotennination by most .. analytical techniques" Some 
workers seem to have ignored this problem~ e.g. Moss e~ 
al (1966). Berry and Rudowski (1965)~ on the other 
hand, advocated crushing under liquid air. Von 
Michaelis et al (1969) used an oxidation tecv~ique 
to homogenize moteoni t.o maiterial after magnetically 
extracting the metal. In the case of achondrites, 
these problems aro not as acute as in chondrites, since 
the metal phase is 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 amounts. 

The main problem encountered in this worlc was one of 
reducing the maiterial to a fine enough st.at.e to allow 
the the analysis of a small aliquot of powder~ i.e. 
metal and silicate had to be completely homage..uizeds so 
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that. tho small quantity removed would be representative 

of the sample as a whole. However> as tho metal was 

found to be at least -60 moshs tho initial crushing 

procedures wore straight forwardo 

( i) ,EU~io~ c~st ~ Every effort was made to remove all 

traces of fusion crust from samples prior to crushing. 

Following tho technique described by· von f•Uchaelis (1969) $ 

fusion crusts and any surface stains wore removed using 

an electric engraving tool fi tt;ed with a gramaphono 

noodle. Tho no~Ble was weighed boforo and aftor each 

crust. rom ovalo Loss in vvoight nov or exceeded 0. 2 % 
(abou;i:J, 0.0003g) ~ indicating nogiblo contarnination$ 

particularly as those noodles are composed essentially 

of iron •. 

(ii) Crushing procedure~ Tho crushing of coarse ........... .~.-.. ~·-......--

meteorite fra~nonts was carried out in a 0pitho 0 stool 

postlo and mortar.. ThiB dovico had previously b:ecm 

fi tt;od with a mbb.or scaling ring, to ensure that: no loss 

of fino dust. occurred during tho crushing process. As 

tho fine material is probably enriched· in tho soft.or 

minorols i its loss could load to a bias in tho sample 

composition. 

Tests on the extent of contamination by metal particles 

flaking off tho crushing o.pparatus vvc-ro carried out. 0.02% 
extractable motB~ was introduced into a test sample o·f 

vein quartz 1 while 0.01% could bo extracted from an 

anorthosi to s8IDplo. Tho latt;or figuro probably roprosent:s 

an upper limit as far as this study is concernody as tho 

met;oori tos studied horo, although of variable hardness, 

wore considerably softer th:m both quo.rtz and 

anorthosi t..oy and contr.-minSLtion levels will therefore he 

approci.ably lowcro Tho introduction of those small 

qucmti tics of ro:;t;ool c.ro unlikely to pose a problem 1 as 
0 pi tho v steel cont..c.ins only smsll quantities of clements 

other. than iron. Tho limits of tho non-forri..c componont·s 

of this st.ocl supplied by tho mo.nufo.ct.ur.or. arc, 

c 0.9 - 1~0 %9 Mn 1.1- 1.3 %, Cr 0845- 0.65 %, 
W 0., 45 - 0.8 % and V 0.15 % maximumo 
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Motoori to se.rnplos wore reduced to -40 mesh in tho steel 

pestle nnd mort.ar, nnd then ground t.o pass through 6.0 

mosh nylon bolting cloth using a hand agate pestle and 

mortar. In most. cases~ nll tho mot8J. ws.s found to pass 

through tho -60 mesh screen. Whoro co2.rsor and largor 

qunntiti0s of metal wore encountered, nn oxidation 

t_ochniquo v-r;;,s usod for homogcnising tho samples as 

doscri bed below. Tho -60 mesh matcriRl was then tTans­

ferrod to en ngatc pestle ond mortar, where grinding for 

one hour reduced tho bulk of it to tho required mesh size. 

Srunples obtQinod in powdered form woro crushed directly 

in the P~gato postle and mortar to ensure -200 mesh size 

for the silicate fraction. 

Crushing equipment was cnrofully cle<mod with dilute HCl 

and distilled water botwoon aach sample to prevent cross 

cont[U11inntion. Now nylon bol.ting cloth was used foJJ' each 

sample. All handling of sample fragments was done with a 

pair of forceps. 

(iii) A!§_~il!l~2E-~f metal: A variety of methods for 
determining the quantity of metal in 8 met~eorite 

have been described. These include a chlorine digestion 

method, as described by Moss et al (1966), KCuCly as 

used by Jarosewich (1966), oxi.dation by Fe3+ (Maynes 1.970), 

NH
4

Cl - HgC1 2 digestion (Wiik 1956, Easton and Lovering 

1963). Point counting has also been used in some 

instances (e.g. Keil 1968), as has magnetic separati.on. 

As pointed out by Jarosewich (1966), a completely 

reliable method for metal determination does not:. exist. 

The c1 2 method of Moss et: al (1966) is not compl:eite, and 

magnetic separation of remaining metal has to be 

undertaken. The magnetic method i t:self suffers inaccunacy 

due to entrapped silicate. The effects of the methods 

employing mercuric and cupric ions 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 effecty contaminating the metal phase, and leaving i~ 

in a form which is unsuitable to the analytical ~ ~ 

g~~y~ieal technique used. 

In the absence of an accurate and suitable method for 

the estimetion of the small quantities of metal in achon-· 

dri tes~ no attempt was made to es-t;imate the metal contents 

of the meteorites studied in this work. 

(iv) Oxidatio!1 nrocedure~2. In most of the meteorites 

analysed during this work, the metal was considered t:o 

b f ~· . tl ;fine grained h · th . th d e su Ilclen y so as not to _ amper e analytlcal me o 

to any great extent. In some met_eori tes 1 however, the 

metal was considered ito he both too adundant and too 

coarse to enable treatment as a normal silicat:e rock. 

J!'urther homogenization of the samples was essenti£'.lL. 

For this purpose 1 the oxidation technique descrihed by 

von Michaelis et al (1969) and von Michaelis (1969) was 

used, viz. oxidation of the metal at high temperature in 

a strea.'11 of oxygen and st_:eam. 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 boat was obtained to 

hold the sample. At intervals du:u:L:.'1g the oxidation, the 

sample was removed~ weighed and ground in an agate pestle 

and mortar. Oxidation was judged 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 (l969) 
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 ULDoxidized 

weight. His work showed that this uptake of moisture 

was sufficiently small to be safely ignored .• 

( v) .eJ?..ecial cleaning pro ceduros ~ One of the meteori ites 

studied in this work, Frankfort (T), had been impregnated 

with an oily substance during the manufacture of a t:hin 

section. This material made crushing difficult, and 
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sieving impossiblo. After initial crushing 1 the sample 

was immersed in A. R. acotone and placed in an u1 trasoruLc 

vibrator, which dissolved the offending material completely. 

tre..E_¥,ati;..on o=r sam_p_les for analysis. 
Two separate methods of X-ray fluoresae.nce were employed 

in this work 1 one for the detennination of the major and . 
some minor components, which involved dissolving the 

srunple in a flux, and the other for the determination of 

minor ru1d trace constituents, which involved the use of 

pressed briquettos of the meteorite powder. 

(i) Fusion discs: To overcome the severe matrix effect;s 

inherent in X-Fay, fluorescence 8llal;y-sis for major elements, 

the fusion technique of Norrish and Hutt-on (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 rapidly 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 ito the crucible. 

It was therefore necessary to ascertain the optimum pre­

heating period required to oxidize all the metal in the 

samples. Large metal fragmenits from the chondri t;e 

Richardton wore heat.ed for 16, hours at 1000°C, iihe 

normal pro-heating ~emperature. After this period; the 

oxidized fragr.11ents were ground t.o about: -200 mesh. No 

met.al was detected during· tho grinding. X-ray diffract:i.on· 

examination of this powder ( Cu tube, 48kV, 20mA, Ni filter, 

scan. speed 2° 29/min., chart speed 40 mm/hr) showed 

peaks of Fe 2o
3 

only. The absence of kamacite, taeniiie 

and FeO peaks indicated that:. oxidation was complete, 

in spite of the large grain size. (In his investigation 

into the oxidation techniq •. Les discussed above, von 

Michaelis showed that oxidation pro cec'G..d from kamaci t~e 

via FeO to Fe2o 3• Incomplete oxidation was evident. 

from the appearence of FeO peaks on the diffractogram ) 
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For achondrites 1 a preheating period of 20 hours was 

considered adequate to oxidize all of the met.al present 

(i.e. acheive constant weight) even in the presence of 

silicat.~o powder. 

'J:lhe manufacture of the fusi<m discs was carried out, as 

follows. 0.9 to 1.0 g aliquots of the -200 mesh met.eorit·e 

powders were vveighed into vitreosil crucibles (which had 

previously been heated to 1000°C for 1 hour), and 9 

after a drying period of about 5 hours at ll0°C, wore 

heated _a1t 1000°C. The loss/increase in weight.. was 

measured. These powders were then ground in a hsmd 

agate pestle and mortar in order to break up the 

particles of Fe2o
3 

resulting from the o·xidati.on of the 

metal. In this way 1 the representative nature of the. 

small sample removed for the manufacture of the fusion 

di..scs would be insured. As mentioned previously 9 the 

uptake of moisture during this grinding is not likely 

to result~ in any serious errors. 

0. 28 g quanti ties of powder were removed from this 

preheated material~ mixed vvi th a lithium tet.ra.borate -

lithium carbonat.e - lanthanum oxide flux (Johnson Matthey 

Spectroflux 105) which had previously been dried at 

45.0°C, and 0.02 g of sodium nit~ate added. The mixtures 

were fuse~. over a Meker burner in an Au-Pt crucible and 

cast into thin discs as described by Norrish and Hutton 

(19~9). At least three separa-t:e discs were made of mo.sit 

samples. For some samples~ however, fewer were prepared 

due to insufficient material being available. 

(ii) T.race and some minor elements 

were detonnined using undiluted meteorite powders. The 

-200 mesh powders were mixed with a few drops of distilled 

water to felcili tate binding~ placed in a Elpecial die, and 

:pr.e..ssed at 15 tons per square inch to form. ~--small--brique:ttite~ 
Backings-·to. these briquettes were made of a bakelite- H3BO 3 

mixture. Details of this procedure have been described by 

Norrish and Chappel ( 1967). 
' 
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SECTION I:I. 

INSTRUlVIEN'llAL CONDITIONS. 

Intno duction. 
-.... ~-

Two X-ray 3pectrometers vrero available for this project -

a Philips model. PW 1220 Semi~Automatic Spectrometer and 

an older model PW 1540 instrument. Both instruments were 

of the flat crystal type. Facilities for pulse height 

selection were available on both instruments. The PW 

1220 was equipped with a 2:: 10N gonerator.1 while the PW 1540 

machine had only a l kW generator. TJ10 composition of 

the gas in the flow proportional counters of both instrwnen-c::< 

was: 90% argon and 10% methane. Dead times on both detect-ore 

was of the order of 3 micro-seconds: Although the equip-

mont was basically standard~ certain modificat.ions had 

heen made to the FN 1540 in order to be able to roach highe::.:· 

angles a These invCb<hved the filing dovm on the collimator 

housing anc1 have heen described by Willis et al (1969). 

On the PW 12~20~ a choice of two primary collimators was 

available~ viz. 480 micron r:md 150 micron. The EW 1540 

had a single 160 micron collimator permanently fitted. 

k useful feature av:~ilable on the model PW 1220 vms an 

exit port; on tho flow countor~ enabling both flow and 

scintillation counters t:o be used simultaneously. Both 

instruments had four s8.t-nple holders. On tho PW 122::0 9 

these positions were not equivalent but a difference of wp 

to 2% o.xist.ed between extremes. This necessi tatod the 

use. of a position correction on all deterrainations carried 

out on this spect.r.omet;er. 

M.§,_js>TI___?...£d some mino~ elemeniis. 

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

Mn and Ti) :im the meteori to samples were determin,ed using 

t:he PW 122.0 spectrometer. The method of analysis is 

basically similar to that of Norrish and Hutton (1969). 

Neverth:eless~ the approach used her.e did differ in some: 

nespeci:ts. A. reference sample was counted before and afitor 
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each set of three samples. This reference sample was 

a fusion elise which contained fairly high concentrati.ons 

o·f all the clements of intcrOElt 9 and hence gave fairly 

high count rates. All tho resul t.s for a gi von element, 

were normalised to a cominon reference count.. In this 

way, correction for long t.crm instrwnental drift was made. 

Such drift is particularly prevalent in the case of the 

flow counter, which wDs tho detector used for all these 

element:.s. Working curves wore ost::abl:iished using natu?al 

J?o ck stanclardr:l'. The so ro.ck standards and their adopt;ed 

concentrations are presented in Table 1. The int;ensi~;w 

measured on. the samples was then used t:o calculat;e a nominal 

concont.rati.on in tho sampl.o from the working curveso 

This process was repeated for all olementso Nominal 

concentrations vvore then used to calculate a matrix co­

efficient; (absorption coefficient) as described by Norrish. 

and Chappel (196.7) and Norrish and Hutton (19i9). Tho 

fact.ors used in tho calculation of tho matrix coefficieniis 

are given in Table 2.. Measured intensity was correc-ted 

using tbi.s co offici ent~ and concontrat,i.on again cal cu~at~ed 

from t.he working curves. Conv-erged concentrations wore 

ohtained on a third such iteration. Thi.s computation 

was done vvi th tho aid of an ICL 1301 computer, using 

p)rogrm11s written by Mr. J. P. Willis. 

Instrwnental conditions usod in these determinations are-

presented in Table 3. All detor.mino.tions wore carried 

out under vncuun1 1 and the d.etcctor used was tha flow 

proportional countc;;r. Ec.ch di.sc was counted once for 

tho period indic:·,tod in Table 3. 
t-hroughout .• 

K lines were used 
c( 

Some points rogc:,rding the selection of instrumental 

variablos desorve ~~pecial mention. In tho det;errnino.tion 

of li/In 1 the LiF ( 220) crystal was preferred to the LiF ( 200) 

in spite of thc greater roflect.ing offi.cioncy of t-he laittte:r 
crystal (Jenkins and Do Vries 1968). LiF (200) has a 

poorer dispersion than. Li.F ( 220). ThiB poses a problem 
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TABLE 1 

sta:r.dard Concen~a.~ions u~ed in tho Analysi_E2._o_:f 

A'f2.!e o ri t e s _ f o :rr Major and _? O~.£~.M.~,g9_E_],;L GgL_en jts • 1 

. '--. --.---_YI-l -~9::-lll _!l?!fl::l11 -O~?_I2-3+-~-] -~ 
Fo_2_{)3J1 11.09 I - - - I - I 
M~O : 0.17 I - I - - - I 
lli-02 I 1.07 I - I - - - I 

Ca.O 10. 9& I - I - - - I 
K20 0.64 I - i - - -
Si02 52.64 I - - - -

Ali203 14.85 I - - - -
MgO 6. 62 I 43. 56/ I 49. 80 - I - I 
N a2 0 2 .15 I - I - !$. 2 9 j 3 • 3 2 I 
P205 0.14 I - - - -,___ ___ . _,__ _____ -_,_ _ __ .;_ __________ , ________________ I___ _.. 

1 Sources of data~ Fleischer M. Geocl:ii!m:. 
Co_smoch!Lm·. Acta, 33, p65 (1969); Flanagan 
F. J. i.bid. ~ p81; Sine_ N.M. ~ Taylor W.O., 
Wobb::e_r G. R. and Lewis C. L. ib:id. 1 pl2l; 
Roubau"i t M., de la Roche H. and Govd.n­
daraju K. Sci .• de la Terre. XIII No. 4 
p378(1968)' TYromas Vv.K.L. Tanganyika 
G·eologica1 Survey Suppl. No l (1963). 

2 Total Fe expnessed as Fe2o 
3 

3 Departmenta]_ standard. 
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TABLE 2 

Mat,rix Correction Factors. 

~~-ave-
Elomont longth 

--

Fo t~Mn f ·ri Ca K p 

Fe -0 0 0 2 7 . -0 . 0 31 0.146 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 o. 647 0.644 0.181 

Ca 0.090 0.092 0.065 Ool30 0.723 0.182 

K Oo098 0.086 0.017 o.ooo 0.069 0.179 
p 0.108 l Oo094 -0.020 -0.037 -0.047 -0.06.3 

l 

Si. 0 0 0821 0.086 -0.034 -0.042 -0.055 -0.061 

Al 0.112 j 0.116 -0.032 -0.037 -0.048 -0.06,0 

Mg o .136 1 0.126 0.010 -0.021 -0.043 -Oo 01_6 

Cr 0 0 069 j Oo060 1 o. 698 o. 631 0.647 Oel36 I . 1 

r l 
- I 

Si I Al I Mg Na I Cr Flux I 

Fo 
l 

-0 • 0 65 f -0 • 0 7 4- !-0 0 090 -OellO 0.244 1.046 

Mn -0.06j -0.074 1-0.078 -0.100 -0.092 1.045 

Ti 0.110 . 0.078 0.069 0.051 0.033 0.851 

Ca 0.128 . 0.105 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 o. 046 0.043 0.896 L 
Si -0.061 0.122 0.093 0.063 0.050 1.014 

-oo o88 l-o. 012 
i 

Al 1 0.116 0.058 o. o54 1 1.056 
! 

1-oo o84 o. o8o I Mg -0.070,-0.078 0.073 1.050 

Cr 0.102 0.084 i 0. 061 0 0 040 l Oo028 o.853 
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TABLE 3 

In§.!.x:cm~~J2.on£;!Ji~-th'2__])_~IJ:!ination of ~?-JoE 
and somo Minor EloEwnts in Motoorit:os. _,___ _______ .... ~----· __ . ___ ..__ 

i Elon:J.ont 

Tubo 
kV 

mA 

__ JColle(pm) 
·· ------- t-Cry:_~tal 

/ ~imc( sec) 
. Lo2G 

E1oment.: 

Tuba 
kV 

mA 

Coll. {,ttm) 

Cryst;al 

Time( soc) · 
02_g 

Ti 

Cr 
50 
12 

480 
LiF( 200 )[ 

10 
86.88 : 

p 

Cr 
50 
32 

480 

Ca 
Cr 
50 
12 

150 
LiF( 200)! 

10 
112.98 

Fo 

60 
32 

K Si Al 

Cr Cr Cr 
50 50 50 
20 32 32. 

480 !480 480 
LiF( 200)i PET· PET 

20 
136 .• 48 

Mn 
w 
60 
32 

: 20 6-0 
:1o8. 9 144.77 

!Bgrnd.i Na 

Cr Cr 

50 
32 

50 
32 

150 :480 480 
. . 

Go 

150 
iLiF( 220) [LiF( 220) :Gypsumj Gypsum 

120 
140.70 

60 : 60 i 240 
9 4. 9 8 : 9 6 .. 0 0 10 2 • 9 5 

Mg 

Cr 
50 
32 

480 
ADJ2 

240 
136. 49 



fo.r. meteorite ano~ysis as the IVfn KD(. and the. Cr K,/3line.s 

arc not· resol vod by tho LiF ( 200) cry·stal Y rosul ting in 

cxcessi ve. interference from tho abu..11.dant mcteori tic 

chromium. Thoro foro, tho LiF ( 220) crystal was· preferred. 

~he cryst.al solecti.on for tho determination of lVIg and P 

has been discussed by Norrish and Chappel (1970). 

Counting times for Mg aro rolati vely long, largely because 

of low intensities moasuredo M.g dat8, aro therefore 

particularly prone to error caused hy short term. 

instrumental drifto 

So di u.111 was not 

pressed pellets 

dotorminod on tho fusion discs, but on 

as suggested by Norrish and Hutton (19~9). 

The background was estima.tod by taking a :measurement 

near tho K d\.li·no. The system of rofercmcing above was 

a.l.so used for the doJG.ermination of Na. Instrumental 

conditions for the dot.erm.ination of Na are listed in 

T.able 3~ Pulse height selection v;as used to improve t-ho 

peak/background ratio. Following Norrish and Hutton 

(1970), no matrix correction was made for Na, since, for 

this clement, oxygen dominates as the absorber, and thts 

docs not vary much from srunple to sample. 

&'Iinor and Tr.ac2._Elemo~ 

~e remaining minor and trace elom<:mts investigated in 

this work wore deterr:1inoc.1 on pressed briquettes. Mat.rix 

effects in samples of this form arc severo, particularly 

in view of tho range in bulk comp.o:si tion in tho samples 

and standards. . 

(i) Methods of Matrix Gorroct"i.on.· 

A variety of methods for correcting matrix effects are 

available. Two forms of correction were applied in this 

work. T.ho heaviest maj.or olomont in most of tho samples 

studied here is Fe. Therefore; for wavo~,engths shorter 

than tho K ab.sorpti.on 0dgo for F~ (1~744 A), no abrupt: 
changes in mass-ab.s.o~tion coefficients arc likely to 

o·ccur. Thus, a single measurement of mass absorpti.on 

---- ·-·---- -------··-······ ·----·--·-
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whore il t . is tho sample mass absorption ·co~ r·· r.aa r1:x: 
e.fficiont, ci tho weight. fraction of component; i in 

the ::\ampl.c and _It i tho mass absorption coefficionit of 

tho element under consideration (Jenkins and De Vries, 

1968). Values of ~i given by Birks (1963) wero used." 

Corroct.ions for primary absorption aro complicated by tho 

fact that a range of vvavolongths ar0 responsible for tho 

oxci tation of any particular clement.. In an attempt; 

to simplify tho si tuation 9 it was assumed that the bulk: 

o-f tho oXci tation of any clement. being determined was 

indu,cod by tho. wavelength immediately to tho short_; wave­

length side of tho rolevanit ahsorption cdt_~c for thait 

element. Tho matrix ahsorption for this wavelength 

was calculated fr:om tho bulk chemistry of tho sample 

using the above equation. Tho rolativc contributions 

of primacy (Pp) and secondary C-tls) absorption co­

efficiont:s wore weighted according to the geometry of 

tho instrument- and combined by moans of the the equation 

A mat.rix = ~ p + 1. 567_,.tfs. 
Absorption. coefficients calculated in this way wore used 

in tho determination. of Ba; K and Cr. 

(ii) !:£i§.S§.ium. 

B:ocauso of the rolat.i vely low po,tassium content of 

achondrites and HL chondri tos, this clement: was doter­
mined using tho undiluted briqu·ctt·es, as well. as by tho 

Nor.ri.sh fusion method.-

Analysis using the briq~ottes was 
1.220 spectrometer under vacuum. 

was used. fo~ tho analysis~ with a 

carried ou~~ on tho ~V 

The potassium Kotlino 
flow proportional cauntc.r 

to detect tho radiation. The. instrumental condi ti.ons. 

used in the det-ermination arc lis1ic.d in. Tiabl.o 4. A 
system of r.o:Eo.rcnce counting was used t.o minimise tho 
effect_, of long term machine Clrift, as. discussed above. A 
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single background position was counted, as tho background 

in this region is essentially flat-o 

Undi]utod Briguottos. 

K Kct,. Backgroundo 
------------f-------·-----=c-----'---------~ 

Tube Cr Cr 
kV 50 50 
rnA 32 32 

(prn) 150 150 
LiF ( 200) LiF ( 2-60) 

collimator 

1 

c~st{;) ~ 60 
136.58 143.0 

-------~-------------+-------------_J 

A correction was applL .. x1 for tho absorption of primary 

radiationo The vv-avoL:mgth usGd for this corroct,ion was 
0 

3.360 A~ (Ca KCJl)• Results wore calculatoc .. with tho 

aid of an IBM 1130 comput.or. A Fo-rtran IV program was. 

wri.t.:t:on by the author for this purpo so. This program 

may be fo-und in Appendix I. (The same progr..rurr was also 

used for the calculation of the Cr c'..atao) 

A single standard was used for tho determination of K, 

viz. W-1· Tho adopt .. ccl values of potassium in this 

standard fo-r tho;:;c c;.nalyscs vv-as 5310 ppm. Unfortunatclyp 

no sv.:i table ;::t<J.ndc..res at low.::;r concontrations were 

available, 

(iii) Chrom=h_~.!. 

The dot.::;rminz,~tion of Cr by X - ray · fl uorosancc is 

complicat0d by interference on th0 Cr Koelino by the V 

K /3 line. In moteori to analysis, howcvcr1 this problem 

may be ignored, as Cr usually exceeds 0.1% whilB _ V 

i .. s proson~ at about the 100 ppm lovol (Viliik 1970, 

Ahrens and Danchin 1971). For similar reasons tho offoct. 

of a Cr Rayleigh .scattered line arising from a slight; 

amount of Cr present in tho X - ray tube was ignored. 

HoncG, the method for dct,;rw.ining Cr usod in this work 

is similar t:o that adopted for K. viz .. a single background 
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position is measured in addition to tho analytical 

line, and both primary ancl secondary absorption corrections 

arc mado. For this roason 1 tho same computer program 

used to calcul2t.e the K data was usod for Cr ( Soo 

App ondix I.) 

Cr was dotonninod on both tho PIN 1540 and PW 1220 

spoctromotors. In both casus~ tho ~line was used and 

the' cbtcrrtlinations vvorc c:..trricc1 under vacuum with the 

flow proportional counter as detector. A roforonco was 

used to monitor drift. Instrumont8J. conditions are 

listod in Table 5. A corroction for absorption of 

primary radiation was made. Tho wavelength usod for 

this purpose ~~s 1.437 K1 tho Zn Koewavolongth. 

Thoorotically 1 tho Fe K~vvavolongt:h should be usod 1 viz. 

6 •. 937 .1?.' 1 as this is closest to tho K absorption edge of 
0 

Cr (· 2G070 A ). Empirical studios in this department 

( H. Fosq pcrs. comrn.. ) have sb.ovm tho Zn vvavolongth to 

produce superior results. T.ho reason for this probably 

relates to tho presence of tho W Lacline c.losc;_ to the Zn 

K _oewavclcmgth: and this line 1 together vvi tb: tho whit:o 

continwnuum o,f even shorter wavelength, is larguly resp-

onsiblo for tho Cr excitation. 

Instrun1ental Conch tions fo.r the Determination of Cr . ---·--~-,....,. .... ..., ...... _,__.,._,_ __ ........ ..-.-~ ...... " ...._,_..._.._. ________ ,_.._,,...,, _____ -~--·-~--
i_n briguott.s_E!.!. 

PW 1220 Snectromct:or ... - ,_ ......... ~ ...... ..._ .... _,.._..., ____ ~ ... --.... ·--""---... --.... .. 

I Cr Koe i !La£lffiEOU11 c} Cr K r- Bs~cki~?-~0-] I 
I -OC 

ITubo targot.. w I w w I w 
! 

I 
kV 60 60 50 I 50 
mA 32 32 20 I 20 I Collimator~) 150 I 150 16-0 I 160 
Crystal LiF(220) 

j 
LiF(220) LiF(220) 

I 
LiF( 220) 

Timo( s) 60 60 120 60 
G2Q 107.10 I 99.00 107.05 110.80 

I 
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Unfortunately, standards present a considerable problem 

in the determination of Cr. W - l was unsuitable due to V 

interference as well as its low Cr abundance. PCC and 

DTS are. ideal standards for the- p~rposeo Unfortunately, 
--

there is little agreement on abundances of Cr in these 

rocks, as is evident; in the values listed by Flanagan (1969). 

(See Table 6 of this \1\J.Ork•.) 

R~n~ e oJ q[~~J:mg_~a:q_~£. _i_:t?:._E9...Q._B?-l~-j)~§..-~-J .. by __ gi.t.:f~.~~~~ ~ .. Y~.o.E:if£E.s. 
(A£ter Flanagan 1969) 

-·--Pcc:-1---· ···-~----·--------DTS~ 1·----~ 

(ppm) 1 (ppm) I 

i __ l~4}:_1_78:o _______ j 2800-5560 J 

In an attempt; t:o resolve this situation, two high Cr 

BCS ~1tandards were diluted ten times with Johnson-Matt.hey 

Specpurc Si02., and fused in a similar wc.w to the method 

us<:ld for major elements. These were then used to stand-

~-='-""...._-~a:::.:r~d""'i~z:::...e::::........'~mil_ar fusion discs of PCC and DTS. Cr contents 
-,~- - - ............. ~- ~ ------ -----·-

ERRATA 

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

Samples, Ltd., List No 4o4, 1962 . 

. !~ ~! -- . --=~~--= _l-'"J~:r=J-
Gorrec:tions foJJ' absorbtion were made as described by 

Norrish and Chappel (1967) and Norrish and Hut:ton (19~9). 

The facitors used for this purpose are listed in Table 2. 

During the course of this standardization, it beca:me apparent 

tha~ other factors which tended ito complicate the ~~alysis 

were involved. First.J.y, the rat.io of correct.ed counts on 

DTS and PCC for fusion discs di:ffer8d by 10% from that. on 

pressed bri.queitte.s. This is probablY the result of pariticle 
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size effoct;s. S ocondly ~ the few meteorites examined 

gave consistently higher values on the prossed briquettes 

than on fusion discs 9 even though the s&'Ue values of PCC 

and DTS vvere used in both cases. This effec~ was . 

probably caused by two factors, one being pariticle size 

effects, and the second being enhancement. of Gr :rzadiairion. 

by tho high Fe contc::mt of tho meteorites concerned.. FoF 

those meteorites analysed by both methods, the ratio of tho 

boncentro_tion by fusion to concentrBtion by prossod briquette 

\,remained constant:9 indicating that: V{hateve:rz effects wore · 

op0:cati ve cau:~.d.ng ·frhe dir.screpancy between standards and 

sar.aples 1 it was constant for these ~.:1a.-rnples. 

Fe in .diogeni te1:1 1 howardi te:::: and oucri tes was es~'entially 

constant at 14% so any enhancement effecits are likely .-~o 

remain constant for all. Fo,r this reason, a working curve 

based on m.eteori te sarnplos was pre:fr'erred t:o· t:hat based on 

PCC and DT.S. 1.hi.s was used t.o calculate the concentrations 

of en in the pressed b.:riquet:t.es. Strictly1 this calibration 

curve i.s only valid for diogoni tos, howardi te:::: and eucri t.es, as 

these have essentially con:::;tant. Fe, and Cr probably occurs 

in them in tho same fonn. (Sec below). 

The metoori tes used to construct. tho working: curve covered 

a wide range in composi tio.n, as may bo seen in Table 8. 

~E_§.:. 

QE,__i!l_Me!~o_:r:~ it~_·:.s.tB:.!!c3:§£<l~;~-~~J~L. 

Shalka 1.66 j 

Franlrfort.: ( T.) 0. 69 j 

l_~~vi~~-~-------------'-------0_. 2_3.....,J 

Al.though results are probably internally cons±sitent,the actual_ 

accuracy hinges on the ado2?ted values of the BCS standar-ds. 

The possibility of some systematic error cannot be ruled 

out;~ and 1 in fact 1 it .. was found that such errors are present 

in the data. (See below). 
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T.ho st-andardisat.ion was carried out on the PW 1220 spec­

t.romot.er. ':i:ho Cr Koc: line was used. 9 in spite of a high 

background re;:n.ll ting from a La 1~10 linoo Various blanks 

were useo. to corr0ct for this tailingo Instrumental 

conditions are listed in Tablo 9o A reference system 

was employed~ and each disc was count:ed at least twice. 

In some cases, duplicate discs were count.ed as well • 

. ?JAJ?.~E . ~ 
Instrumental Conditions for Cr 

Standardisation 

r ~:b~-----r-- ~~-j 
I Coll. ~m) i 150 
! Crystal ) J.1iF( 220) 
! ! 

J Time ( s) j 10 0 

L.~~----·-- : 101.10 

(iv) Barium~ 

This •3lemont. was doterminGd on the PW 1540 spectrometer~ 

using tho method of iHillis et al (1969) based on the 

measurement of tho Ba Locline, with certain modifications 

as suggested by Kable (pers. cmr..m.). A background position 

was measured on each sarnple in preference to the method of 

blanJ:;:s as originally suggested by Willis et al (1969). 

Correction for Ti tailing vvas made by establishing the 

ratio of intonsi ty in the Ba Locposi tion to the int.ensi ty 

of tho Ti K oc peak using various Si0 2 - Ti0 2 mixtures. 

Measured counts on the Ti peal{: for each sample could thGn 

be used to ascertain th~3 extent of the tailing on the Ba 

line. Correction for absorption of primary radiation was 

made using the wavolength 2.291 ~ (Cr Koc). A reference 

-was counted before and after oach sot of three sampleso 

Tho flow proportional count.or was used to detect tho 

radiation. Instrumental conditions used aro listed in 

Tablo 10. 
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TABLE lG 
~--

Instrumental Conditions for the Determination 
-----~- ""'--~ .... ~.~~·-~~--

of Barium. 
-----------r- . ~ 

Ba L<X- I Bgnd. 1 T1 Koc 1 

- II ~~be ~--· ~~ r---;~ --T-- ~~--' 
I l j 

I mA I 20 /! 20 
1 

i Coll. ~m.) 1 160 160 160 
I I I ! Crystal , LiF( 220) 1 LiF( 220) LiF( 220) 

J Time ( s) I 180 I 180 f 30 
i 

0 29 I 124.31 i 112.00 _jl119.76. 
---·-----·-' -------~-- ------

20 

G-1 and W-1 were used as standards. The. concentration 

of Ba in these standards aro listed in Tabl.e 11. 

TABLE 11 

Barium in Rock Standards. 
---------~·--~--... -.. -... . ......,..... -

ppm 

ppm 

Res·u.lts were calc"Lllated with tho aid of an IBM 1130 

comput:er using a Fortran IV program written by Mr. E.J.D. 

Kahil.. e. 

( v) S t.ron t.i um ~ 

st·,r.ontium vvas determined by two metho,ds, one or:r its own, 

and tho other along with Rb, Y and Zr. Tho fanner method 

i.s des:cribod hGJre. The det.crminait±.on was carried out: on tho 

P\fv 1540 spect.r.ometer. ~e Sr Koc.line was used foJ? the-

analysi·_s. No vacuum was necassary 1 a.."ld no referencing 

system was used because. of the superior sitab±l.:j.tyof tho 

scintillation counter. Inst.nm1ental conditions u.sed are 

list;<;;d in Table 1.2. Sirirulitanoously with. t.he measurement: 

o·f tY.re Sr poak 1 the IVIo K0cCompiton pePk was moasuro.d 1 using 

a fixed ttime method, as a measure of mass absorption co­

efficient;. C'ondi t±ons used are listed in Table 13. An 

average of three readings was t.aken on each sample. 
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Instrumental conditions for the Determination of Sr. 
----.-.......·--<-..=..ca_,.,._ .... _......__,..__.,,...,.._._.,_,_,. . ._.._._.,__.,.c""'-·-•~...__~_....-._ .. .,..., .. "'=-...-~.n.-oo-_. . ...._. _ _._ ....... . .-...-.-...,_.._. _____ ~~ 

r Hgnd. l Sr K oC I Bgndo . i' 
T ·-----------·--------------- ·---1----- -- --- ·--- --·~· ----------------'-- -·------ --

1 Tube 1 Mo 1 Mo I IVI,o 
I kV I 50 I 50 ·,1 50 

l mA ) 20 ,1:. 20 2.0 
j Coll. (Pm) j 160 160 I 1.60 
1 

Crystal ! L:iF( 220) ! LiF( 220) I LiF( 220) 

Tinw( s) I 120 1

1

: 240 I 120 
0

2G I 37o00 35o87 135.00 I ----- -- -- __________ L _____ --- ---~------- --

Inst"rwnent:al Conditions for the Measurement _.....,._...._ ........ .......,.._,_._._~-... .-.-..--....... --._._._.~~-.._...,---'------,..,-->rUe ........ -..~----- ........... ~---~-~ 
of the Mo Cm!!J2t.op_Peak-!. 

r-- ---- -----·T I Tube 

I kV 

1 mA 

l
j Coll o Cum) 

Crystal 

Counts. 
0 2G 

Moj 

5o 1 

2o I 
i 160 i 
I 

LiF(220) I 
128000 l 

30.12 1 ___ __, 

The Mo tube is ideal for the determination of Sr as the 

Mo K lines are well s:irtiuaitem for the exi tation of the Sr 

K o:._ line. Further~ the method is ent:irely self-contained 7 

as mass absorp-tion coefficient cari. be estimated in the 

same run as the Sr line intensity is measured.. The LiF( 220) 

crystal was preferred t:o the LiF(200) in this instance to 

ensure that background positions were free from tailing by 

Rh and Y K~ines~ particularly on the standard. 

Blank samples~ free of Sr and of a range of absorntion 
J: 

coefficients were count.ed to ascertain the relationship 

between the sum of the two background positions and the 

Sr peak position. This factor was then used t.a estimat:e 

backgrounds ~under the Sr peaks of the samples. A fact:or 

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 standard1 W-1 1 was measured 

simultaneously with the samples. This standard was 

counted nu.rnerous times throughout: the run. The Sr content 

o.f W-1 was t.a]{en as 186. ppm. 

A Fo.rtran IV computer program ( wri.tten by the author) was 

used in conjunction with an IBl\~ 1130 comput:er t;o cal.culat:.e 

the resul t;s. This progr8l.11. appears in Appendix I. 

(vi) Rubi.dium~ st·:s~llti~9 'X_lli~um a.:g._<'!_Zjrc~u.rn_c:_ 
These four elements were det.erm.ined on the same run using_ 

a t.echni.que similar to that described by Cherry et al 

(1970) for Rh and Sr. The det;erminati.ons wer.e carried on 

both the PW 1540 and the PW 1220 spectromet.;ers. Ins-ttrumenital 

condit.ions used are listed in ~able 14. 

/ ERRATA! . 
. i 

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

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

value recommended by Willis (pers. comm.) has been used •. 
__________ __..... ___ '-'--'. ---;<;----.... 

co 1'l-.:~?A m-r--T5.o-~--j_o.o 

Cryst.:al. LiF(220) LiF(22.0) 

Time( s) 240 1.20 

Angular. posi t·ion.s~ ( 0 2.G) Backgrounds. 31.00 9 33.00 1 

35.00 1 37.00 and 39.00. 

PVJ 1220 spe_ct.rometer~ 

Tube 

kV 

mA 

Peaks. Zr - 32.ll~ Y- 33.90 

Sr - 35~87 1 Rb - 38.00. 

Peaks Bgnds. 
w 
I• VI 

60 60 

33 33 
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Peaks :Sgnds. 

Coll. ~ m) 150 150 

Crystal LiF(220) LiF(220) 

T.ime( s) 60 60 

Angular positions~ ( 0 29) Backgrounds. 30.80 9 33.10, 

34.60, 37.00 and 39.00 

Peaks. Zr- 32.03~ Y- 37.75 

Sr- 35.72, Rb- 37.87. 

K oc.lines were used throughout 1 and a scintillation 

counter was used to detect the radiation. The analysis for 

these four elements is complicated by the fact that the 

Rh Kft and Y Koe and Sr Kp and Zll! Koe. are not: resolved 

by the crystal, necessitating corrections. These were-·--- .. 

applied by det.ermining the ratio of the int.ensi.ty of 

the Rb K oc. and Sr K ~lines tothe intensity of their 

respective K (3 lines at the angular positions of Y 

Koc.and Zr Kcx respect.i vely. The measured Rb and Sr Koc._ 
intensities on the samples could then be used to ascertain 

the ext.ent of the int.erference on the Y and Zr Koc 

lines respectively. The ratio between the Koe and K,13 
lines is 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 ( i v) • 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 count~s 

graphically ~~d 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 det~enninations were based on a single standard, viz. 

W-1. It is ideally sui.tec1 to the purpose and contains 
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greater abundances of all four elements than any meteorite 

studied in this work. The concentrations adopted are 

listed in ~able 1'5. The standard was count-ed numerous 

times throughout the run, 2illd an average result was u~ed 

fABLE_l5 

£tb 2 ~Li- Y_. a!ld ---~E.__Eo~lt~g-~ ... -?~:t_~:-..LJ.EEElh 

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 Compt.on peal-r measurement; 

descri hed previously. 

Result-s 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. 

(wi:L) Nickel~ 
This analysis was carried out on the PW 1220 spect.rometer. 

·' 
The analysis for Ni is complicated~ firstly by a curved 

background~ and secondly by the presence of trace quanti ties 

of Ni in the X-ray tube used~ which caused 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 positions were measure.d 

and a curve fitted graphically to the plotted points 

using a spline curve. The intensity of the background 

under the Ni K oe line was thus obtained. Correction for 

interference fron the Rayleigh-scattered line was accom­

plished by ascertaining the ratio of the Au L oe line to 

to the peak intensity of the Ni K o< line, using samples 

free of Ni. The Au Lo< line on the samples was measured 

and this ratio used to ascertain the extent of the tube 

contribution to the Ni R¢c_ line. As detector sensitivity 

for both flow and scintillation counters is low in the 

wavelength region of Ni Kcc.s both det.ectors were used 

simu21. taneously. Actual instrumental conditions used are 

presente€1 in Table 16. 
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TABLE llW 

Instrument a~ Conditions for the Determination of Ni. 
~-....... - ......... -----~--.~~·-. ....... ~.,..,._.,,,.. __ ._..,...,..._._,._.,._,.... __ .,~-·...-··~--..,.,---~ __ ..... _____ ,_,_,_,_~~---- ......... ....__. ... _.,.. . ...-...-~· 

1 
.. ___ _ -r~,;,dl_!li~_Au:]j ~---~] 

Tube 1 Au 1 Au 1 Au I 
kV I 55 I 55 l 55 

I . I 

mA I 36 j 36 I 36. 

Coll. ~ m). 150 1
1 

150 150 
Crystal !LiF(220) LiF(220) jLi:P(220) 

Time( s) 100 I 200 j 10 

'·----~~~----------!_ ____ _L __ .l~~-1 ~---l. 53 .1_7_ --

+ Background positions~ 64. 80, 66. 40, 

69.50 and 73.50. 

Results are based on W-1 (78 ppm Ni), which was count-ed 

a number 0 f times during the course 0 f the runo 
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SECTION III __ :.. __ _..__ 
THE AN~Y~f~4&_~4~A A~~ AN ASSESS~lliNT OF THEIR QUALITY. -.__.. . . ..,...,..-, ..... --~· --............ --""'~-- .. ---·-···-··-..-..----.. .-..-..-...-- ........ ...-._ ........... _ 
Results. 

Numerous classifications have b&en proposed for stony 
meteoritesf 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 thi.s 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 (1969a). In 
the opinion of the authorv Wiik 9 s oriiginal nomencla-ture 
for carbonaceous chondrites~ viz. Types Iv II and III 
should be dropped as this can lead to confusion with 
van Schmus and Wood~ s ( 1967) petrologic types. In contrast, 
no unifonni t.y exists in achondrite nomenclature~ partic­
ularly for the so-called Ca-rich or Basal tic achondrites, 
which form a large part of this study. Traditionally, 

achondrites have been divided into a Ca-po or and a Ca-
rich type (Mason 1960~. As will be discussed in a later 
section, the distinction between these two types is not 
clearcut. Further1 amongst the Ca rich achondrites) two 

criteria for subdivision have been suggest.ed. Mason (1967) 
proposed a subdivision based on the relative proportions 
of ortho-and clino-pyroxene 1 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 CaO contents and lower FeO;tFeO+MgO) 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 howardi tes ru1d 
eucri tes. In their ~wstem~ howardi tes 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 is classified as a eucrite. Inthis work~ the 
classification of Duke and Silver (1967) has been adopt:ed, 
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as it is considered to be genetically more meaningful than 

the system of Mason. This is discue.sed at greater length 

in a later section. 

There seems to be no standard form for presenting meteorite 

analyses. ~)ome authors 7 e.g. von Michaelis el s~ (1969) ~ 

present meteorite analyses in the form of elementsj 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 forrn. The analytical data are 

presented in Table 17. 

The data for major and minor elements represent averages of 

at 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 1 and any 

a..."lalysis obviously in error was excluded. An indj,vidual 

analysis was excluded if tb.e total differed by more than 

2fo from the average of replicate determinations 9 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 1 v1here insufficient sample resulted in 

an erroneous result. 

The trace element data representss in most instru1cesv 

averages of replicate deterillinations. These data have also 

been carefully screoned. Where replicate .trace analyses 

for a meteorite differed by more than the combined w.">lcer:­

tainty due to counting statistics (at the 3crlevel), the 

meteorite was reanalysed. If this failed to resolve the 

problems an average of the analyses was calculated. 

Quali t.;y: of the data..!. 

Although H.S.Washington~ as early as 1917~ had emphasised 

the question of the quality of silicate analysBs 9 this 

issue was brought home to @eteoritics by Urey and Craig in 

1953, who managed to classify only 94 analyses out of 
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TABLE 17 
-~~ 

I 
-A~·-----~~--·~-·---·-----~· 

: Sorrn 
I do 
I iMago St;annern: Bereba \ Juvinas • Pasamonte) 

--------·-·····------. ------·· -------< 
Fe% 12.58 13.82 14.83 · 14.63 14.93 I 
Mn% 0.426 0.406 o.426 o.433 o.43a I 
Ti% 0.100 0.587 
Ca% 6.49 7.62 

I Cr % 0 .. 37 0. 23 
I p % 0.025 0.045 

I Si ~: 22.64 23 .. 24 
j A1 1a 6 • 71 6 • 5 3 

I 
Mg % 6. 85 4. 21 
Na% nd 0.46 

o. 422 

7. 49 
0.22 
0.046 

4.10 
0.34 

0.383 
7. 42 
0.23 

0.040 
23.07 
6.88 

4.38 
o. 46 

I 
j K ppm 60 549 294 340 

1 
Sr ppm nd 91 78 77 

i Zr ppm ! nd 98 53 48 
! Y ppm nd 33 23 20 

j Ba ppm nd . 50 . 33 31 
I . . : 

i Ni ppm nd ; <dl : <dl : <d1 
L------~----·-----:-------'---------'----------

+ denotes find 
<dl be1.o~w dot;oction limit 

nd not; dot;orm.inod 

I 

o.434 1 
l 

7.36 I 

o.?l I 
o. 047 1 

22.57 
6.52 

3.96 
0.38 

356 
77 
57 
24 

33 
5 



~------1 ·-.. -··········--- -------·············-··---·- . ·----------- ---- ··- .... --· ----·· --- ·------. 
I ' SlOUX : . ..._. i 

I ' c t . H . c h . I . 1\ff • b . . B . d + I • oun y • z~ra1ya . ac arl ; J.\laCl 1n1. . ln a ! 

I ;~-~-1~:~2 i 1~:!~----1~:~;-1~:~~8 ~1~:~~~---~ 
I Ti% 0.370: 0.335 0.379. 0.430 0.139 
I Ca% 7.41 7.33 7-33 7.12 3.99 
I 

j Cr% 
I . lp % 

Q. CJ.' ,_,l p 

Al % 
I -
i Mg% 
I 

INa% 
I K ppr.'l : 

1 Sr ppm 
I 

i Zr ppm 
I 

0.24 
0.030 

22.92 
6.80 
4.29 
0.33 

295 
74 
42 

0.22 
o. 042 

22. 76~ 
6.61 
4.29 
0.37 

270 
71 
37 

I 
1 YJ ppm 22 19 
j B ; 2° 25· j a ppm i o : . 

· Ni ppm I 13 : <:.d1 
r--------------:-·-·-···--·-·--·-·-··-----------

I 

j J Mal vern~ Chaves 
j Fe -%·--··-r-i4.o2 -: 11.92 
i ! Mn % 0 • 411 ! 0 . 3 71 
I I Ti % o. 293: 
j Ca % 5. 76 : 

I 
Cr.% 0. 38 . 

I ' p % o. 039: 
: ,' ~ Si % 22.98 
i 1 

: Al ofo I' 
I I I 
I 11/l ·' 
l
i J: g c;o 

i 

j Na% f 

i K ppmj 

j Sr ppm\ 

1 Zr ppm 1 

5.27 
7. 48 
o. 31 

379 
57 
35 

o. 42 

3.62 
11.09 

0.16 
176, 
3.8 
31. 

! l ! Y ppm i 16 10 
! Ba ppm I 22: 17 
i N. I 274 34 : ::r. ppm J • 

L_ ___ ----L_ ____ . ·--- ---· ----·-··-···-· 

0.22 
0.036 . 

22 0 56. 
6.80 
4.31 
0.38 

411 
83 
41 
1i.9. 
48 

<.dl 

Zmenj 

0.29 
0.048 

23.06 
6. 41 . 

5.05 
0.36 

399 
74 
59 
25 
36. 
23 

Frankfort 
( T) 

--·- -- --- --·--- . ~-· ~ ·----·-- ----
13.39 13.91 

o. 405 0.434 
0.192 0.136 
3.89 2.60 
0.55 0.76 
0 0 020 : 0.015 

23.40 23.79 
3.43 2.26 

10.41 12.63 
nd 0.16 
160 108 
nd 22 
nd 15 
nd 6; 
nd 8 

nd 48 
-~-·· .... -· .. .. ---· ... -- ··- ··--·-- .. 

o. 51 
• 0. 018 
: 23. 51 

: 3. 69 
!10.71 

0.15 
85 
32 
18 
6. 

... ----· ---·-· --..1 

Frankfort: : 
(F) 1 

"3.50 ___ _ 

o. 427 
0.170 
3.28 
0.69 
0.020 
23~78 

2.88 
11.63 

0.15 
128 
28 
20 
7 
11 

63 
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"R.fWLLl_l_ ( co_g_l~.J 
:··· ····--------------··T -· --··- ----·- -- ·--····-··----------- -- ·T-ata-

Johnsto E11emeet · houine 
f . ··--· .••.. ····-·· •. --'- -·-- - ••. - --- .•.. 

Fe 1~ 

Mn% 
T. Iff. 

l ;a 

Ca % 
Cr% 
p % 
Si % 
Al% 
Mg% 

12.6.4 

0.387 
0.072 

1.04 

0.59 
0.006 

25.07 

0.65 
15.62 

Na % 0.02 
K ppm! 20 

Sr ppm 1 < d.l. 
I 

Zr ppm i <d1 
; 

Y ppm: <d1. 

Ba ppm. <dl 

Ni ppm: 90 

13.48 

0.439 

0.034 

0.57 
1.29 

0.003 

24.08 

o. 49 

0.08 

27 

<dl. 

<dl 

<dl 

<dl 
21 

11.77 
0.384 

o. 041 

o. 54 
o. 50 

0.003 

25.58 

0.27 

7.03 
0.02 

<=.dl 

<dl 

<dl. 

<dl 

"'dl 
15 

I 
Shalka :chassigny ; 
--·--·--•-...;*•••-•N~----··-0;-

12.65 

o. 428 

0.037 
0. 5;2 

1.65 

<dl .. 

24.11 

0.32 

15.55 

0.03 

13 

~dl 

c::dl 

c:::.d1 

c:::dl 

5 

21.34 

o. 413 

o. 040 

o. 42 

·0.57 
0.018 

17.30 

0.19 

19.80 

0.11 
268 

5 
<dl 

..::::dl 

4 
494 i 

-····~--------! 

·--------·--··--:-cUffiiJerian&-Norton-- · ;·s:h8.11o- cumberfaiiaJ 
:Fal1s(ach), County i water+! Falls( ch) I 

..... . .. -- - - .. -·- '· -- ---·------------ .. - ....•..... ······--·· .. -··· ·-· ,... ... ··-····-· --·-·· .,-----··-···---------......, 
Fe % i 2.11 ' 1.26 112.14 · 14 .. 70 

Mn% 0.140 0.191 0.042 0.298 

Ti % 
Ca % 

Cr% 
p % 
Si % 

Al% 
Mg% 

Na% 
K ppm. 

Sr ppm 

Zr ppm. 
y ppm 

Ba ppm 

Ni ppm 

0.027 

0.77 

0.074 
0.008 

26.12 

0.21 
22.6.5 

0.17 

190 
<d1 

<d1 
..(d1 

21 

371 

0.034 

0.93 
0.070 
<dl 

25.21 

0.12 
25.16 

0.07 

55 

<dl 

<(dl 

<'dl 

<.d1 

314 

0.013 0.068 

0.28 1. 43 
0.066 o. 46 

0.106 0.066 

21.43 20.69 

0.50 1.03 

18.89 17.33 
0.36 nd 

425 86,9 
6. nd 

<d1 nd 

<.dl nd 

15 nd 

7600 nd · 
·----------'--------·--·---- -'----------
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TABLE l 7 _lcont_~J. 

, -·----· --Ei~a;~~- n.~-~k~-i-;····: All~n-d~ -L~o~ill~+ -~ r:: ,-2~:~:-7 -!-~:~~~ r-2~:-~7 -· ----, 
i Ti % 0.104 0.091: 0.091 

1 Ca '% 2 • 2 6 2 • 0 0 1 • 8 4 

1 Cr % 0. 40 0. 42 0. 43 
! 
i p % 0. 09 3 0. 097 : 
I 
I Si % 
' 

I Al% 
f Mg% 
i 
I Na% 
1,. K ppm 
I 
! S:n ppm 
i 
1 Zr ppm 
I 
i Ba ppm 

15.25 

2.07 

14.41 

0.28 

319 

16. 

11 

4 
L......... ---L-

15.30 

1.82 

14.32 

0. 36) 

306. 

15 

7 

5 

0.101 

16.00 

1.74 

15.10 

0.36 

300 

14 

8 

4 

0.091 

1.80 

o. 40 

0.095 

15.55 

1.83 

14.86 

o.11 

100 

13 

8 

4 

r
-~---- ·------~-----~------·--·--:---·-------··-----·----·· ---·· --·----

. Coolidge • Lance Warrenton: Felix · 
.. -f.~-----------·:,___. _________ ~-----------.... ;.. ... -.- .. - ···-·---, 

jFe~o 24.00. 24.6-5: 25.43 ~ 25.30 : 

I Mn % I 0 • 12 5 • 0 .1 &9, i 0 .1 7 5 · 0 .. 1 7 2 : 

I Ti ,; I 0.087 • 0.074! 0.075 : 0.075 ! 

1 Ca% I 1.66, 1.53 : 1.57 1.54 ! 

I Cr% I 0.44 0.44 : 0.45 0.46 

I ~i : 1~:~~3 1~:~~3 1~:~~7 1~~~~
6 

j 
I Al% 1.67 1.35 1.40 1.38 

I Mg% 14.92 14.27 15.10 14.85 

I
Na% 0 .. 20 0.35 0.43 0.36 

K ppm 129 397 390 371 i 

Sr ppm 

Zr ppm 

L~=--~~~-

14 
8 
11 

12 

7 

13 

9 
8 

12 i 
i 

6, I 
! 

4 i 3 
. ----------- -------~~- -··--·-·- ---;- --- _ __; -------~----------- --:--- .. ------- ----- __ __J 



-39-

286 as superior, even though the criteria they used would 

not today be regarded. as very exacting. Mason (1965) has 

reinvestigated the question o:f quality of data 7 and :formuiLated 

certain criteria for assessing qtw~i ty. In addition, 

nun1erous other workers have made observations on the 

auality of the available data (see von Michaelis 1969). 

More recently~ tho question of the quality of data has been 

brought into sharp focus by the work of von :Michaelis et al 

(l969b). Their work showed that much of modern data were 

of insufficient quality to show inter-relationships of 

various elements in chondrites. In this regard, Figure l 

of Ahrens and von Michaelis (l969a) is very pertinent. 

·rhe quality of meteorite data is dependant not only on the 

analysis i tself1 but also on the nature of the sample. 

Obviously, non-representative sampling can destroy t-he 

usefulness of an analysisv although this is not always the 

case. In this work 1 an attempt was made to obtain as large 

samples as possible 9 whichy it was hopedy 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 i and it 

was hoped that by analysing representative aliquots of 

relatively large crushed samples, data of a fairly high 

quality would be obtained for a relatively large m:unber of 

achondrites. The purpose of this section is to assess this 

data, vvi th a view to establishing whether this aim has 

been achieved. 

Various schemes have been suggested for assessing the 

quality of major element analyses of meteorites. Urey 

and Craig (1953) initiated these. Mason (1965) proposed a 

more rigorous approach. He based his assessment on~ 

a) Accuracy~ gauged by the degree of correlation between 

the FeO/(FeO+MgO) ratio calculated from the analysis 

and that measured in the ferro-magnesian minere~s, 

b) Surrm1ation, represented by the closeness of the tote~ 

of the major components in the analysis to 100%, 
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c) The completeness of the a.nalysiso 

Unfortunately~ such a scheme is not applicable here. In 

the case of the HL chondrites studied in this work 1 only 

total iron. is known~ so the FeO/(FeO+lVIgO) ratio is likely 

to be in error. Further 1 Ni has not_ been det.ennined so tha-'o 

both tb.e cri t.eria of summation and completeness. cannot. 

he satisfied completely. In the case of the achondrites~ 

the reliability of available opticaJ_ly deterillined 

FeO/ ( FeO+MgO) ratio D arc questionable~ particularly in 

view of the age of many of these determinations (some date 

back prior to 1920). Keil and Fredriksson (196.4) have 

also suggested that errors up to 10% may occur in 

optically c1eterxnined FeO/(FeO+MgO) ratios in ferro­

magnesian minerals. 

Other criteria have also bean used to assess the quality 

of major element data. Of particular interest is the use 

by von l\,Uchaelis et al (1969) of the spread of inter­

element ratios and element abundance in various types of 

meteorites. In aCJ.dition to this cri teriony these authors 

used a direct comparison of their data wi·bh that in the 

literature~ probably the most widely used method of 

establishing the quality of data. 

In this work~ a procedure f::imilar to that used by von 

Michaelis el al will be used. The reproducibility 

for the fusion technique of analysis waE4 ascertained by 

t.aking thirteen separate aliquots of a homogeneous rock 

powder through the entire srunple preparation (crushing 

excepted) and analytical procedures. The possibility 

of systematic error was investigate(!_ by direct comparison 

of the data obtained in this study with that in the 

literature. Finally1 where possibley various rock SBmples 

of knovvn co:m.posi tion were analysed simul tanoously with 

the samples. This served as a furthor check on a.ccu.r:ac;y-. 

JY.I__§_jor _§l1d son1e Minor _£l~~ts. 

Resul t.s ob-'Gained by the fusion method are discussed in 
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tenns of their accuracy c111d the precision of the tech..YJ.ique 

used. 

a) I'£~Cisiont A homogonaous dolori to powder was split. 

into thirteen portions, and taken through the entire 

analytical procedure in order to detoE~ine ru1alytic8~ 

precision. Further, individual discs were distributed 

randomly amongst the sample d.i~ws 1 and not counted 

consecutiv3ly. The precision thus obtainod 9 which in­

cludes every step of the teclmique 5 thus accurately re­

flects that for the saL1Jlles. Statistical data calculat-ed 

from these thirteen analyses are presented in Table 18. 

TABLE 18 

Average of Standard Coefficient 
13 analyses Deviation of Variation 

Fe2o
3 11.059 0.074 0.671 

Mn0 0 0.176 0.002 1.688 
c:.. 

Tio2 0.879 0.007 0.904 

cao 10.968 0.064 0.586 

K0 0 ,_ 0.659 0.003 o. 458 

P205 0.194 I 0.008 4.166 

Si02 51.272 0. 409 0.798 

Al 2o
3 

15.985 0.1.31 0.819 

MgO 6. 551 0.101 l. 541 

Na2o 2.250 0.024 1.070 

H20 - 0 .. 119 0.019 16.353 
H

2
o+ 0.210 0. 047 22.679 

(Total Fe is expressed as Fe2o 
3

) 

Careful examination of Table 18 is inst:ru.cti ve. For most 

elements~ the precision~ as expressed by the coefficient 

of variation~ is good ( <19~). Some rather int.eresting 

features may be noted. For example} the precision for 

Mg is conE:iiderably poorGr than that for K? although the. 

former is about 10 times more abundant. The reason fon 

this is the relatively long wavelength of Mg, and hence the 

long counting times required$ which makes this element 
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particu~arly prone to short-terra. instrumental drift. 

The precision for P is particularly poor 1 probably 

resulting from a combination of lovv abundance and 

relatively long wavelength. This seems to be sub:stantiat.ed 

by comparing this data with r,~n 7 which is present in a 

~dmilar abundance but hal:: a superior preci::.don. The 
+ -poor precision as far as H2o and H~O are concerned is 

probably partly duo to the imprecision in the weighing 

of small changes in vveight, ::11 though some ve,riation must 

be real. The reasons for this are not clear. 

b) Accuracv~ As mentioned above~ the accuracy of meteorite 
~--·-···-·-V.--

analyses ce.n bt'J ascertained by comparison with the data in 

the literature. ThG most satisfacitory method of compar­

ison i.s obJV:ioU:sly ito. compo..rc avorngo com.pos:i.i:t:h.on.s: 

of fairly large numbers of analyses of memhers of groups 

which are uniform. in composition. Of the meteorites 

studied in this work, eucri tes and HL chondrites are 

best sui t.:ed to such a comparison 1 as a reasonably large 

number have been analysed. · Howardi tes are of Iilore 

variable composition vvi th respect to most elernents 1 and 

will not be used in all comparisons. Where possible 1 

the data of this vvork are compared to those published 

by specific wor1{ers individually 1 and in most cases only 

post~'-1960 analyses have been used. Ito is asSUJ."1l8d that. 

inferences regarding the quality of data based on EL chor.l"" 

drites and eucri tes applie::.1 equally to the other ac:ili:omlr:L..ite 

types studied. Broadly speaking 7 tho abundance levels 

in eucri tes and HL chondri t:es encompass tho so found in 

classes not considered in the comparisons .. In calculating 

group averages of eucri teEl~ Binda and Serra de Mage have 

been orru:nitted, as these are unusual eucri tes (this work 

and Schnetzler and Philpotts 1968). 

(i) Iron:. Ahrel1f .. ~ and von Mic.haolis (l969b) e,nc1 Ahrens 

and Danchin (1971) have stressed the limited spread of Fe 

in eucrites and howardites 1 despite the marked variation in 

other major component~3 such a~::; Cap Al and Mg. Th·9 range 

in iron abundance in eucrites 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 Tablo 19. 

Analyst Method Eucrites I 
I 
! 

Rango Mean 

von Michaelis et 
al (1969b) XRF 14. 35-14. 37 14. 36 . .( 2) 

Schmitt. et al 
(1971) NAA 11.6 -18.5 14.8 (15) 

Duke and Silver 
(1967) - 14. 35-15 0 75 14.89(5) 

N i chip o ru..l{: el al 
(1967) XRF 12.9 3-14. 52 13.75 ( 6~) 

This work XRF 13 .. 8 2-1 ~·. 9 7 14.58(8) 

Howar.dites 
Range Mean 

Wiik (1970) v Classical 9 13.20-13.96 13.6.4(4) 
S ch..mi t-t ct; al 

(1971) NAA 11.0 -19.1 13.6 ~9) 
This work XRF 11.92-14.02 13 .. 30 5) 

HL 
Range Mean 

von Michaelis ei:L 
al (1969h) XRF 2 2 • 3 3- 2 4. 60 23.10( 4) 

Wiik (1970) v Clas~sical v 2 4. 0 4- 2 6 0 18 25.17(9) 
Schmitt et al 

(1971) NAA 20.0 -28.6. 24.1 (9) 
This vvork XRF 2 2 • 2 .1- 2 5 0 4-; 2~.6J.(8) 

+ Dat-a expressed as weight % Fe. 

'The extreme variation in the Fe content of r.aeteori t .. es 

analyi:;ed by Schmitt et:. al (1971) probably r.eflect.s non­

representative sampling. (Sa.'1lple sizes used by these 

authors ranged from 0.014 to 1.24g,.) This is suggested 

by the paor agreement with the dat.a o.f other ane~ysts 

for individual meteorites. For example~ Scbmi tt; et al 

found Sioux County to conJaain 17.1% Fe as compared with 

14. 35% by Dv.ke and Silver ( 1967) ~ 12.39% by Ni chiporuk et 

, alL (1967L 14.35% by von. Michaelis et: al (l969b) and 

14. 44% in this work. 

The limited spread of the data obtained in thi::~ work for 

Fe attests to their high quality~ not only from the 
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analytical aspect:) bv.t also :from the point of view of 

the representative nature of the sBJ-nples. Further, 

group averages obtained in this work compare favourably 

wi.th those obtained by other workers 1 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. 'J:lhis has also 

heen confirmed by Willis (pers. comm.) who analyrsed 

artifically prepared Fe 2o
3
/sio2 mixtures using the same 

technique. 

It appears from the analyses presented here that iron is 

slightly fractionated betvveen eucri tes and howardi tea-. 

This fact is not. apparent in the body of data collect::ed 

by Ahrens and Dan chin ( 1971), but may be seen in the 

combined data of Duke and Silver (1967) and Wiik (1970) 1 

if one accepted the absence of systematic error. The 

analyses presented here confirm this absence. It will 

become apparent in a later section that this fracti(JIS!.tion 

of Fe is not discrete, but if:~ related to the composition 

range exhibited by the howardites. 

(ii) Silicon: The silicon abundance in howardites and 

eucri tes, like that of irons is remarkably uniform. This 

has been pointed out by Ahrens and by Ahrens and Danchin 

(1971). In fact, the latter authors go so far as to stat.·e 

that v ••• the dispersion of Si0 2 in the basal tic achondrites 

( c = l.lia) 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 is compared to some recent data by other 

workers in Figure 2. Analytical data in general for Si 

compares favourably with tha-t; obtained by other workers. 

A slight fractionation of Si between howardi t:es and 

eucri tes is apparent from the data presented here. As will 

be shown in a later sect.ion, this fractionation. is related 



Frequency distribution diagrams of Si in howardites · 
and eucrites for the data of various analysts. 
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to the composition variation exhibited by the howardites. 

Further comparison of data may be found in Table 20. 

T.ABLE 20 

Co.~_§trt§t..C2.~.---0-=L S~--·~1?.~~q~q_~L.lvy:t~-1~L o~1~E~9: .. .ill tl}:hs .. ~1£ 
w~.:tth itliO)S'$ o:b1f:ta:LrneB b~ q~er wo~ e~~~i!. 

i-- ~~y;~------·-r·------:M~t-h~-&------· ---E~;;:tt"~s ___ -----, 
1 ! Ran're Mean : 

!. ••. ----··---·-----------··-------·-···· +- --··· ----· -------!--------·- ______ Q_ -----· --------·-·----- --! 
lfuke and Silver 1 1 

(196.7) . 22.71-23.21 23.01( 5) l 
iVogt. and Ehmann 

11

!
1 

( ( 19 6 5) NAA. 12 3. 3 -2 3., 6 2 3. 5 ( 4) 
:,:von iYli chae1i s O'f:£· 1 

i 
j ui. (196.9b:) XRF /22.38-22.94 22.615.(2) 1 
jThis work XRF !22.44-23 .. 24 22.88(8) j 

!----------------------·- . ·----~----·-·- -----------· _j _______ --------···----.. I I , l Howardi t:es I 
l\vliiC-(f§7o f-----------:v-cTassical-;-f22. 6~:~~ 56- _2_3_~_r4fnr--111 

!This work ! XRF !22. 98-24.21 23.6.1( 5) 1 
I I 
1 I 

~ .. - .. , ··-- ----·-····' '--. - ' .. , . . .. - ... . ·- -- -1 -··· -----.- -· .... - .... . ···j 

I ! I HI, ! 
1-v-o·g--u--aria--Ehmann ___ !--- -------------~------g_?.~~~-----· - · ---~Jiean:__i 

(1965) I NAA 1'15. 3 -16.1 15.7 ( 4.) I 
von Michaelis et 

al (1'369h) XRF !15., 55-16. .• 29 15. 84( 4) ! 
Wiik(1970) ;~ Classical 9 114,32-15.24 15. 50(9) I 
This work ; XRF 1~ .. 24-16.05 15.61(8) 

t .... - .. ------------- . -- ... . ---------. _________ , ___________________________ _j 

Average Si concentrations obtained here agree favourably 

with those obtained by other workers using a variety of 

methods~ indicating the absence of systematic errors. 

(iii) lii!Ll1£anese: Like Si and Fe, thi.s element; has also 

heen shown to remain at .. a constant; abundance l$ve1 in both 

howardi tes and cucri tes by Ahr_ens and Danchin (1971). No 

fractionation of Mn between eucrites and howardites wa.s 

observed in the data of this work. -This data is compared 

to tha-t o.f other workers in Table 21. 



Q£.rp_p_~?.!L.21.JYir.r_r~J~ ... ~~2?-.22~LLwt '!JJ-~ o b_:t ?iJl~£ . ..i~.-~]1i.~ .. ~.:.<?£~ 
.Y'!i tl].~_t4o f?.'?_?_1JJ.~~.n~ d b_.Y. -· o_ th ~ r.: J!<?_!'l~~ 

Analyst Method Eucri tes 
Range .Mean 

S chmiti:t. et.. al .. 

(1971) NAA 0.15 - 0 .. 58 o. 38(15) 
Duke and Silver 

(1967) - 0.39 - o. 43 0 0 41 ( 5) 
von Michaelis et 

al (1969b) XRF 0. 415·-0. 421 o. 418 ( 2) 
Nichiporuk et, al 

(1967) XHF 0 .. 37 -0.47 0. 40? 5) 
This work XRF o. 41 -0.46 0. 43 8) 

Howardites 
Range Mean 

S ch.Jni tt.: et. al 
(1971) NAA. 0.37 - o. 43 0.39(9) 

Wiik(l970) 'Classical Q o. 40 - o. 43 o. 41 ~ 4) 
This work XRF 0.37 - 0.44 o. 42 6) 

HL 
Range Mean 

Schmitt et al 
(1971) NAA 0.13 - 0.17 0.15(10) 

Wiik(l970) 9 C1assi cal 9 0.15 - 0.18 0.16(9) 
von Michaelis eit 

al. (l969h) XRF 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 thor:1e of other workers. Tho range 

in the data of S chmi t;t et- al (1971) 1 part.icularly for 

eucri tes, is again evident:J: pr.obab:J..y due to poor sampling. 

( i v) ~§£~?i·@l.!. Only data for eucri -ties and HL chondri ites 

are coTGparecl to literature d8.ta 1 as howarc1i t.es are known 

ito exhibit: a range in r/.Ig· abundance (e.g. Mason .1967, Duke 

and Silver l967). A:ver.age W.tg ablUldances of'o:bher workers 

are compared t:o thos {));bii:ained here in.. T.a.bl.e 22 • No gross 

sysitematic error is evidenit in the Mg. data presentBd in i:J.ftd.s 

work. 
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TABLE 22 

Comnarison of Nig data obtained in this work 
_ _,_,...-::::..l-~-<-,..,.....-_-...,.,,_,__,.._..........,._'" _ _.. .,_.,..,_ • .,,,_..._ -.-....-. ..< ,..._, • ..._,_.__~,.._ ....,._.. _,...,__..., ~..-,._.,, _...._,_-' ,..,_.,;-.,_,,_.,,..-_ --~-r_.._..__,...,....,.., 

~i:_:Ch ~that __ ~J~~ q_iP:.2.£~.!?.Y. _ C? .. !f}.~ E. _w~.!.:.~.2~~ + 

Analyst h1othod ·:Eucri tos 

Duke and Silver (1967)! - . I 3.94(5) 

I v Classie.al' 

von Michaelis ot; al jl 

1

1 

(1970) XRF 
~r~rb~l~·~~·"-w=o~J~~{------------~~- XRF l 4. 32(8) 

Wiik (1970) 

+ Data expressed as wt. % Mg 

HL 
' i 
! 

14. 42 ( 9) i 
I 

14. 59 ( 4-) I 
14.55(0)! 

( v) Q.~c~ and .{hlumi~~ T.h:e impor:t;ance of tho 

abundance relationshiLp between Ca and Al in stony mctcori t;e·s 

has b~eon Btr.E::ssed by Ahrens Emd von rfiichaolis (1969a 9 b)' and 

.. &hnons (1970c) 9 c:md those clements are therefore discussed 

together. .A.verage Ca and Al abundances in eucri tes anc1 HL 

chondri t:os obtained by various workers arc compared JG'O thnse 

obtained in this work in Tables 23 and 24 respectively. 

TABLE 23. ----- ·-

Analyst Mot.'hod Eucri tos 

. Nichipon1k et al (1967) XRF 7.23(6) 

Duke and Sil vcr (1967) ClassicaJ 7.43(4) 

Wiik (1970) ClassicaJ -
von Michaelis ot, al 

(1969h) XRF -
T.his work XRF 7 0 38 ( 8) 

+ Data ex p res sod as vvt. 0 o c~ . 
!._A}3]1E _ _g4 

.Q.o.PlR~r~ o f_Ju Dat:a + 
-

Analys t; 
--· 

t. al. (1969) 

ilvor 

Lovoland e 
Duke and S 

von Michael 

(1967) 

is ot al 
(1969 

Wiik (1970 ~ 
T.hi.s work 

+:--Dat-a expressed 

Method !Eucri t,os 

NAA 6;o38(6) 

'Classical' 6. 5'9 (5) 

XRF -
'Classical -

XRF 6 .• 66( 8) 

as wt.o <J'o Al 

HL 

-I --

! 
l. 59 ( 9) 

1.84(4) 

1.77(3) 

H:L 

1.37(8) 

-
I. 70( 4) 

1:.46(9) 

l. 65( 8) 
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Average Ca and Al abundances of t.hc data obtained in this 

work agree reasonably well with those of other workers., 

indicating the absence of la.rgc syst::::n~atic errors in the 

data roport.ocl here. 

Ahrens and von Michaelis· (1969a, b) and Ahrens (1970c) havo 

shovm that the Ca/Al ratio in chondri toss howardi t.os and 

oucri tos remains os[wntially constant over a wide ranee 

of Ca &'1.d Al abundance levels. The average Ca/Al ratio 

obtained by those authorG 'Nas 1.08. This rat,io not only 

provides a critical chock on tho q_ua~i ty of data 7 but., in 

addi tion 1 in the:: case: of tho howardi tes ru1d oucri t·Bs:~ iit. 

also provides a t:osit1 albeit somewhat insonsitivc 7 on the 

rcpr-:;:.:::ontati vo nature of tho samples, as tho relati vo 

proportions of plagioclase c:md clino-pyroxene must be 

fairly vv-E:ll balanced i:n order to produce:.: a Ca/ Al rati.o of 

l. 08. (The theoretical max:imiwE Ca/ Al ratio in plagio-

clase is 0. 7 4) o The rolati v0 contributions of non-

roprcs,.::ntati vo f.mclplin{:;· and inf<;;rior quality analyt·i cal 

data on tho Ca/Al ratio a.ro obviously cJifficulii t;o distr­

inguish in a small nUJnbor of analysis. 

Ca/ Al ratios obtained in this study s~ro compared to some 

recent. determinations by other workers in Table 25. 

[ 
Eucritos 

Range Mean 
/Literature-'-' 1.09-1.16 1.12 
I This work 1.08-1.17 1.11(8) 

Howardi te~~ 
Ranae I1~oan 

Literature~ 1.02-1.15 1.06 
This vvork 1.08-1.15 1.12(5) 

:--- --

I HL 
Ran__gc lVlcan 

Li t:craturoJ 0.91-1.37 1.11 
Thl:::t work 0.98-1.13 1.07(8) 
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1. Avoragc of fov.r oucri tor::. Data from Duke 
and Sj_lvGr (1967) 1 Engelhard(l963) and 
von Nlicha~;:lir3 ot al (l969b). 

2. ~A. y:;rar:;;G of fi vc howar:?·i t er-:1. . Data. from _ 
1'illk ~1970) snd von Tvncha~:lls ct al (l9o9h) 

3. Avcrarre of nine chondrites. Data from 
':liik (1970) and von ~3ichao1is et 8~ (1969b) 

The data of this work 'compare favourably wi t;h rocont analyses 

of high quality. Further comparison of c1c::.t.a is shovm in 

Figure 3, whore howe,rdi tos m'lc1 HL chondri tos analysoct in 

this work aro compared histogramatically wit.h analyses of 

a single analyst: of some repute? viz. H. B. 1lViik. 

T.ho spread of Ca/ Al ratios in HL chondri tos obtained by · 

Wiik is considerably greater than that found in this work, 

indicating tho m.1periori ty of XRF data at low levels of 

Ca and Al. In tho howardi t-os 9 this is not qui to as marl-cod 

indicating ths,t. wot; chemical methods used by Wii.k produce 

data of comparable quality to XRF at r<;lati vely high Ca and 

Al s,bunc1tu'l·::;e levels. Tho dat:a presented in this work sugg.ost 

a slight fractionation of .the Ca/ Al ratio in HL chondri t:OEi. 

At. least two groups are clearly recognizal'lo on thiE: basis. 

A thir<.'l group may exist as woll. Those sub-groups, with 

their corros-ooncling Ca/Al ratios aro shown in Table 26. 

Ca/Al ratioE~ for 1Joth Wiik (1970) and von Michaelis ot 8~ 

(196.9) data havo been included in this table as wello 

The level of significance of tho Ca/Al ratios for tho data 

prescmtod hero hac boon ostil2.1atod using tho analytical 

precision for Ca and Al prcsontod in Table 18.. At tho 2CT 

level~ Ca/Al ratioc: aro significant to within ±0.022 for 

Lance and ±o.015 for Vigarano~ tho HL chondrites with tho 

lowest and highest Ca rospocti voly. Lcovillo and Coolidge 

have significantly lower Ca/Al ratios than the remaining 

six HIJ chondri tos o Within this latter group ther() is a 

suggestion of a fractionation of the Ca/Al ratio, although 

this does not sta'1d up to rigorou:::: statif:<tical tests. 



figure 3 

4 HOWARDITES 

ci 3 This work 
z 

2 
1 

. 3 
0 
z 2 

1 

4 

3 
0 
z 2 

1 

4 

3 

~ 2 

o.s 1-'l 1.1 

0·9 1·1 

0·9 1·0 1·1 

0·9 1·0 1·1 

Ca/Al 

1-2 1·3 1·4 1·5 

Wiik (1970) 

1·2 1·3 1·4 1·5 

HL CHONDRITES 

This work 

1·2 1·3 1·4 1·5 

Wiik(1970) 

1·2 1·3 1·4 1·5 

Frequency distribution dia~rams of the Ca/Al ratio 

in howardites and HL chondrites for the data of 

this work and of H.B.~iik. 



I 

li 
I 
I 
I 
i 
' 
i 
I 

ji 

-50-

T.ABLE 26 

.£()_s__~.i 1?1 ,.:; ~m ~-{{f_?.2~1?. ~11f.L~:Ji~~2-gG_s:!J t 1}.:2. I-Ik_ .. ~£1.1 qE~. t <:2~-1? as 9 d . .2 ~} 
g_0L 4 .. ~ :t::.f~~ i_2_ .. fr:q_~ !J..i~?.l.~G:t~_()_l]-_~_ 

Ni:ot.ocrit c: 

Loovillo 
Coalidgc; 

Vigf:TDJ:lO 
Mokoie.. 
A11cndo 

L.?"nc6 
V'l nrron ton 
Felix 

+ Thi[i worl{ ]fti chac;li s Wiik(l970-). Type von 
(1969b) ot e,l 

C2/Al C2/ Al Ca/Al 

C4-V(?) 0.98 - 0491 
C4-V 0.99 .. ' - -
C3-V 1~09 1.05 1.05 
C2-V 1.10 1.09 1.37 
C3-V ('?) 1.06 - -
C3-0 1.13 1.12 1 .. 21 
C3-0 1.12 ·- 1.34 
C3-0 1.12 1.07 1 .. 01 

+ C2 9 C3 and C4 denote the potrologic 
groups of V8.Il Schmus and Wood (1967). 
V and 0 rofcr to the Vigarano and 
Orno..ns sub-typos of th;;; HL chondri tcs 
respectively (van Scrunus 1968). 
Cl2ssifics.tion from Clarke ot al (1971) 

(vi) Ti ts.niumg Ti data obto.incd in this work arc com-

pared to th:::<.t: of other work.jrs in Tabl u 27. Howardi t:c::; 

exhibit n rango inTi abund8llcc and have therof.o.~.rc boon 

excluded. 

Author Iviothod .. . t .+ J:iUCrl OS HL+ ! 

Dul;;:o and Silver -
(1967) 0 0 46 ( 5') -Wiik (1970) ~ Cl.3..E{Si C:?.l ~ - 0.09 ( 9) 

von B!Ii chaoli s 
ot al (l969b) XRF - 0.087(4) 

This work XRF 0.417(3) 0.086(3) 

Average o.,bundancos of Ti in ;:mcri tos and HL chondri to:::~ 

obtained in this vvork ccro in good agrocm-.:mt with those 

of other analysts. 

(vii) Sodium~ Sodium on3.ly::::oD co.rriod out, by X-re,y 

li 

fluorosanc,c arc not. rogardod as being of 2 p-3.rti cularly 

high st.o.ndo.,rd. In this work, no absorption corroction was 
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appli0d for tJ1is olcmontc Further~ counting times are 

long1 making the results suscoptibl8 to instrumental 

drift .• · These difficul ti~Js are reflected in tho measured 

precision for the Na dct:8r.1l.ination. Th0 data obtained 

in this work aro compared to li torB~turo Values in Table 28. 
No sorious ~wstom.stio errors aro evident· in tho Na rcportcJd 
i ln this work. 

- -
Analy[1t Metb.od Eucrites HL 

Schmitt ot al 
(1971) . NAA 0.32(14) 0.34(9) 

Duko ::.~nd Silver 
(1967) - o. 36( 5) -

.Viliik (1970) ~ Clas ::~i cal 9 - 0 0 42 ( 8) 

Tcra et al 
(1970) AA 0.3451(6) -

This work XRF .0. 39 (8) o. 30 ( 8) 
+ Dat.a expressed as wt. % Na 

(vii) ~o~ass~v~~ As discussed in Section II, potassimu 

has been detennined by two :ir,ethods on IilOst of the samples, 

viz o on the fusion discs and on pressod powder briquettes o 

A. comparison of the data obtB.ined by the two methods is 

instructive~ since 9 in E:ome cases 9 insufficient material 

vvas available for the preparation of briquettes, and? as K 

is low in the meteorite st1.1died here 9 the validity of the 

fusion determination muc:t be' established before the data 

can 1Je" used. 

Figure 4 shows a plot of K dete:r:.:nined by the fusion :,~,_(-;:thod 

against that mee:·,:::·r:J.red on the briquette;:3. A. distinct and 

syste"cli·ltic dep:1rture from the 45° lin0 is evidcnt·1 with the 

briquette cletern1ination bEJing r:.ystematically hj_gh relative 

to thEJ fusion cl.ata. The data ur::ed to conr::~truct Fig<.1re 4 
may be found in Appendix II. Tho fitted line does not pass 

-through the origin 1 but intersects tho ordinate (briquette 

determination) at about 15 ppm indicating insufficient. 

b.ackground correction on the hriquotto data 



---------. -------------··. 
Equation ror calculating weighted average or primary and secondary 

mass absorption coerricients rrom H.Fesq (pers. comm.). 

ERRATA - --------------.- ·----
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o::r ovor correction on the fusion data. The latter is 

probably the cause of the error, as the standa,rds and 

blarJcs used in this run had already been in usc for some 

ten months prior to this work bcing carried out. Some 

K contaE1.ination if: highly likely in these circm1wtt.?..nces. 

In addition. to this error, results obt2incd by tho briquette 

method are some 97'S higher than tllor;e obtained by the f1.1sion 

tcohniq_uoo The reason ic:; not clear. Hovvevsr~ a sai."lple 

of gabbro whi:.ch has been :'3tcJJ1daTdiEWd in this labor3.tory 

by a vari-..;ty of i::lethods (Erlank et al 1968) at 0.1691(, K 

was analysed simulir;a.ne.ous]Ly" mh the saarolef:; by the briquettes 

method. A result of 0.170% K was obtained . ., . ' . 
ll1CLl ea:tll18 that 

the extrapolation from W-1 i;:c; ss:::~cntiL'1.lly correct~ c~n.cl that 

the sy~~ternatic error occun> in th'"'-~ fusion disc tech:r:tiq_lJ.Oo 

A fin;:;,l check was ·provided by tho sample of Serra d0 T·.7c:{;'8 1 

which was founcl by the fw:::io::J. teclmiq_lJ..C to contain 0.004% 

K. (The detection lb:li t by the fur:;ion ted:miq_ue is lOppm.) 

Philnotts s,nd Schnc~tzler (l970a) have &'18J.yr~ed thi:::~ s;J.211C 

powder using isotop2 dilution t(:;chniques, and :foun.d it t.o 

contain 6l ppm K 9 a ro[1ult which i:::~ in sa .. tis:factory '-'\:;-ree­

ment with the f"Llsion. value v.rhich has been corrected for the 

systematic errors di ::1cu:::;sod above. 

In addition to tho above systet;1a.tic error;::s ·cho K dat.<:~, for 

the enstatite achondrite::-: r::ce:u1s to bs IJf3,rticule,rly 1ElTelaiblo., 

This il3 i.llO st probably c1ue to nL:.ltrix effects in the bric:rLwttc:'3. 

For thi:::: reason, corrected fu:::1ion K valu e~3 are nroferrod 

for these meteorites., 

Uncertaintiss in the matrix corrections for the briquettes 

arc probe,bly also respon.fJi blo for the slight scatter of the 

points in general. 

Because of the ra:1ge of K abund:,nce in the meteori ·ce t~n:Jes 

studiE)d in this worky con1parisom with litere,ture valu.:::.r-: :JrG 

best und0rte.ken usinc; individual nl:.:,teoritosy r;::,_thGl" than . 

The::::e comparir::ons are sb.own in Table 29. 
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.. ~f.LBL:p_ ?.~ 
.9.921~:1?-~~i ~~2.r~ .. 2. f)f ... 9.~~:.t?;. ___ ~1?.. ~.8::b_lli0.s1~ .~n. __ !::r~ . .i.,~---~~.s:-~1~ 

-~·:_~~t;~~~-~-~~:.!. .. 9.~ ~. ~i. ~c~~--rJ.l "_? .. ~)]: c~!.:. --~·~}-~s_t~ 

lVIctoori to Author Method K(ppm) 

Juvinas Tera et al (lJ70) ID 322 

Philpotts and Schnotzler 
(1970a) ID 298 

This work XH:B, 340 
P asmnont)e Tora ct al (1970) ID 327 

I This work XHF 356 
Stannorn Tora ot. al (1970) ID 657 

Philpott.s and Schnotzler 
- ( 1970a) ID 686 

This work XR'B' 549 --
J3ereba Tcra ot al (1970) ID 253 

i ' 
This work XHF ; 294 

Sioux County Tera ot. al (1970) ID 

I 
3'053 

This work XRF 295 

Data obtained in this vvork compares favourably vvi th recent 
deter.o.1inations by isotope diluti;on analysis~ and aro 
considerod s~ati~d'actory for tho present puri?OS()S. 

(ix) E:hoSJ?.h2rus~ Data for phosphoru.s obtained. in this 
work arc compared to some literature values in Table 30. 

Comnarison of P data obtained in this work 
"'·"-"'·~"'"·~.....,~-~ ....... .....,.. ........ ,_~.-".~·.-·.- . ...-.a-.• ~~'"',._'-r<-<.-_....,.,..,..,_._,. ...,..._._ ... -.-~~- ... .........,._,..._,_.---...-

~---· 

Author Method Eucritos 
Ran£rQ Me: an 

Duke and Silver (1967) 0 0 04-0.06 0.05(5) 
This vvork XHF 0.03-0.05 0.04(8) 

Howarditos 
Ranve Moan 

Wiik (1970) 'Classical c 0.025-0.05 0. 04( 3) 
'Jlhis work XRF 0.02-0.04 0 0 02 ( 5') 

- ... -·--
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!~BJ:~_j_Q. __ t~~-n ~-~J. 

Author Method 

(1970) v Classical v 
work XRF 

HL 
Range 

o. 04-0.17 
0.09-0ell 

+ Data expressed as wt. 50 P. 

IVieEtn 
0.12\9< 
0.10(8 

Comparison with the data of other workers is favourable~ 

indicating the absence of gross systematic errors in the 

data of this work. 

!~~11~~~-~l~-~ r~~ ~-~~~-~I£.~g!§!:.. 
a) Pre.~~E::h~.t The manufacture of briquettes for trace 

element determination is very reproducible. The fact.or 

which is largely responsible fo(f' determining the precision 

of a trace element analysis is therefore the random nature 

of X-radiation. The statistics related to this distribution 

are well. knovm? so that analytical precision can readily be 

calculated. Thus~ for example 7 Willis et a~ (1969) sho·wed 

that. the precision obtained by counting the Ba L oC.. line 

on 11 briquettes of the sarne ;:;ample ( c = 2. 3?;) was ve1-ry 

similar to the precision calculated from the measured 

count rate on one of these briquettes ( c = 2. 2%}. In 

this work 9 the precision for each trace element analysis 

has been calculated using the formulae giLv;enby Norrish 

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

b) .P-£!.£9_!~E~.~- 1~-~i t·sl_ Many of the trace elements studied 
in this work are present in achondrites in extremely low 

abundances. An estimation of the det,<'Jction limi t:s is 

therefore essential. These have been calculated from 

background measurements at a levol of significance of 

30"' using the fonnula given by Norri sh and Chappell ( 1967) 

( eqn. 37). 

c) A9.9E'...§.2Y~ The accuracy of trace element determinations 
by X-ray fluoresence is heavily dependant on the accuracy 

with which the mass absor'}_:)tion coefficient can be deter­

mined. As discussed previouslyr the Compton peru{ method 

of Reynolds (1963) has been used in most in~:;tances. 

Norrish and Hutton (19~~) have pointed out that a 2 g 

briquette is infinitely thick for all wavelengths at; 

least, as short as the Sr K pC line. Most of the samples 
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included in this study exceed this 2 g linli to However 9 

two of the meteorites studied were probably not infinitely 

thick for the Sr Koc: wavelength 9 partly because of their 

low Fe content ( ru1c1 hence low mass absorption co efficient) 

coupled 'Nith the fact that insufficient material was 

available. ThGf3G are Cw"TT.berland. Falls (achondrite) and 

Chassigny. This does not present a problem? how·ever~ 

as botn these meteorite::; had contents of Hb~ Sr, Y ru1d 

Zr below the detection limit of the method used. 

As in the case of majon elements~ the quality of the 

t.race element data is assessee. by comparison with analyses 

taken from the literature. In view of the general 

paucity of data~ analyses of individual meteori tGs have 

been compared rather than group 1:1verages. 

( . ) ,l §tropti.~~ As mentioned above 1 Sr has been determined 

by two 9 and in ::wme instances three separate techniques 9 

i.e. different inr;:trumcnts an.c1 instrumental conch tions 

were used. Results by the different ted1J.J.iques compare 

favourably and in most cases agree to within the 

calculated prec1s1onc Detection linli ts and precision 

(20') for the various techniques are listed in Table 3lo 

D ~.!.. ?.£ t, i.?.~ .. ±!t.l!l.~ t s _ C?;P._sl_l'_ r~~i ?. n __ .f9.!: .. t~~ 
Deter.:nina.tion of Sr • . ---..,.~--_,. __ ....._~,.,...--.......... .....,._.,___ ....... =~."J.-~-- .... 

.. 
\o PW 1540 PW 1540 

r.Jlo tuhe \FT .. tube 

Detection Limit 
(ppm) 1.5 2.0 

Counting error 
(ppm) +1.1 +1.5 ...... --

P~V l220 
w tube 

2.0 

+1.5 

Sr data obtained in this work arG 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. an8~yses carried out using 
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Conmarison of 3r data obtained in this work _......_...,.___......,....,,.., ... , ,.,~ ....... - ... ~-.• ... ., ... -~A ..... -...... ,_,..,,.0, >"o" ... ~~---- ,.s', ............... ~ ......... o .......................... ,.,~·----...... ~ ...... , ....... __... .... __,..,._,...-.•-z-<-~---.... .,. .. ~~ ~"\0 

Met_eori te Author Method Sr(ppm) 

Stann em Sclmetzler and Philpotts 
(1970) ID 87.0 

Eberhardt and Geiss (1966) ID 85.0 

I 
Tera et al (1970) ID 87.7 
Thir.:: work XRF 90 

Pasamonte von Nii chaeli :::; et· al 
(l969bl) XRF 77 

·Gast (1962) ID 82.7 
Gopalan and Netherill 

(1968) ID ! 77 0 8 
I Tera et al (1970) ID 78.0~75.C 
I This work J~EF. 77 

Sioux I von Michaelis et al 
County (l969b:) XRF 73 

Burnett and 'dasserburg 
(1967) ID 73 

Gast: (1962) ID 613.3 
Tora et, al (1970) ID 76.0 
This work XRF 74 

Juvinas Tera et; al (1970) ID 77.1 
This work XRF 77 

Bereba -- Tera et: al. D970) ID i 7 4. 7 
This vrork XRF I 78 - M1chaolis et al 

I 

Malvern von 
(l969b) XRF 53 

Thif3 1NOrk XRF 57 .. 
IVIokoia ' Rsma Murthy ·an c1 ~Co'inp s t,on 

I (1965) ID 16;.3 
von J'.Ji chaeli r:; et al 

(l969b) XHF 15 
Kaushall. and Wet110rill XRF 

(1970) ID 14.20 
___ Thi .s~~'!_Q rk XRF 15 

Lance Rarna Murthy and Compston 
............... 

I (1965) ID 14.7 
von Michaelis et al 

(l969b) XRF 12 
This work XRF 12 

Allende 
-.... ~~ 

Kaushall ana Wethe-rlll 
(1970) ID 14.42 

This work XRF 14 -

i~:10tope dilution a.n.alysi::::. Rock standards PCC and DTS 

were included in the determination as cross-checks on 

I 

the background correction factor 9 as both have f3r content-s 

below the det•:;ction limit of the method used (Flanagan 

1969). Results obtained for the::.'le rocks indicated the 
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essential correctness of the background factor correction 

method. 

(ii) E._~ Tho detection limit of the analytical 

tech..11ique employed for the analysis of Ba in this work 

(Willis et al 1969) is dependant on the concentration 

of Ti in the sampley as Ti KC( interferes slightly with 

the Ba L 0:.. line. Approximate detection li;:ni ts are listed 

together with estimc:tted analytical precision in Table 33. 

Detection Limits and Precision for the 
___ ..,.,_.,_.... ___ u .-. ....... _., ......... _...,._._ .. _,~"'"'""-·~--··-~-:....OO-~•--...-..-..-~~·-.._.~. ,., .... ,.,~ .._ • .,. ..... ,_._.., .. .,,._,_..., ......... ~..,_,. . ..._,.. 

Determination of Ba. 
- -- ·:.rr L.J 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 thi:::1 vvork arc: comp~.:;.,red to some 

recent. li t0rature values in Table 34. 

The data obtained in this stuc1y compare favourably 

with that of other workers. Few HL chondrites have 

been analysed for Ba>< c:md there does not appear to be 

much agremnent bc~twoen those which arc available. For 

exampley Hoore and Brown. (1963) fincl the average Ba 

contsnt of EL chondri ter:.1 to be 4.0 ppm 9 while 

Greenland and Lovering (1965) obtained a value of 13.4 
ppm. An averac;e of 8 ppm war_; found in thi~J work. 

(iii) -~t:;.:s_on=h_~-~ The detection limit and counting 

error for Zr are presented in Table 35. Zr data obtain8d 

in this work arc compared vvi th some recent determinations 

b3r other workers in Table 36. It, is evident from this 

comparison that no f?,ystematic errors arc prosont in the 

Zr data presented in this worko 
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Comparison of Ba data obtain·3d in this work .... ,. ..... ,..._,.,., _ _,_...,. __ ., •. ,,_.._..~---~'""""*-=·=··~--- ... --·- _, ..................... ,.,_ .. __ '>·~-........ -- ... ·~·- .... ,.o...-. .............. _._.'"'.;-"" .. -~----~-"··· ... 

with thB;_t obtained b_y other anal_ysts. 
., ............ ., ........ _,. _ _,.,_ ...... -~....,...._.........._.._,., __ ......... ~ .. --- ..... _, ... --·,.;..oo ... k ...... --.~- -- ....... ~ __ .. • •• ..._ ~-..- .... ~. 

Meteorite Author Meiihod 

S t an.11.o rn Schnetz1er et a1 (1968) ID 
GBJst st. aJ_ (1970). ID 
Tera et a1 (1970) ID 
This work XRF 

Sioux Gast (1965) ID 
Co:unty Tera et al (1970) ID 

This work XRJ? 

P as 8.11'10 n t c GasJc (1965) ID 
·J:era. et al (1970) ID 
This work XRF 

Juvinas Schnetz1er a;."ld Philpotts 
(1968) ID 

Tera ct: al (1970) ID 
~his work XRF 

Bereba Tera et a.1 (1970) ID 
·This work XRF 

.!41.?1::~_]2. 

Detection Limit ru1d Precision for the 
•• ,._,. • .-,..-...-........ , .... .,..,. ............ L ...... ;<.~;.._ ___ ... .Jii•'-4,_,.ft.,,,._,_..,_,......,,,~ .......... .-......... _ ....... ,& -$0,-.....• .... ~-_,,,...,_,,~,--............._. 

Determination of Zr. 
Detection limit (ppm) 
Counting orror (ppm) 

2.5 

Ba(ppm) 

58 
49 0 2 
53.0 
50 
25 
27.2 
28 

38 
28.6 
33 

')_~ 
-..1-' 

30.2 
31 
2(3o 6 
33 

Comparison of Zr data obtained in this worll: 
................... ~ ........ __ ,_.._, .... ,__. .. _,_ •. .,, ........ ~ ..... ··--,.. ............... ,;o..,.,, ....... _.....,~.-- --~-·-- ..... , .. _,.. _..,.. _ .. ,..,. ............... ~····'"'"""-~.., ..__....,L. .. -

.Y!i!J~~->~t h~~- _S!_l?.~...€~~~3. ~£:L .. o.~.~-~~~F...Y~X~~~y-~t~ ~-~ 
- -- --

Zr(ppm) i Meteorite Author Method 
! - . Juvlna.s Schmitt et al (1964a) NAA 53 i 

This work XRF I 
48 I 

P a£:.(8Jnon te von I.!fi cha,3li ~1 et al : 

(1969b) XRF 50 
EJ:m1a1111 ancl Robagay 

(1970) NAA 58~ 64 
This vwrk XRF 57 

; 
Sioux Michaelis et_: 8~ 

: 

i von ! 
County (19691Jr) XHF 43 

r This vvork XRF 42 
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. -

Met2ori te Author Method Zr(ppm) 

Stannern Schmitt ot al (1964~) NAA 70 
Tl1is work :X:RF I 90 I 

Binda Ebnrum and Rebagay I (1970) NAA 17 
Thif3 work XRF 18 I 

(iv) I!~:r~~!l Detection limits and counting errors for 

Y are presented in. Table 37. Few achondri teE: and HI; chon­

drites have been analyf:ed for Y. The &'1.alysos by Schmitt 

et al (1964b) for JuvinaE; (17.1 ppm) 811d i3tannern (28 ppm) 

agree reasonnbly well with tho values for these meteorites 

obts.ined in this v~:ork (20 and 33 ppm respectively) • 

( v) 

. ~A~f:.~.J 7 

Detection Limit and Countin.Q" Error 
-·----··-···-~,··-····~-~~···--·~--··-··-·~·-·----Q.......'::.-~ ... ~--· 

for the Determination of Yttrium 

Detection Limit (ppm) 

.counting orror (ppm) 

Nickol~ Unlike its abundance in chondrites~ l\Ti is 

present in trace amounts in a.chondri teG (1-UchiporvJ: et 

al 1967). For. this reason~ Ni was doterr.o.ined on undiluted 

powder~3. The success of thir=' technique hinges on the 

fineness of the meta,l phaso 7 as Ni occurs largely in this 

phase. In this form~ sevore matrix offocts could 

occur in the deter..cn.ination of Ni. The reason i~] tb.at the 

Ni K oC analysif:i line (1.659.X.) occurs immediately to the 

short wavelength side of the Fe K absotption edge (1.744R) 

and will therefore be strongly absorbod by tho Fe 

component of the metal phase" If the grain size of the 

metal is coarso~ most of tho attenuation of thG Ni Koc 
radiation will bo caused by absorption within tho metal 

phase. Calculat2d absorption coeffici(mtE; or Compton 

peak measurements will not correct for this absorption~ 

as these methods give an avsrage absorption coefficient 

for t.he entirG sa..mpleo The results will therefore bo in 



error. If? on tho other hand~ the metal phase is euffic­

iently fine so that ab~~orption by the silicate m.atrix 

exceeds that occurin&; in the mete..l phasef then tho C:<-PTllied 

matrix correction will be Bati sfactory. Unfortunately, 

it is not possible to estimate to vvhat extent the data 

presented here have been affected by such particle size 

effects since metal particle sizo distributions aro un­

known. Nor have oxidized achondri to powders props.rod by 

von Michaelis et al (1969a) ~ which were c:vails.ble for 

study in this work, boc-)n ablo to throw light on thi:3 pro-

blemp as s2.mplc inhomogonei ty v.rith rGf3pcct to Hi in thoce 

f38InpleE1 WD.s too great. For exmn};le 9 two separate oxidized ·- ·-

sru11ple~~ of n1al vern contained 327 ppm a..nd 221 l:JPID Ni respoc­

ti vely 9 while two Johnstovvn seDples contained 137 ::::md 45 ppm 

re:::pocti vely. 

Tvvo points ;Jmorge from this discussion. Firstly~ there iE; 

every likelyhood that Hi data presented in this work arc 

subject to a variable systematic orror, and secondl;y 9 that. 

sampler:l are not ropresentati ve as :far as the motal phar.w 

The data fo~i ~A obtained in this work do not compare V8ry 

favourably/tlw datg of otb.cr analysts. Some thin-film 

X-ray fluoro:::,ence determinations by- Nichi:poruk et al (1967) 

are compE·.,r.:;d to the data of this work in Tablo 38. 

Compari;::wn of I'Ji data obta:i.nod in this v~'ork with -· -------~-·--~i~; t--·~ -1~i-~i;i~;.~~~-=~.i~~Lc~i2~0l; · -~--~···---· 
I!!l ct_co ri t.o ThiE: Ni chipo ruk 

work et al (1967) 

J3inda 6 13 
JuvinaE1 <dl 9 
Pasamonte 5 9 
Sioux Cou.l'lty 0 18 u 
Sts.rmorn <ell 9 
Haraiya <en 15 

+- Data in ppm 
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( v::il.) _Clg:o..:!J-.2J~'E: . .:'.. Cr c1atG for hovmrdi tes and eucri tes 

obtained in this strJ_dy arc; coTnparr3d to :::wme recen-c analy:o:~cr:~ 

by other viforkers in Table 39. 'l'he:; range of Cr in many 

instence::: i:::: conoiderable~ probably du.o larg,.Jly to sampling 

problom:::1. T.b.8 achondrite do:tJa in ~.rablo 39 suggests the 

proscmcs of 2 slight systematic ,;rror in the data of thic~ 

work. 

TABJ_JE 39 
--~· ............... =-.. ..- ._.-.-.... 

_9_9:0!R.t}~:i..:S.()_g __ o.f _c_r. .. sc:~ ~.8: _?_:~ 1s?:n_e_c~L i.J!: _·tl.~i..~~ .-.'~!.?_£~ 

-~~~-~ll-~.:1~?:.!. .9_:t .. ~-~ ~ ~ ~ .8.:~?:1..~:~ !.~ ?_ 

Moteorite Analyst 
-· 
Method Cr( nv--n) J.: ...t.: L .... 

Bol~ebcl i:-3chmi tt et al (1971) NA.J.'i 1870 
This work XHF 2200 

Sioux Scbmi tt et al ( 1'',...,1) \ '.J (_ lifAA 200012300 
County 2260 

Ni chiponLlc t2:t. 2vl ( 1967) XRF 1420 
Duke and Silver (1967) - 2460 
This work XRF 2300 

StcJJ.n,ern Schmitt ot al (1971) NAA 1780 
Nichiporuk ct al (19 67) XRF 1250 
Duke s.nd Silvor (1967) - 1920 
1'his work XRF 2300 

N(aci bini Schmitt ct al (1971) NAA 2380.?2730 
This work ... 

XHF 2900 J . . . 
-

Binda ~3 ch.ro.i tt et a1 (1971) .lVAA 4070, 4350 
Nichiporul{ ot al (1967) XRF 6500 
This \VOrk XRli' 5100 

Frankfort Schmitt ot. a1 (1971) NA.A 5160 ~ 47 40 
Wiik (1970) 9200 
'l]li s work XHF 770097000 

-

Shallovmtor Nichiporuk ct al (1967) XRB" 517 
This work J[RF 655 

Norton I'Tichiporuk et al (19 6~7) XRF 392 
County S chT.O.i t':t. et. f:ll (1971) NAJ-i. 570 

This work XHF 700 

Cumberland Ni chip o rul{ et al ( 1967) XRF 427 
Fal1E; s cr.uni tt ot. al (1971) NAA 1°0 7--.0 0 , ..) 

This work XRF 741 

Sha1ka Hichiporuk o-t :3,1 ( 196.7) XRF 10 07j~ 
This vvork XRF 1. 66)~-

Johnsto·wn Ni chiporvJr et al (1967) XRF 5300 
·.rhis vvork :X:RF 6000 

.. - . .. -~·~ 
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In the case of tho HL chondrites? a systematic error is 

again evident, and is consj.derably le.reer tha...'1. that observec1 

in the achondrit8 data, as may be soon in the data listed 

in Table 40. The ce:usc of this if.:; not apparent>. but may 

be due to enhancement by Fe, as well as othor mat:rix 

effects~ 

Meteorite This Wiik Hi chiporu.k Sehmitt 
work (1970) et al (1967) et gl (1971) 

Felix o. 46 o. 30 0 .. 35 o .. 366 
Lance 0.44 0.33 - 0.35lf 0.363 
Leoville o. 40 0.34 0.34 -
Mokoia (). 42 0.35 - 0.348~0.350,0.336 
Vigarano o. 40 0 .. 35 0.34 0.353 

(vii) Rubidium~ Dt-1ta for this element aro not reported 

here 1 as Rb is present either on or below the detection 

limit of; th3 method used in all types of metoori tos 

studied in this work. 
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SECTION IV. 

DISCUSSION. 

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 9 and simply by 

a lack of knowledge of other complimentary aspects of these 
meteorites. Thus, in earlier studies 9 all achondrite 
types have sometimes been grouped together, obviously pro­

ducing a snmewhat complex, and misleading picture ( e. g .• 
cassidy 1958). As our knowledge of meteorites increasea, 
it has bec9me 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 9 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 9 

chondrites etc. ) 9 the howardites exhibit a large range 
in :composition 9 in which certain distinct inter-element 
relationships have been knnwn 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 theories for their origin have revolved ar0und 
this observation. The classic study of the unbrecc­

i.ated eucri te Moore County by Hess and Henderson ( 1949) 

proved beyond doubt that this melting [l8il'l:t must have 
been extensive, as they were able to show that this part­

icular meteorite had been for~ed 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, c~ncluded that processes of liquid 
immiscibility, or crystal fractionation in a very acid 
melt, were responsible fnr the observed composition varia­

tions in achondrites. Ringwood (1961), although not 
elaborating on detailed inter-element relationships, 

suggested that achrmdri tes 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 not one of simple igneous differentiation. In contrast, 
he observed that the variation in bulk composition among 
the latter groups was regular, and c~uld quite conceivably 
hgve been produced by processes of igneous di~ferentiation 
as suggested by Ringwood. Mason (1962) extended Moore's 
and RingNood's suggestion, and related the sequence of 
pallasites, howardites and eucrites to the phase system 

Si02 - Mg2Si04 - CaAl2Si2os of Andersen (1915). Mason 
( 1967) has further elabnrated this idea, and has shown .·. 
that a regular increase in CaO with increasing FeO/(FeO + MgO) 
ratio occurs in the sequence pallasite - diogenite -
howardite - eucrite. 
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Wore recently~ Ahrens and von Michaelis (1969b) have 
examined the chemical inter-relationships amongst: in 
particular~ howardites and eucrites~ an1 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 unchangel. ' in howardi tes and eucri tes 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 inCa (and Al) increasing from 2.77% 
in Frankfort, to nearly 7%. Eucrites, 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 
ex-i:;reme to Frankfort on the other, the contents of Fe 9 llfu 
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 ho1~mrdi tes 
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 l970b), 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 relatinnships observed by the 
above-mentioned workers have been investigated in this 
study with a view to ellucidating 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 systematic 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 nf 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 9 have been treated as separate 
sets. 

(a) Some relationships between refractory elements. 

Ahrens ( 1970c) has defined the refractory group·. of elements 

as comprising Ca, Al, Sc 9 Ti, Sr, Y9 Zr, Nb, Ba, REE, Hf, 

Ta, Th and U. He has pointed out that all these elements 

increase in abundance thr0ugh 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 ane; the E, H and L 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 4L. 

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 di verge.nce is difficult to confirm.. It will be 

noted that data for two Frankfort samples have been quoted 
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 inTi 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 9 diogenites 2 eucrites 

and howardites. 

Meteorite %Ca · %Al CaLAl 
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 
Zmenj 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) G. Bl 0.43 :1.56 

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 

(iii) The -ca-Ba relationship: This relationship is 

depicted diagramatically in Figure 7. It exhibits certain 

similarities with the Ca-Ti relationship discussed pre­

viously9 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 9 it appears that 

Haraiya, 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 gr~ater 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 tn analytical 

error. In the case of the element pairs C·"lnsidered 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 is 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. ::tn Figure 9 9 this gap is partly filled by 

the anomalous eucrite Cachari, in which both Ba and Sr are 
enriched relative to Ti, .Zr (anaiY). This~: 

hiatus is probably the result of non-representative sampling 
of the eucri te 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 l970b). 

The relationships between the refractory elements 
discussed here are by no means unique. SimilRr observ­
atinns 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 nnrmally consi.dered · ·to be volatile elements 9 are 

nevertheless very slightly depleted in common chondrites 
I 

relative to Cc1 chondrites, and are regarded as "normally 
depleted" elements. (Larimer 1967, Larimer and Anders 

1967). In contrast, the alkali metals(other than Li 
which shows a reverse· tendency- Tera et al (1970)) 

are strongly depleted in achondrites relative to Cc1 

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 pnint of view of the origin of the 

metenrite 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 Qre shown plotted 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 hnwardites - 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 inK which is 
apparently random. Eucrites exhibit a range in K, reaching 
maximium enrichment in Stannern, a feature which was 
observed in discussion nf 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 i~ is shown 

in Figure 11. In howardites, there is a parallel increase 

in K and Sr, as would be expected from the above discussion. 

Eucrites exhibit this trend as well, although the two 

trends are distinctly different, Malvern is again sugges­

tive of K contamination. 

A similar situation wo~ld obtain if Na had been used 

rather than K, as may be seen if the data in Table 17 is 

examined. The apparently similar behaviour of these two 

alkali metals and refractory elements is regarded as highly 

significant to the understanding of processes operative 

during the formation of these meteorites. 

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

relationship in howardites and eucrites has been noted 

by Ahrel'ls and von Michaelis ( l969b). 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 nne hand and eucrites on the other. 

It will be noticed thqt 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 

diogenite Johnstown. The unique chemistry of Binda is 

not revealed by the Ca~Mg relationship, and it could 9 

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 howardit"es 9 as both lie on the trend defined 

by the other howardites 9 eucrites and diogenites. 
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(c) Relationship between non-refractory elements 

-the Mg-Cr relationship. 

Ahrens (1970a) and Willis et al (1971) have 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 incre8sing 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 howarditic 

affinities. Diogeni tes are extremely variable ~··with 

respect to Cr. This may reflect.the random distrib­

ution of the chromite in these meteorites 7 although it 
would appear from analyses of hypersthene (or more 

correctly, bronzite - Keil 1969a ) from Johnstown and 
Tatahouine presented by Mason (1963a) itha:t; tms ·mineral 

contains considerable quantities of Cr. Unfortunately~ 

most analyses of diogenites by other workers are rather 
old 7 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 in 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 presented in this work. 
1he fractionation of these two elements is not discrete 1 

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 ond 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 is 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 in view of the scatter of data points, this 

cannot be established with any certainty. 

3. J:telationships involving the FeO/(FeO + MgO) 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 shovv 

a regular increase from diogenites to eucrites, since Fe 

varies only between narrow limits, while Mg shows consider­

able variation over the same range. Thus, the FeO/(FeO 

+ MgO) ratio is,at the first approximation, equivalent to 

the reciprocal of the Mg abundance and the positive 

correlation between CaO and FeO/(FeO + MgO) in diogenites, 

howardites and eucrites reported by Mason (1967) is 

equivalent -t:o a plot of CaO against 1/MgO. 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 forward 

for the origin of diogenites, howardites and eucrites in 

the light of the element abundance relationships discussed 

above. 

(a) Igneous 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 liquidus 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 
early differentiate 9 following the suggestion of Ringwood 

(1961) that the parent 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 re~ationships 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, which 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 Stannerno In addition 

the Ca~·Mg relationship posos. 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 Mgand 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 Fee 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 sequential, i.e. 

processes forming the eucrites did not'follow on'from 

those forming the howardites. No reasonable explanation 

can be provided for this in terms of a simple igneous 
diffe~entiation model, as the only mineralogical differenc~~: 

which exists between howardites and eucrites according to 

Mason(l967) 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 igneous differentiation could have sequentially 

produced the diogenites, howardites and culminated in 

eucri te f.>rmation. This does not, of course 7 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) 7 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 fo~ diogenite and eucrite formation. 

(b) 98quential condensation model. 

Following the work of Ahrens and von Michaelis (l969a,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 parent material was 
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unlikely as the mechanism of formation of the chemical 

variations in howardites and eucrites (Ahrens and von 

Michaelis 196.9b). The similar Ca/Al ratio in chondri t.es, 

howardi tes and eucri tes led voru.Miichaelis (1969) (and the 

autho::rz) t.o heliev:e that_, howardi t;es and eucri t.es were fanned 

by sequentj_al condensation from the nebula at high 

temperature. The general enrichment· in refractory elemen~s 

in eucri tes relative to chondrites supported this view~ as 

did depletion in alkali metals (Li excluded). Further1 

Larimer (196.7) has calculated condensation temperatures 

of some compounds likely to form in the nebula. I~ is 

significant that those compounds formed at extremely high 

temperatures contain Ca~ Al and Ti. The revision of these 

conden.saiti.O.·n t.emperatures by· Larimer.. and Anders (1970) 

indicated· .that; Fe metal condenses at temperatures 

considerably lower than these refractory elements. The 

low meital (and alkali) content of the howardites and 

eucri ires could thus be explained by the isolation of 

the early-formed condensate before the bulk of the Fe 

meil:al 8ll1d~· al!.kaJli.. met-als condensed. This model breaks 

aown 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. K and the refractory 

elements also show a parallel increase in abundance in 

eucrites. In terms of this model 1 K should decrease 

with increasing Ca1 assuming the relative condensation 

t.emperatures of Larimer (196.7) 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 diogeni tes 9 howardi tes and 

eucri t.es suhsequentJ..y formed. 

(c) !_iX.ing Model. 

Recently~ Jerome and Gales (1970) proposed a mixing model 

to account. for the observed chemical variations amongst the 

howardi tes. These authors point out that the main 

evidence for this is based on petrographic studies 1 although 
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the features produced are observable in the chemistry 

of the howardites. It wil1 be recalled that Duke and 

Silv:er_ (1967) observed that most. howardi tes are polymict 

breccias 1 containing vfragments with a wide variety of 

magmatic and crystallization tex~ure.o .• 9
• This remark 

has been expanded by J'erome and Goles (1970), who suggest, 

that; the howardi tes represent various proport:ions of 

mixing of eucri te_s and diogeni tes~ brought about. during 

the fragmentation of the original parent body. The Ca­

Mg relationship is used by these authors to show the 

continuous sequence irim composition through the howardi tes 

from eucri tes o.t:. the one extreme to howardi tes ail;; the 

other. 

Further chemical evidence for this model is provided by 

the data present:ed in this work. It: will be recalled 

that_ the Ca/ Al rat-io of. howardi tes shows slight but 

significant~ dev:iat.ions from the chondrit:ic value wit-h 

decreasing Ca content (Table 41 and Figure 5). In terms 

of the mixing model 1 _deviation t.owards a higher Ca/Al 

rat:io is brought about by increasing proportions of 

d:iiogom.ite. in the mixture 1 which has a Ca/ Al rat:io 

significant;ly higher than that_ of chondri t.es. The 

abundance of Fe 1 Si and Mn, _ as discussed previously~ 

also lend support tu the mixing model. The Si cont~ent 

of howardites is seen (Figure 15) to decrease as t-he 

proport;ion of eucri te~ as measured by the Ca cont:ent1 

increases. Th0 reverse is itrue for Fe. Mn, on the 

other hand 1 is present in similar abundance in both 

diogenites and eucrites~ so that this elemen~ remains at 

a virtually constant. level of abundance in howardi tes. 

The differences in bulk composition between the two 

1amples of Frank_fort analysed in this work also pro-wide 
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furtllGr comp elling evi denc e in support. of a mixing 

model. Frankfort (F) consi sted of 5.3 g of fragments, 

ranging i n s iz e from powder to aboui:t .:· 5 mm. chip s . 

Frankfort ( T) was r e c eived as a s ingle slice wei ghing 

9. 4 g . Examina tion of the h and specimen s showed obvious 

differences. E'r ankfort (T) cons ist ed of fine-gr.rained, 

gr.ey materi al, similar in appea rence to other howardi tes. 

Set. in this materi a l was a s ingle l a rge pyroxene :fragment~ 

as shown i n Pla itc. r;. ; 

PLATE I 

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

Frankfort (F) appea rwd s imila r to the matrix materi a l 

of this sampl e . The differences in chemi c al comp osition 

observed between the two samples BJ:re i:t:J:l:u;,s most probably 

due to the presence of this large pyroxene crysta l in 

Frankfort (T). I t is significant that in each of the 

el ement_ pairs considered in the above discussion on 

int er-element relationships 1 both E1amples of Frankfort. 

aJ?e. seen to li o on the line between eucrit es and 

diogenites and that Frankfort (T) a l ways li es clos er to 

the diogeni tes than Frankfort. (F). Using an average 

diogenite and a n a v er age eucrite calculated from the 
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data present;ed in this worlc, it is possible to recon­

s:ltruct. both samples simply by using different. proporitions 

of diogeni-'ce and eucrite. The results of these calcu--: 

lations are presented in Table 42 and indicate that 

differences in composition between the two Frankfort 

samples could have arisen through the presence of 8 io 
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 S:.able 17 and Figures 10, 15 and 16 indicaites 

that diogenites and eucrites, bu~ particularly diogeni~os, 

are somewhat variable with respect. to these 0lemenits~ so 

some error is likely to occur if simply an average end 

member is used. In order to obtain a perfect. fit fort al.l 

elements~ tho exact end m0mber material would have to be 

discovered. This is particularly true for trace elements, 

which show considerable variations in diogenites and 

eucri tes. 

Reconstruction of Frankfort. 

Fo fo 
Iv'ln ofo 
Ti % 
Ca % 
Cr % 
p % 
Si % 
Al % 
Mg % 
Na % 
K ppm 

Average 
Eucrite 

14.58 
o. 434 
o. 417 
7.38 
0.2.3 
0.042 

22.88 
6. 66, 
4.32 
0.39 
36.4 

Avo:t7age 
Diogenite 

12.62 
o. 409 
0.046 
0.67 
1.01 
0.003 

24. &9. 
0.43 

16.11 
0. 04 
15 
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.~.A~~-~.4..LC9.s?.n~.!l 
3 0..,1 • t: Frankfort 30%oucri it.o+ Frankfort. 0/JOUCrl ·o+ 
62%diogcni ito (F) 70%diogcnito ( T) 

Fo ~ r 13.36 13.50 13.20 13.91 
~r .fl 1n ~c o. 419 o. 427 o. 420 o. 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 % 0.018 0.020 0.015 0.015 
Si % 24.00 23.78 24.14 23.79 
Al % 2.80 2.88 2.30 2.26 
l\!Ig % 110 6,3 11.63 12.58 12.6-3 
Na % 0.17 o. 155 0.15 0.16 
K ppm 148 128 120 108 

Calculations similar to this havo boon dono by J6:romo 

and Golos (1970) for diffcropit lt.owardi tos 1 and thoy 
report good agroomont for most olomontB. Tho re­
construction of tho Frankfort Damplos given above 
illustrates such agroomont. This example is particularly 

inte~esting howover 1 in that two samples of a single 
meteorite are involved. 

~rhe data presented in this work clearly support a mixing 
model for the origin of the polymict howardites. One 
of the two proce~>ses recognisable in trace element 
di~3tribution in hovvardites and ouc:ritcs is satisf:?.ctorily 
explained by this mechanism. 'Tihe intcr-elenwnt relation-
ships raised in this work as objections against the 
igneous differentiation model find an explanation in the 
mixing moc1el as well. The bala..i'J.CG between the major 
Ca bearing minerals 1 plagioclase and clinopyroxeno 9 required 
to maintain tho Ca/Al ratio is flatisfied by a mixing procoss 
where tho rolati vc proportionr:1 of these minerals found in 
eucritos remain unchanged in howardi te:::i. The inverse 
Ca/Mg results from dilution of a eucrite with Mg rich 
bronzite. 
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5 • ~£!~_E}E~~~=!-_~q:q~~s.~.0..1} _Q.I1: ,_!h~~}Ai~J.ll~ __ II!S?_cl~l~. 
The mixing model proposed by Jerome and Goles for howardi ite 

origin seems to be in full accordance with the dat-a presented 

here.. Further details of this mixing process will now be. 

discussed. 

(a) .~.~9--l:J1:?19J}~~-£-._~o...®?_s>~.E',:..i~"t~on!.. 
In the reconst.ruction of the Frankfort samples discussed 

aho'\Ve~ it. was apparent that the use of average diogeni te 

and eucri te end members did not quite produce perfect 

agreement for all elements. Thus, for instance~ in 

Figures 14~ 15 and 16 howardi ites do not all lie on the 

ideal mixing line joining the Emcri ite and diogeni ite 

averages. In addition~ it· was not.ed in the discussion 

on the trace element: inter-relationships that; the 

scatt.er of howardi te point:.s about~ the fitted lines 

was considerably greater than that. for eucrites.. This 

is interpretted as indicating that: no single eucri te or 

diogeni tte type dominated ov:er others in its contribution 

to the mixing process. Thus 1 the sample of Zmenj 

analysed for REE by Schnetzler and Philpotts (1968) 
was found t.o have a small~ negative europium anomaly 1 

indicating admixture of eucri tic mat.erial similar to 

stannern. The howardite Bununu1 by contrast 1 did not 

exhibit any europium anomaly 9 and i t .. s eucri tic component. 

was probably similar to Jhlvinas. (Z:-;tannern has been 

shown to possess a marked Eu anomaly 1 while Juvinas 

shows normal relative Eu abundance - Schnetzler and 

Philpotts 1968). 

The variabae nature of the eucritic component in 

howardi t.es studied in this work is indicated by the 

Ba/Sr ratio. As both these elements are present in 

amount.s less than 2ppm in diogeni tes~ the ratio of the 

eucritic component is lik8ly to dominate the ratio of 

the mixture (ice. howardi te) over quite a considerable 

Ca rangec The Ba/Sr ratio of the eucri t.es st:udied in 

this work varies from 0.35 in Haraiya ito 0.55 in Staru1ern1 

and that of the howardi tes from 0. 36 to o. 49. It; would 
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appear that t-he howardi t,es examined in this study contain 

)Tepr-G:Jentati ves of almost~ the entire specitru.m of eucri te 

composition. 

In the case of the diogonites 1 however~ the situation 

appears to he slightly oifferent. If the diogeni te sample::.~ 

analysed in this work are r_epresentati ve 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 1 while the high Cr diogenites are 

most certainly not. However 7 before a firm conclusion 

_can be drawn in this regard 1 more analyses of diogeni tes 

are required in order to establish the distribution 

of Cr in these meteorites. The CJ! data collected by 

Ahrens and Danchin (1971) also suggest that the high Cr. 

diogeni tes are not well represent"ed i:t)] ithe·':howardi t;es. 

Jenome and Goles ( 1970 )' sugge:3ted that some chondri tic 

mat-erial may he present in howardites in addition to 

diogenitic and eucritic material, in order ~o account 

for excesses in Na 1 P 7 :B'e, Ni 1 Co and Cu which were 

found when calculated composi tiom of howardi tes were 

compared with the measured compositions. In view of 

the difficulty of specifing the composition of the 

diogenitic and eucr:Ltic end members exactly, this 

problem of excess Na anc~ Fe and other siderophile elementts 

is difficult to assess. Further, non-representative 

sampling with respect to the metal phase could quite 

conceivably lead to excesses in siderophile elementsl., 

In general 7 no inexplicable excesses in these elements 

were observed in this work, suggesting that a chondritic 

component might not he as widespread as Jerome and Gales 

(1970) imply. 

( b} III!p_li £~:Diems ?.l_jh~ .. ~:iJc-~_gg:_~~~el_~~-g __ ?-:~ll~I.l~gr~_t e 
classification • ... .. ,....,._,......,. __ ...__.._ .... -..- .. - .,._ ....... -~ ... ,._ . ...,.,. 

The implications of the mixing model on achondrite 

classification have been discussed by Jerome 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 specitrurn of composition is possible in terms 
of this model. In fact 1 Johnstown~ long regarded as a 
diogeni te, doe::J show certain affinities with howardi tes. 
Similarly1 Macibini 7 a eucrite 9 also shows howarditic 
affinities. Probably the most suitable criterion for 
the classification of eucri tes and howardi tes ( and 1 

presumably, the diogeni tGs) available at. the present 
time is that proposed by Duke and Silver (1967) 9 iee. 
the nature of the brecciated structure. This classificatiom 
has been adopted in this work as it is considered to 
be genetically more meaningful than the simple minera­
logical classification of Mason (1967) 1 since· i."tr.·· 

~ecognizes the howardi tes as the product of mixing of 
other met-eorite types. In terms of Duke end Silver 1 s 
clas::dfication7 Binda~ a monomict breccia (Duke and 
Silver 1967) 1 is classified as a eucrite 1 although its 
bulk chemistry is similar to many howardites. Binda 
nevertheless differs from howardi ites in t,erms of tJ?ace 
element inter-relationships 9 asscen in the discussion 
on these rel~tionships. The fact that Binda is a 
monomict breccia suggests that it. had a different. genesis 
to the polymict howardi t.e::~. This is further substantiated 
by trace element inter-relationships. It. i::: clear 
from these nelationships that the monomict nature of 
Binda is not a secondary feature- i.e. recrystallization 
of a polymict breccia followed by brecciatiort 1 but 
rather re1at.es to the fact that i·b has escaped the mixing 
process. Binda is regarded as a eucrite for tho purposes 
o:f this work simply to indicate that it originated in 
a different way to howardites 7 in spite of the fact that 9 

as far as its bulk composition is concerned1 Binda 
shows closer affinities vrith howardites than with 
eucri tes. In fact., Binda does create something of a 
dilemma for the classification system~ since Binda is 
no more a eucri t-e than a diogeni te in terms of i i1.s 



-85-

bulk chemistry 7 and thus, strictly speaking~ should form 
a class on its own. 

(c) IJ.m2}-i q~j;J.2}lS __?_f~!!:l~~ miJE:igg __ }l!O de~ ___ g_n ~~i~tEp__.:: 

.~~g_:r:~Y-~-~~~§9 pj.a}Jo~ 

As discussed previously, it would seem that representatives 
of almost the entire range of eucrite composition go to 

make up tho the howardi tes. As :taJ1' as the, .diogeri~ itic 
component. i.s concerned, there may be a greater proportion 
of lo.w Cr represent.ati v:es ~ although this is not. certain. 
Further, an almost~ complete gradation exists between the 
fuvo end memhers indicating a complete range of mixing 
proportions, Although many such mixtures of meteorite 
types are known (see, for example, Lovering 1962, Wahl 
1952 7 Binns 1967a and 1968a), onJ:y .. ho:wardi t.es and the 
silicate fraction of the possibly related mesosideri t·es 

(Lovering 1962, Duke and Silver 1967, Jerome and Goles 
1970, l'owell 1971) show such a wide ra..11ge of mixing 
proportions. It is thus reasonable to conclude that 
diogeni tes and eucri t.es were related in a single- panenit 
hody. During the fragmentation of this body, a complete 
range of mixing of all possible types of diogenite and 
eucri te occurred. That eucri tes and howardi tes 7 and diogen'ltu 
probably originated in close proximity is bo~rne out by 
the age studies of Heymann et al (1968) and Ganapathy 
and Anders (1969). 

The extent of mixing which has occurred within the 
diogeni tes. and eucri tes themselves is difficult to 
estimate. Such mixing might be difficult to detec~7 
in view of the limited composition range represent;ed 
by the eucri ims and diogeni tes. However, Duke and Silver 
(1967) have recognized distinct textural types within 
the eucrites, and they state that v in a specific 
eucrite the lithic fragments have essentially identical 
mineral compositions and a limited textural variety 9

• 

Cross mixing amongst eucrites at least, seems to b.e 
minimal~ 
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eucri tes. 

It has been shown that howardites were formed by the 

mixing of diogonites Bnd eucrites. It is now proposed 

to discuss the origin of t~1ese latter two met:eori te 

types. As far as the origin of oucrites is concerned 9 

the consensus of opinion seems to favour crystallization 

from a melt. This theo~J is supported in detail by 
crystal orientation (Hess and Henderson 1949 9 Duke and 

Silver 1967) 7 REE distribution (Schnetzler and Philpotts 

1968) and crystallization texture (Duke and Sil ver~~b7). 

In the igneous eli fferentiation model proposed by Mason 
(1962 1 1963a9 1967) for the origin of diogenites and 
eucrites 9 howardites formed a convenient bridge across 
the chemical hiatus between diogeni tes on the one 

hand and eucrites on the otherc In terms of the mixing 
model 7 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 euc"ritesc In view of this it -rwas 
concluded that diogenites and eucrites originated in fairly 
close proximity. ~1rther evidence for a related origin 
is their similar oxygen isotope chemistry as observed 
by Taylor et. al (1965). The existence of a pyroxene 

phase 
rich material as an early-formed/ls not unexpect.ed in 
the differentiation which produced the eucrites. Duke 
and :Jilver (1967) pointed out that crystallization 
probably began in the pyroxene field of the system 
plagioclase -pyroxene. On this basis it would appear 
that the two types arc genetically related. 

Unfortunately 9 no unequivocal chemical link exists between 
the ~wo groups. Binda7 a monomict breccia (Duke and 
Silver 1967) 9 has a composition intermediate between 
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diogenites and eucritos and 7 as far as the author is 

aware 1 represents the only unambiguous chemical link 
hetween the two. It is quite possible that other 
meteorites occupying a similar position to Binda in 

the differentiation sequence have been converted to 
polymict b:neccias during the break-up of the parent 

body. Before any details of the supposed differentiation 

sequence can be discussedp it is essential that the 
representatives of this sequence be recognized. Binda 
is regarded as a member of this sequence because of its 
brecciated structure and on tho basis of trace element 
inter-relationships. Macibini has been excluded, as 
it. shows affinities with ihe howardites. All remaining 

eucri t.es which have been analysed in this work are 
regarded as monomict, and therefore considered to be 
differentiates. Similarly 7 the diogonites, excluding 

Johnstown which shows howarditic affinities 7 have been 
included as well. 

(a) .:rhe . .J2.~~~9..i~_r _ _!eQLLFeO_+Mg9)J. Assuming that th0 range 
of rock typos represented in each monomict brecciated 
met.eorito is small, then clearly the parameter FeO/(FeO 
+MgO) calculated from the chemical analysis of a eucrito 

on diogeni t.e is a valid index of differentiation. A 
regular relationship appears to exist between this ratio 
and Cr (if Tatahouinc is ignored) 7 as is shown in Figure 
17, in the form of a distinct drop in Cr with increasing 
F 0/(F 0 111 o) t:· Th" 1 t• h" ;is .common. e ·O +1vg ra J.o. J.s re a J.ons lp J.n nasJ.c J.gneous 
differentiates (e.g. Curtis 1964) similar to the 
diogenite - eucrite suite. Elements such as tho alkali 
metals and alkaline eanths~ Yp Zr, Sr, Ba 7 et:c. enrich 
as the FeO/(FeO+MgO) x-atio increasesp as would he 
expected in a differentiation sequence. Other than for 
showing these broad trends, howeve~, the ratio FeO/(FeO+ 
MgO) is of little practical use in this study, hecause 
it. is too insensitive to enable its use in the most 
populated part of the differentiation sequence, viz. 
amongst the eucrites. 
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(b) T_race element·.s~ These provide a far more sensitive 

means of examining the crystallization history of the 

'"" eucri tes. Unfortunately 9 the important clements Sr7 

Y, Zr and Ba could not be measured in the diogenites 

because of the limitations of the X-ray fluorosence 

technique. Nevertheless, Binda and the remaining eucrites 

show sufficient vatiation in these t:':'aco. elements t·o 

throw some light on conditions provai1ing during the 

formation of diogeni t.es and eucl'i"bes. 

( i) .Q.E§e~-~<2-:t_q,:g:~t~:J-l:t~§i~S?.!! .o.t. __ e~~Ei.!~-~ .. C!~<!--9:~_o4g_~l1J~t~_§ 
~tudi~t In terms of gross chemical features such as the 

FeO/(FeO+MgO) ratio, the order of crystallization appears 

to be identical to that suggG<:ltGd by Mason (1962 7 1963a7 

1967) 1 vizo firstly diogeni teo~ followed by Binda and 

then. eucrites in general (howardites are, of course 7 

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 7 e.g. 

Bushveld and Stillwater complexes. However7 in view of 

the magnitude of the hiatuses in FeO/(FeO+MgO), itr seems 

more likely that some representatives must exist to fill 

these gaps. This is discw3sed at greater length below. 

Amongst the diogeni t·es 9 crystall.ization probably followed 

the order Tatahouine - Shalka -· Ellemeet 9 judging by 

the Na and K contents 7 which increase in this order. 

This is supported by the FeO/(FeO+WlgO) Tiatio, and 9 at 

least in part, by the Cr abundance (Figure 17). It, is 

rather intr.i:g.--ng tha~, Tatahouine is unique among 

diogeni t;es in that it; displays local recrystallization~ 

which Mason (l963a) has attributed to 0mechanical 

deformation v undo~ exitreme confining pressure. Another 

interesting feature concerning these meteorites is the 

absence of olivine from both Ta~ahouine and Shalka, 

and i t;s presence in Ellemeet. This has some bearing on 

the postulated genetic association of pallasi tic meteo:t'i tes 

with diogeni tes (Ringwood 1961, Mason 1962, 1967). 
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'rhese authors have suggesteD. that crystallization of 
pallasites 9 diogeni~es and eucrites took place in this 

order from a molt of L or H group composition. It seems 
remarkable, however 9 that. the earliest; formed member of 
the diogenites contains no olivine (Tatahouine or Shalka)s 

while later formed members (e.g. Ellemeet) do. Further~ 

the olivine in pallasites contains very little Cr 
(Mason. 1963b) 9 inconsistent vdth their derivation from 
the same melt~ prior. to the diogeni tes. Tho unique 

achondrite Chassigny might be related to the diogenitos 
as well, as this meteorite is composed essentially of 
oli v;ine with some feldspar. (Fabrics, pers. comm.). 
Examination of tho analysis of this meteorite under­
taken in this work indicates that it contains relatively 
large quanti ties of alkali metals ( 0.11 %· Na, 268 ppm K) 

relative to diogeni tes~ and thus is probably not. an 
early differentiate of the melt which gave rise 

to the diogeni t"es. 

As stated previously, an hiatus appears to exist beitween 
diogenites and Binda. Some meteorites are known which 
could possible fall in this region~ although not~ 
without some ambiguity. In terms of the FeO/(FeO+MgO) 
rat2o, Chassigny could be a representative of this 
region of tho crystallization sequence, i .. o. it. 
crystallized after the diogcnitos. It-s FeO/(FeO+MgO) ratio 
of 0.46 falls betweel?- those of tho diogenitcs (0.38) 
and Binda (0~49). Reference to Figure 17 indicates 
that: its Cr abundance is also consistent with an origin 
in this portion of the sequence. 

However~ the K and Na contents of Chassigny are not. 
consistent with this suggestions although these may 
reflect the presence of large amounts of trapped liquid, 
io e. magma which was trapped in the sample during its 
formation. Although Hoy (1966) classifies Chassigny 
as an achondri t:e, he does state that this meteorite 
coni:tains chondruleso Its role relative to the diogeni tes 
and oucrites thus remains uncertain. 
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As indicated previously 9• Binda probably crystallized 

before tho eucritos~ as indicated by Cr abundancess its 
FeO/ ( FeO+MgO) ratio and its general intermediat-e character 
with respect to Ba 7 Sr~ Y~ Zr7 Na and K. 

The hiatus between Binda and the eucrites likewise 
cannot be filled unambiguously. The somewhat unusual 
eucri te Serra de Mage could possibly represent material 
formed in this region of the differentiation sequence 7 

judging by its FoO/(FeO+MgO) ratio of 0.59 7 and its Cr 
content (Figure 17). However~ the Sr and K contents 
are not consistont 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 7 who analysed tho same powder as the author ) are 
7.83 and 9.25 respectively 7 while those of Binda are 
8.02 and 21..30 respectively. These ratios suggest 
that Serra do Mage crystallized from a liquid poorer in 
both Sr and K than Binda • For comparison 7 Haraiya (a 
oucrito) has Sr/Ca and K/Ca ratios of 9.69 and 36.83 
respectively. The Ba/Ca ratio (1.17) is also consistent 
with tho crystallization of Serra do Mage prior to Binda 
(Ba/Ca = 2.76). It is assumed that most of the K~ Sr 
and Ba are in plagioclase 9 and that these elements 
increased in abundance in the liquid as differentiation 
proceeded. These assumptions seem reasonable 7 as \v.ill 
become appa~ent 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+Th~O) ratio and the Cr abundance. The 
validity of the Sr/Ca ratio is supported by various 
other parameters in tho case of the eucrites 7 while in this 
same group of metoorites 7 tho FeO/(FeO+MgO) ratio 
calculated from the bulk chemical analysis is apparently 
completely insensitive. On the other hand7 the presence 
of trapped liquid in Binda 1 which could increase its Sr/Ca 
ratio 1 cannot be ruled out. It would appear then 7 that 
immediately prior to or following tho crystallization 
of Binda1 some plagioclase cumulates formed 7 the 
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representative of which is Serra do Mage. (Sohnetzler 
and Philpotts(l968) 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~ Moore County is also regarded as a 
cumulate by Schnetzler and Philpotts (1968) 9 who cite 
the work of Hess and Henderson (1949) in this regard. 
Using their K1 Sr and Ba data~ it would appear that 
this meteorite formed immediately prior to those 
eucritos studied in this work. As pointed out by 
Scmletzler and Philpotts 1 this meteorite shows evidence 
of some closed-system competition between pyroxene 
and plagioclase for trace elements 1 and could possibly 
represent liquid and settled crystals which becrune 
isolated from the main strerun of differentiation. 

Tho remalnlng portion of the differentiation sequence is 
well represented by the oucrites. Variations in major 
element composition through this sequence are virtually 
nil 9 suggesting that the eucritos represent sequential . 
eutectic crystallization. 1fVi thin the eucri to sequonce 7 

DUke and Silver (1967) have observed distinct textural 
typesy ranging from medium to fine-grained varieties. 
In general 7 the sequence of crystallization of eucrites as 
deduced from trace olement abundances compares favourably 
with the textural observations of these authors (See 
Table 43 and the relevant discussion thereon). 

In view of the essentially constant major element composi­
tion of those samples 7 absolute enrichment of the trace 
elements K 1 Sr1 Zr 7 Y ru1d Ba clearly reflect crystalli­
zation from a melt which has been enriched in those ele­
ments. The increasing abundance of K 1 Sr9 Zr7 Y and 
Ba through the eucrite sequence is depicted in Figure 
18. From this information 1 the sequence of crystalli­
zation appears to be Haraiya - Sioux County - J·uvinas -
Bereba = Pasamonte - Stannern. The position of Cachari 
is uncertain. This meteorite is apparently depleted in 
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Zr andY relative to other oucrites (or enriched inK, Sr 
and Ba). More detailed work on Cachari (tho determination 

of REE in particular) could perhaps throw some light 
on tho reason for its anomalous nature. 

Some interesting features are evident in this sequence. 

Listed in Table 43 are some inter-element ratios for 
representatives of this sequence analysed in this work. 
The order of crystallization is reflected in the incroasing 

Sr/Ca illLd K/Ca ratios as discussed previously. K and Ba 
can be soon to enrich faster than Sr in the samples, 
in accordance with the larger partition coefficient of the 
lattGr clement in the major K? Ba and Sr bearing pha.so 1 

plagioclase (Philpotts and Schnetzlor 1970b)o This 
faster increase in Ba and K relative to Sr is evident 
in Figures 9 and 11? where Sr has been plotted against K 
and Ba respectively. In figure 19? tho Ba/Sr ratio is 
shovvn plotted against Ba? and in Figure 20 9 the K/Sr ratio 
is plotted against K. The change in tho Ba/Sr and K/Sr 
ratios with increasing Ba and K arc evident from tho 

deviations of the slopes from unity. It is significant 
that those relationships are linear over the entire 
range of differentiation represented by the eucrites 
studied in this work (Binda excluded) 9 without any 
tailing off of Sr at Stannern. Because the partition 
coefficient for Sr in calcic plagioclase is of the order 
of 1.5 (Philpotts and Schnetzler l970b) 1 it appears 
from the trend of increasing Sr that tho removal of Sr 
from tho liquid was more than balanced by the simultaneous 
crystallization of ferro-magnesian minerals with the 
feldspar (partition coefficient?> for Sr in clino-pyroxene 
is of tho order of 0.1 or loss and for ortho-pyroxene 
of the order of 0.01 or loss so that tho effect of these 
minerals on the liquid is negligible compared to that of 
plagioclase). The possibility that the partition coeffic­
ients in meteorites differ from terrestrial values 
cannot 9 of course, be excluded. 
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TABLE 4~ 

Inter-element ratios in eucrites. 

Meteorite. Sr/Ca K/Ca Ba/Sr K/Ba K/Sr Tex-
xlOO. turo:." 

' 

Haraiya 9.69 36.83 35.2 10.80 3.80 i - f 
i 

Sioux County 9.99 39.81 37.8 10.54 3.99 medium 
' Juvinas 10.38 45 .. 82 40.3 10.97 4. 42 fine ' 

Be reba 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 ' -
Stann em 11 .. 94 72.05 55.0 10.98 6.03 fine 

·-· 

+ Aft.er Duke and Sil vor ( 1967) 

The K/Ba ratios listed in Table 43 are also of some interest. 
No regular change in the K/Ba ratio is observable o~er tho 
range of composition represented by tho eucri tos~ in spi t.o 
of tho fact that, the Ba concentration doubles over this 
range. If the data of Tera et al (1970) only are used 1 

there does appear t.o be a slight increase in the K/Ba ratio 
with increasing K. This may be seen in tho data presented 
in Table 44. 

TABLE 44 

Inter-element ratios in eucri tos. - ·- --
A B 

Meteorite K K7Ba K7Rb. K K7Ba K7Rb 

Stannorn 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 - - -

. Beroba 258 9.0 1449 - - -
Moore County 159 8.5 3265 193 8.6 2218 

". ~ .. -. ~·o•••• -• '" -- . . -

A- Dat:a of Tora ot al (1970) 
B- Data of Schnet.z1or and Phi1potts (1968) and 

Phi1potts and Schnetz1or (1970a). 
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The data of Schnetzler and Philpotts (1968) and 

Philpotts and Scho.~otzlor (l970a) also roflecits a s2.milar 

trend. It will bo noted that the spread of points is 

rather largo, so that tho observed t.rond is by no mear.ns 

perfect. Tho X-2:·.ay fluoresance data for Ba and K present.od 

in this wo:r:·k are probably not sufficiently precise to 

show such slight relative enrichments .• 

The regular chango in the K/Ba ratio reflects the slightly 

larger parti t.ion coefficient of Ba in plagioclase feldspar 

(Phhlpot:tl:s and Schnoitzler l970b) 1 resulting in a fas-to~ 

enrichment of Kin the liquid. This is a situation 

similar ·t;o tha·:; observed for Ba and Sr and K and S:r. 

The K/Rb ratios of oucrites are particularly interesting. 

Using only tho data of Tera cit al (1970) ~ i it is clear 

that no regular relationship exists between the K/Rb rat.io 

and the ahsoluto K abundance. Such a relationship might 

have heon expocted from consideration of tho partition 

coefficien~ forK and Rb in plagioclase (tho major 

carrier of Rb and Kin those meteorites) as given oy 
Philpotts and Schnetzler (1970b}. This ~ather unusual 

b.ehavior does not soem to be duo to analytical p:v'~bl.oms, 

as replicat.e analyses presented by Tera et al (1970) 

agroe woll in _;_r_ost instances. It is conceivable that. small 

amounts of liquid trapped during tho crystallization 

of those moteori tos could be responsible for these 

anomalous ratioso Tho effect; of such trapped liquid will 

differ from oloment to element, depending on the 

partition coefficient of that element in the phases 

forming tho me~~~oo:•1i t,e. FoF oxamplo 9 the Juvinas 

plagioclase analysed by Schnoitzler and Philpotts (196.9) 

and Philpotts and Sclmoirzlor (1970a) coexisted with a 

liquid containing 5580 ppm K, 548 ppm, Ba and lOeB ppm 

Rb, assuming that tho mineral/matrix partition coeffi­

cient.s were 0,.131, 0~132 and 0.0390 for K~ Ba and Rb 

respectively. If l % of this liquid were trapped in 

a moitoorito similar to Juvinas, which contained 50% 
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pyroxene (assumed to have tho composition of Juvinas 

pyroxene) tho contribution of this trapped material to 

the bulk K 9 Ba and Rb would be 14 %9 14% and 29 % 
respoctivelly. The lower tho partition coefficient., tho 

greater tho effect of tho trapped liquid. Thus 9 small 

quanti ties of trapped liquid could be responsibile for 

marked changes in tho K/Rb ratio 9 while tho K/Ba ratio 

remains ossont:ially unaffected. On this basis 9 ono 

might expect somo scatt.or in tho K/Sr relat.ionship 9 

but. this does noit appear to he the case (Figure 20). 

The alternative explanation for tho lack of correlation 

between K/Rb. ratio and absoul t.e K content is selocti ve 
volatilization of Rb relative to K after the formation 

of these motoori t.es. Careful microprobe examination 

of oucri tos should be undertaken with a vi ow to estab­

lishing which al ternativo is 9 in fact.7 responsible. 

(ii) _Tho ~~~.:tal~_n history of S].iog_££,~ t~§~_9;Pd 

~~12~~ It is of interest to consider the implications 

of tho t.raco clement abundances determined in this work 

on tho parent material of diogonitos and oucrites. 

In Figv.!:'o 21, the dat:a for Ba and Sr obtained in this work 

has been normalized ~o tho carbonaceous chondrite (Cc1 ) 

Ba and Sr abundances of Tora et al (1970) (4 and 13 ppm 

respectively), and tho normalized values have boon plotted 

against one anothe~. Tho trend of increasing Ba relative 

to Sr in oucri tos 9 which was discussed earlier, is evident_ 

in this figure. Tho curve defined by the normalized 

Ba end Sr abundances in eucrites (including Binda) appears 

to he indistinguishable from the lino of equal enrichment 

of Ba ano. Sr from a normalized Ba value of about 4 down-

wards. This could be fortui tous 9 or it could indicaite 

that the parent liquid from which tho eucrites crystallized 

had rolati ve Bs. and Sr abundances simila~ to Cc1 chondri tos., 

Tho crystallization of phases such as hypersthene and 

olivine from such a liquid are not likely to produce 

rolati ve changes in Ba and Sr abundances 7 as the partition 

coefficients for those elements in these minerals are small. 
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Thus? only absolute enrichments o.ro likely to occuro 
In rocks representing those early-formed crysto.llino 
phasos 1 the Ba and Sr abundanc8s arc likely to be 
dominatod by intorcumulus phases (trapped liquid) and 
will rc£lect tho Ba/Sr ratio of tho original parent 
liquid. With tho appearance of plagioclase on tho 
liquidus 7 tho si tuo.tion changes rapidly. Both Ba and 

Sr substitute in plagioslascs tho latter exceeding tho 
former. Thus 7 /t~o crystallization of plagioclase 
procoods 7 tho relative enrichments of Ba and Sr in tho 
crystalline phases chnnge 9 in response to tho changes 
brought about in tho liquid. Binda lies very closo to 
tho lino of equal enrichment of Sr and Ba (Figure 21) 
in spite of tho presence of 25 (modal) %plagioclase 
(Duke and Silver 1967). The Ba and Sr abundances in 
this meteorite aro thus possibly dominated by inter­

cumulus plagioclase (see also the remarks above on the 
crystallization order). It is clear from its normalized 
Ba and Sr abundances that little plagioclase crystallization 
could have occurred prior to the crystallization of Binda 
(if the initial Ba/Sr ratio of the liquid was chondritic) 9 

and~ in fact 9 Figure 21 shows that tho start of tho marked 
enrichment of Ba rolati vo to sr~ tho rosul t of plagioclase 

CI'1Jstallization 9 occurred prior to the time of formation 
of Haraiya 9 but subsequent to the formation of Binda. 

Serra do Mage occupies a unique position in Figure 21. 
This accords with the suggestion of Schnotzlcr and 
Philpotts (l968)that it is [t plagioclase cumulate$ as 
pure or almost pure plagioclase forming from a molt is 
likely to contain Sr in excess of that in tho liquids ·but 
less Ba than tho liquid 7 o.ccording to tho partition 
coefficients of Philpotts and Schnotzlor (1970b). 
Tho point. of origin of Serra do Mage relnti vo to other 
oucri tes wns considered to ho prior to or shortly after 
Binda. Tho latter_ posibility is more probable. It is 
clear that its crystallizo.tion did not ho.vo a·vory marked 
effect on the liquid composition. Ext.onsi ve plagioclase 
fractionation would most certainly have produced strong 
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enrichments of Ba rolCtti vo to Sr in tho liquid phase. 

A similar argument could be applied using tho REE? as 

Serra do Mage has a marked positive Eu anomaly 

(Schnctzler and Philpotts 1968) 9 while later crystallizing 

phases show no marked Eu anomaly o Moore County also 

occupies a position in tho field of plagioclase 

cumulates~ but: close to tho line of equal enrichment 

of Ba and Sr. Schnotzlor 2nd Philpotts {l96B) have 

suggested that this metoori to represents a plagioclase -

pyroxenG cumulo.to which has undergone some closed -

system competition for trace clements between tho 

major minerals. Tho fact that this meteorite lies 

close to tho line of equal enrichment might reflect 

tho presence of fairly largo quantities of trapped 

liquid which made the postulated closed - system 

competition possible and partly nullified tho effect 

of the accumulated plagioclase on i t,s relative Ba and 

Sr abundanceso Tho cryatollization of Moore County 

(a11d possibly Serra do Mage) may explain tho fact that 

Haraiy3.~ an early - formed eucri to 1 crystallized from 

n liquid in which tho relative Ba and Sr abundances had 

boon altered slightly since its generation. 

I~ is possible to extrapolate back to tho original 

composition of tho original parent material of oucri tos 

and diogonitos from consideration of Ba abundances? 

or at least place restrictions on tho a~undancos of 

certain elements within this material. In order tG:> do' 

this, i~ is necessary to know tho concentration of the 

clements concerned in a particular minoral 7 as well 

as their partition coefficients for that minoralo 

Fortunately, Schnot,zlor and Philpotts (1968) and 

Pb:di.L.poitit;s mTirScbnQ.jtzl_er (l970a) hav:o analysed mineral 

phases which provide a useful illO'Jns of ascort:aining tho 

nnture of tho oucri to parent. liquid. If one o.ssumos 

o. po.rti tion coefficient.· (minoro.l/matrix) for K and Ba 

in: plagioclase of 0.13 and 0.15crespoct.ivoly 1 not an 
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unreasonable assumption in tenns of the partition 

coefficients presented by Philpotts and Schnetzler (l970b) 7 

t.his implies that~ Juvina·s plagioclase ( 72.4 ppm Ba and 

731 ppm K) must, have crystallized from a liq_uid containing 

483 ppm Ba and 5580 ppm K. The Ba in this liq_uid is 

enriched 122 times relative to carbonaceous chondrites 

( ec1 assw.ned to contain 4 ppm Ba - Tera et, al 1970) ~ or 

95 times relative to HL chondrites (5ppm 1 this work). 

elearlyy it is unlikely for such a liquid to have been 

produced from anini t.ialmel t containing B·a at chondri tic 

abundance levels. If the initial liquid did have ec1 
Ba abundance, this implies that the material crystallizing 

at the time of Juvinas represents the last 1 % ((D)r'1.ess) oftho 

original melt. It seems most unusual that this last 1.% 

of crystallized liquid is so widely represented in the 

howardi tes. One might expect a greater proportion of 

diogeniite- rich howardites (if any howardiites at· all) 

if the· original liq_uid had been chondri tic. More 

likely, the parent material was enriched in Ba relative 

to chondrites. This conclusion is based on the 

asEmmed partition coefficients~ the purity of the separated 

phases of the meteorite concerned and on the analytical 

accuracy. It w·ould be gratifying if the liq_uid 

composition could be confirmed by applying partition coeffi­

cient;s to the pyroxene. The pigeoni te partition coeffi­

cients presented by Philpotts and Schnetzler (l970b) 

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 Jultinas can only he due to feldspar impurity. 

Because of the range of partition coefficients available 

for pyroxene in general 1 it is not possible to use the 

analysed pyroxene separate from Juvinas (Schnetzler and 

Philpotts 1968) as a aross check. In the absence of 

of more analyses of separated phases 9 and an improved 

knowledge of the partition coefficients concerned 1 it. 

is ·not possible to aJ7gue further along these lines 

concerning the non-chorrdritic nature of the eucrite­

diogeni te parent. liq_uid. Ono point is 1 however 1 
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quite clearo The liquid from whic:p. I(Juvinas crystallized 
]1'1 . 

was enriched approximately 6~ times~relati ve to Cc1 
chondri t;es 9 while Ba was enriched roughly 120 times 
relatiVE to the cc1 group. As the partition coeffi­
cient .. s for K and Ba are similar 7 it is quite ·oleaJZ t.hat. 
either the parent liquid from which the eucrites and 
diogenitos formed was enriched in Ba relative to Cc1 
chondrites 9 depleted inK relative to these meteorites 9 

or b.otho 

Certain restrictions can also he placed on the bulk 
composition of the parent liquid from which diogeni tes 
and eucritcs formed based on tho observations made in 
this work. It will be recalled that of the diogenites 
studied in this work 7 the first to have crystallized was 
considered to be Tatahouinc on possibly Shalka. NeitheJZ 
meteorite contains olivine while a later-formed meteorite 
does (Ellemeet- Mason 1963a). The implication is that 
crystallization began in the pyroxene field of the system 
Anor.thi te-Quartz-Forsteri te (see Mason 196_2 9 page ll 7), 
and not in the olivine field as suggested by Mason. 
Thus 9 the first formed material consisted entirely of 

pyroxene. As crystallization proceded 9 tho liquid 
phase intersected the olivine-pyroxene cotectic 9 and 
some olivine began to crystallize along with pyroxene 
forming diogen:l tes similar to Ellemeet and Roda. 
Further9 the low Ni content of these early-formed phases 
indicates the absence of apprecialtle quanti ties of metal 
phase. Either separation of the metal was ncar perfect? 
or the parent material contained no metal phase. 
Ropresentati ves of later events are few in nwnber. This 
may reflect poor sampling by the earth, or it could be the 
result of the mixing process which formed the howarditos 9 

wherein the intcnnediatc representatives were destroyodo 
Some ali vine and plagioclase cumulates probablY formed? 
although few representatives of these arc known. The 
final stages are well represented by the eucrites, which 
could represent~ in the main 9 crystallization at the 
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eutectic in tho system Anorthite-Quartz-Forstoriteo 

Tho relative abundances of diogonitos and eucrites are of 
some interest. According to Keil (l969a), 7 diogenitos 
(Johnstown excluded) and 22 eucritos arc known (excluding 
Macihini - see above, Medani tos - abnormal oomposi tion, 
Symes and Hutchinson 1970, Moore County and Serra de Mage, 
Shergotty, Padvarninkai and Zagami ., Shergotti tes, Mason 
1967). Binda, Serra de Mage and Moore CoU11ty may be 
regarded as a separate but related c~.ass along with 
Chassig:ny as another possible represontativ'ryo. If tho 
abundances reflect the actual proportions of the daughter 
products produced by the differontia·~~:.on process, it; is 
clear that-. the original parent was not chondritic, but 
was enriched in all refractory elements relative to 
coiP.mon chondrites. Such a weighted average has been 

calculated from the .data of this work, and is listed 
together with average chondrite compositions in Table 45. 
Little reliance can be placed on the trace element content 
(including K) of such an average, due to variability 

!.£!_gh ted aver~~.-2.£JI!J2.9..~~.:~i <?E. 
for dio_geni tes-~ucri !.~S:.'!. + 

.,,----~ :~;~i~~d--.. H~~ a~-c )--·-1 -( a--,-re-) ·--·-H-( ~~:;·j 
1·--·-- .. l---------·····-·-·- --·-·--·--·-·"·.. - ... -··- .. --····--, 
!Fe% i 14.1 23.6 21o5 27.0 \ 
!Mn% 0.43 0.15 0.,26 0.23 1 

T.i )~ 0.33 0.09 0.06 0.06 l' 

Ca% 5.76 1.8 1.3 1.2 

l ~ r ~ g: 6~ g: {5 g : { 5 g : { 5 
jsi% 23.3 15.6 18.55 16.7 
jAl% 5.2 1.7 1.2 1.l 
lMg% 7.2 14.7 14.9 13.9 
'I'Na% o.31 o.31 o.69 o.65 
K ppm 280 288 850 780 
s r " 59 14 11 9 
Zr ~~ 

y ll 

1 Ba ·~~ 

u 2 9 8 
17 2 2 2 
27 5 3.7 3.2 

+ Data from~ Wiik (1970) ~ von Michaelis ct. a1 
(1969b), Sorunitt ot a1 (1967), Reed ot al 
(1960) and this work. 
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of thoso clements in oucrites. Howovory the enrichment 
in Ca 7 Al and Ti in this woightod average relative to 
chondrites is clear. Whc;;thor this has any significance 

depends on whothor tho ~eteorito population has been 
sampled randomly or not.. This is impossible to determine. 

Howover 9 tho discussion of tho distribution of Ba lends 

strength to the observation that the parent magma 
from which diogonitos and oucrites crystallized was 7 in 
facts enriched in refractory clements relative to the 
chondritos. Similar conclusions havo boon roached for 
the oarth ( Gast 1968) and tho moon ( Gast and Hubbard 1970). 

From tho foregoing discussion 7 it would appear that the 
origin of howardites 9 diogenites and eucritos was by no 
means simple. Somo evidence exists which suggests that tho 
original parent liquid from which these meteorites formed 
was not chondri tic 7 but vvos enriched in refractory oloments 
relative to chondri tos. ·rho suggestion of a non-chondri tic 
parent, material is in accordance with tho observations 
of Taylor ot al (1965) based on oxygen isotopes 9 i.e .. 

. 18 howardites 9 oucrites and diogonitos aro poorer ln 0 
than chondritos 9 contrary to what would be expected if 
those meteorites had been derived from a chondritic 
parent. Furthor7 it; was pointed out in the abov.e dis­
cussion that tho, parent liquid : 
from which the diogonites and oucrites fanned was 
apparently depleted in heavy alkali me~nls relative to 
chondrites (in agreenent with the conclusions of Gast 
1960) 7 enriched in refractory elements and apparently 
contained no motal phase. Material of this composition 
could have formed in a nebula if the high temperature 
compounds postulated by Larimer (1967}~ which condensed 
oarly 7 were isolated before appreciable metal condon -
sation occurred (temperatures higher than l300°K­
Larimer and Anders 1967). A high temperature material 
enriched in refractory elements has boon recognized as 
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discroto inclusions in HL chondrites. Kurat (1970) 
observed discrete phases j_n Lance which showed strong 

enricrunonts of Y~ Zr, Ti 9 Al and Ca relativB to chondri~es. 
Similar Ca-Al rich phases have been observed in Allende 
by Marvin et al (1970) and by Clarke et al (1971), and 
have apparently also been· observed lPJ 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. T.he 
impacting material may have been chondritic (Jerome and 

Goles, 1970). It was probably at this stage that: met.al 
and silicate 1nixed to form the mesosiderites, as has been 
suggested by Powell (1971). In terms of the model 
proposed here 1 the metal itself is not directly related t..o 
the genesis of eucrites and diogenites, but could hawe 
represented a surface coating on the achondrite parent body" 
McCarthy and Ahrens (1971) have shown that the silicat.-e 
portion of mesosiderites does not, however, appear to be 
normal howardi tic material as implied by Powell (1971). 
However 9 this must be confirmed by additional analyses of 
meso siderites. 

During the b:c.eak up of the parent body 1 some representat_i ves 
of the differentiation sequence could quite conceivably 
have been lost, with the result that a somewhat biased 
dist.ribution of samples has been captured by the earthe 

lil though the processes which were Kesponsiblefor the format-,ion 
of howardites, eucrites and diogenites have been discussed 
in some det:ail, no consideration · ·will be given ito the 
site where. such processes occured_ ( :ll. o. moon, asteroids 
etc .• ), 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 
diogeni tes and elevated th·am to a class on their own. 
Mason (1962) pointed out that these meteorites bear a closer 
res~nblance 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 9 and distinctly 
different from most other achondrite types. The mineralogy 
of the silicate fraction of both enstatite achondrites and 

chondrites is similar9 both consisting essentially of Fe 
poor enstatite and some olivine (Ringwood 1961 9 Reid and 
Cohen 1967~ Mason 1962). The enstatite chondrites diffe~ 
in that they contain appreciable quantities of Ni-Fe metal, 
while this phase is virtually absent from the enstatite 
achondrites (except. Shallowater - Mason 1962). Another 
remarkable similarity between the enstatite chondri t.es 
and achondrites is their marked degree of reduction 9 quite 
unlike that of any other meteorite type (Reid and Cohen; 1967, 

Keil and Fredriksson 196:). 

Ringwood (1961) and Mason (1962) suggested that enstatit.e 
achondrites could represent the silicate portion of 
enstatite chondri te - like material which had mol ited9 and 
from whi·ch the metal phase had been separated by gravity 
sett.ling. A similar suggestion was made by Keil and 
Fredriksson (1963). 

Recently, tho enstatite achondrites have been subjected 
to detailed mineralogical studies,. which have shown that 
a simple model of separation of metal from an enstatite 
chondrite to produce an enstatite achondrite is untenable. 
Thus~ Keil (1969h)., from his observations on the Ti 
content of troilite, concluded that enstatite achondrites 
are not equivalent to the non-metallic fraction of 
enstatite chondrites. 1iVasson 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 properties of enstatite chondrites 
observed by Mason (1966) and Keil (1969b) (e.g. f:ii and 
Ni in kamacito 9 schreiborsite composition, degree of 
crystallization) appear to extend into the achondri tos 1 

and they concluded from this that the same processes 
which formed the enstatite chondrites were probably 
responsible for the formation of the enstatite achondrites 
as well. 

It~ is clear that. if the origin of tho enstatite achondrites 
is to b.e understood 5 their chemistry must be seen in the 
light. of that. of the enstatite chondrites. 

1. "Ig~ e E._~~;L_€.m_~.!~_rel a "0-_'?.£§.hi ~12.§__2-..g_ (311 s !§_itt ~ ch()_gs1_rjJ~.9~ 

and achondrites. 
··~-,. .... --.. --~------_, 

Three enstatite achondrites were available for study in 
this work - Cumberland Falls, Norton County and Shallo­
wat:er. , Tho analyses of enstatite chondrites of von 
Michaelis ot. al (1969b) have been used for comparative 
purposes. Those analyses wore carried out using the 
same technique and X-ray spectrometer as employed in this 
work. In addition to these? 0ne analy~i) of an 
enstati t.e achondri to has been taken from the li teraturo. 

(a) -~ - ?i an~- Mg -_Fe :r.:.ela::tio.E_sh~§.:£. Mason (1966) 
and Keil (1968) observed that the average Fe content of 
·rype II enstati to chondrites was lower thru1 that of Type 

·' 
I. Wasson and Wai (1970) noticed that this trend 9 as 
indice_ted by tho Fe/Si ratio, extended to the enstatite 
achondrites as well. This relationship is best indicated 
in another foms however, viz. as a plot of weight poi' 
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 curv-e is evident 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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kamaci te was estimated using the kamaci to analyses and 

metal abundances (wet chemical) of Keil (1968). A plot: 

of Mg against Fe also produces a good negative correlation~ 
apparently linear over the whole c~omposi tion rang·e(Fig 23). The 

chondrite Blithfield is anomalous. Negative correlations 
observed in Figures 22 and 23 are not wholly unexpect.ed~ 
and anise from the dilution of os[wntially pure enst:ati to 

by metal. It is nevertheless of some significance that 
achondrites and chondrites lie on the same line in these 
figures. Had there been significant quantities of litho-

philo clements other than Mg and Si present in oi thor 
onstati t,e achondri tcs or chondri tos, then both typos would 

obviously not have defined the same trend line. 

A more significant feature of those relationships~ 
however, is tho fact that the slopes of the Fe-Si and 
Mg-Fe trends diff.cr. This is discussed at length in the 

next section. 

(h) .~he S~Mg_ rp.t.io!_ Koil (1968) has drawn attention to 
tho fact that the f3i/Mg ratio is slightly fractionated 
between Typo I and Type II enstati to chondri tos. Wasson 

and Wai (1970) observed t:hat tho ratio Mg/Si increased in 
the sequence Type I~ Type II enstate chondrites, enstatite 
achondrites. This relationship has boon re-examined 
in this work using more modern data where possible. 
Shown if Figure 24 is a plot of Si/Mg ratio against Fe. 
The trend of decreasing Si/Mg ratio vvith decreasing Fe 
observed in tho enstatite chondrites scorns to include 
some achondrites as well- viz. Shallowater and Norton 
County. The remaining achondrites for which analyses are 
available have a significantly highGrr Si/Mg ratio than 
Norton County and a significantly lower Fo content than 
Shallowater. The possibility that tho chango in tho Si/Mg 
ratio was brought about by the presence o·f Si in the 
metal phase was investigated using the data of Kcil (1968) 
and of this work. It was found that. the change in tho 
Si/Mg ratio was too largo to be markedly affected by · 
removing tho Si dissolved in the ka~macito. Other factors 
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· must be rosponsi blo. 

Tho data used to construct. Figure 24 has been replott,od · 

on a molar basis in Figure 25. A molar Mg/Si ratio 
greater than 1.0 implies Mg in excess over that roquired 

to form cnstatito, resulting in tho prosenco of oli~iney 

assuming an equilibrium mineral assemblage. A Mg/Si 
rat.io of less than 1.0 indicates that. olivine will not 
occur if the assemblage is in equilibrium. Binns (l967b) 

has described olivine in Typo I enstatite chondrites 

occuring adjacent to free quartz, clearly indicating the 

non-equilibrium nature of the mineral assemblage in 
these meteorites. Norton County is tho only enstatite 

meteorite studied which has a molar Si/Mg ratio signifi­

cantly in excess of 1.0. 

( c) -~·g_e Jf.£::.K r£:J-J1:!i?..~s.h!P_;:. Using tho data of von 
Michaelis ct al (l969h) ~ Hey and Easton (1967) and of this 
work~ it appears that K &'1d Fe in enstatite achondritos 

and chondrites are positively correlated with one 

another (Figure 26). In this relationshipy as in those 

discussed previously, Bli thfield is anomalous. Norton 

County appears to differ slightly from other enstatite 
achondrites, as docs Shallowater. The significance of 
this important relationship is discussed in a later 
section. 

2. The chondri tic inclusion in the Cumberland Falls 
---~--.-....,..... ... ~ ... -'._,..,__,..,.~.-. .... ----...---·· ... , ~ .. ,_.;._-______ ._,...,.~____....-.,. -----.__,,_, __ _.._ ----~--·------..... 

achondrite. 

A 0.69 g fragment of tho black chondritic fragment from 
the Cumberland Falls meteorite was analysed, in addition 
to tho achondritic fraction. This included material has 
recently boon described by Binns (l968b) who presented 
an analysis by A.J.Easton. In addition> Jarose111rich (1967) 
has analysed a chondritic fragment from Cumberland Falls 
as well. Tho three analyses are presented in Table 46 to 
facilitate comparison. 



The relationship between Fe and K in enstatite chondrites 
and achondrites. 



-107-

TABJ_)E 46 ......... ...___,_,... ... __ ,., ____ " .......... 

h:-P~Y~g_s._ __ -2.f..J~9.- ... 2~9.£.SJ-_ri te _ _:!:_~9_~V:.~i£g~~-~-!~Q 
Cumberland Falls achondrite; 

Fe 

MnO 
Ti0 2 
CaO 
cr2o3 
Si02 
Al 2o3 
MgO 
Na2o 
K?O 

A.J.Easton 

17.9 
0.50 
0.11 
1.64 

0.39 
42.48 

3.04 
26.75 
1.20 
0.08 

E.Jarosowich ·--·-· - -- . ,.,___,,,___ ,.. 

19.00 
0.66 
0.20 
2.21 

0.53 

41.77 
2.13 

26.08 

1.31 
0.08 

This work 

14.70 

0.39 
0.11 
2.00 

0.67 

44.26 

1.95 
28.73 
nd 
0.11 

+ Data expressed as weight % 

Thoro appear to be some slight but nevertheless signifi­

cant differences between tho analysis presented 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 :3i and Mg are higher. This could be 
due to tho fact that tho small sample analysed in this 
work was not roprGsontati ve (i.e. lower metal), although 
the Si/Nlg ratio calculated from tho analysis presented 
hero (1.18) is slightly lower th2~ those of Easton (1.23) 
and Jarosowich (1. 24). Further, tho Al 2o

3 
content, 

obtained for tho inclusion in this study is lower than 
both Easton 1 s and Jarosewich's values, suggesting that 
tho differences in composition of tho different samples 
analysed are real and not simply due to non-representative 
sampling. 

Binns (l968b) has suggested that the chondrite inclusion 
in Cumberland Falls is intermediate in character between 
L group chondrites and enstatite chondrites. The 
chondrite fragment analysed in this work, however, shows 
certain characteristics which place it in an inter­
mediate position between enstati to chondrites and 
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achondrites (see figures 22- 25). The fragments analysed 
by Jarosewich and Easton show a similar tendency (Figure 
24), although they also show close affinities with tho 
L group chondrites- more so than tho fragment- analysed 
in this vvork. In his examination of tho mineral chemistry 
of this chondrito fragment, BimLs found that the ferro­
magnesian minerals were almost free of iron~ but signifi­
cantly the metal contained no Si. If this meteorite is, 

in fact~ intennodiate between enstatite chondrites and 
achondrites~ one might expect the kamacite to contain 
at least. 1.0 fa Si. Its absence may reflect oxidation 
and r6moval of Si from the metal prior to i its being 
included in tho. brecciat,ed Cumberland Falls achondri to 1 

although this does seem t~o b.e in conflict. with Binns v 

conclusion that tho meteorite is unoquilibratod. 
Unfortunately, tho K content cannot be used to resol vo 
tho dilemma, as tho value obtained in thi:::-; work is most 
probabl' too high- perhaps tho result of excessive 
handling of tho small fragment prior to analysis. Assuming 
t.his chondri to to be intermediate between chondri tcs 
and achondrites, one :(night expect it to contain about 

500 ppm K, a value quito close to that obtained b.lf 

Easton and Jarosowich. 

3. .:Some i_El_p_!t~~!~.()p~_:f. .. _1E_"2 .. i.~!_~r-:s;~o_Ig~~t .. r.e_~~t:i..?.I!:E?.~~~l2E! 
.!3ill?l?£. . .-££.~~ a !.~tq_ __ <?..l:?:~g3:r:~:.-~n ~-~.9..£0 Jl ~r:~.t-~ ~:~. 

The ovolutionary sequence obsaT'Ved amongst the enstatite 
achondrites themselves by 'f:!asson and Wai (1970) is noi:J~ 

evident in tho data of this vvork. Shallowater and Norton 
County differ in some respects from other enstatite 
achondrites, and always appear to represent a continuation 
of the chemical trends evident in tho Typos I and II 
enstatite chondrites. Similarly, in terms of its bulk 
composition, tho chondri to inclusion from the Cumberland 
Falls motoori t~o also belongs to this sequence. Those 
trends have some bearing on the origin of enstatite 
a chondri to s. 
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The regular chango in the Si/Mg ratio with increase in the 

metal content is not the typo likely to be producc:d by 

igneous differentiation of an enstatite chondrite. 
Removal of metal obviously will not affect the Si/~ilg 
ratio, unless the removed metal contains an appreciable 
(and constant) amount of Si. The small quantity of metal 
remaining in these meteorites contains variable Si 

(Vvasson and Wai 1970) 7 whi.ch is apparently related to the 
abSnlu~Q Fe bonton~, suggesting that removal of an Si 

rich metal phase ~ns not: responsible for Si/Mg fractionat:ioru. 
Simultaneous crystallizaition of a silicate phase with the 
meil:al could cause fractionation of the Si/Mg ratio. In 

order to decrease 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-dofoating. 

The Fe - K nelationship observed in the enstatite 
meteorites is difficult to explain in terms of simple 

igneous differentiat.ion, as this would be expected to 
produce the reverse trend. Selocti ve volatization could 

be invoked to explain the inverse trend observed9 

although sp ocial conditions of formation would have to 
be postulated to explain the correlation between the 
extent of v:olatilization of K and t:he Fe abundance. 

In addition to tho above objections to an igneous 
differont.iation origin for enstati to achondrites, those 
of Keil (l969b) should be added as well. He observed 
that~ tho Ti content of troilite in ons~atito achondritres 
was considerably greater than that of the chondrites, 
in spite of tho similar bulk Ti contents. Thus, in tho 
postulated differentiation, mass balance requires that 
all ·ri be concontratGd in tho molt, while most of tho 
sulphide and metal be removed, a process he concluded 

. to he highly improbable. The conclusion of 1Nasson and 
Wai (1970) that igneous difforontiation was not 
responsible for tho formation of enstatite achondrites 
is supported by tho data presented in this work. 
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As montioned above 1 Norton County and Shallowater appear 

ito differ from other enstati to achondri t·es in some 

respects. The unique character of Shallowater is well 

known (Mason 1962 7 Wasson and Wai 1970) and will not he 

discussed here. Norton County differs from other 

enstatite achondrites in that its Si/~!Ig ratio is 

significantly lowor than that of the othor represont.atives 

of this group of meteorites. In addi tion 7 its K content 

seems to be somewhat: lower. In tcnms of the parameters 

investigated by Wasson and Wai~ howovor 7 ( schroihorsi to 7 

perryi to and metal composition, Mn/Si and Na/Si ratios) 

this meteori tG docs not appear to be abnormal. It; seems 

t.horeforc that the observed differences do not. indicate 

any fundamentally diffuront processes operative in the 

formation of Norton County. The suggestion of Wasson 

and ViJai (1970) that, Nort.on County represents a point 

in the evolutionary sequence immediately prior to 

Shallowater and subsequent to tho remaining enstatite 

achondri tos seems t;o be supported by this observation. 

chondrites and achondrites. 

Tho igneous differentiation. model for the orlgln of 

enstati to achondrites proposod by Ringwood (1961), Mason 

(1962) and Keil and Frodriksson (196,3) 1 amongst~ others 9 

does not provide a satisfactory explanation of tho :' 

observed chemical foaturos of those meteorites. Rather 1 

they appear to havo boon formed together with the 

onst;ati to chondri tos by some dynamic process or processes. 

The inter-element relationships discussed in tho previous 

section place some restrictions on models for tho origin 

of those mot:eori t;es. Tho most; import;ant restrict.ions 

arc~-

(i) Tho prosonco of Si in tho mot;al. Such Si must; 

have boon present. in tho metal prior to accretion of 

the enstatite meteorites~ as tho motal in Typo I 

enstatite chondrites is richest in Siy yet their silicate 

assemblage is in disequilibrium 7 indicating that; post-
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accr~tj:on reduction was minimal (Ke:Ll l969b~ Binns 196.7). 

( i:L) T:L. distribution. Somo Ti has boon o bsorvod in the 

silicate phase of Type I enstatite chondrites (Easton and 

Hey 196.8), indicating that it must have been present as 

such in the silicate prior t:o accretion. This is 

apparently anomalous·, as the Type II enst.ati t.e chondrites 

and enstatite achondrites show only chalcophilic Ti., :Ln 

spite of the lower Si. cont:ent of their kamaci te (Keil l96.8y 

Wasson and Wai 1970). 

(iii) The v;a:tzying pro-po)rit:L.6:n of riretaJl phase . 

·(irw) T.he. de.c.rease :Ln ithe Si/Mg ratio wi.th increase in 

the proportion of silicate. 

( v) The changes in mineral compo si ilion ( Ti in troili te 

and oauhFeeli ite, Si and Ni in schrei bersi ite) through ithe 

enstati~e sequence. 

(vi) The po s.i ti ve correlation between kamaci ite 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 met:eori tes. 

T.he igneous different·iation model has already been 

discussed. An al t·ernati ve model proposed by Wasson and 

Wai (1970) will now be considered in terms of the above 

rest.rictions. In this model~ the authors assume 

complete condensation prior to the accretion of the 

enstat.d. ire-rich meteorites. This is difficult t.o recon­

cile with the observed behavior Of Si in kamaci tre and Ti 

distribution. According to Keil (1968) the range of Si 

in d~.fferent kamaci te grains in Type I enstatite chondrites 

is relatively small~ and the Si cont.ent is high ( 3. 2~0) y 

indicating high and uniform state of reduction in the 

unaccret,ed dust.. However, Ti occurs in the silicate 

in small quanti ties f ssociated with oxygen (see ( ii) above), 

a feat:ure in marked contrast to the high and uniformly 

reduced state of the unaccreted dust:.. ( Ti is chalco-

phile ev.en when only minute traces of Si are present in 

the metal). V.1asson and Wai explain the varying proportion 

of metal by the superior adhesive properties of the metal, 
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resulting in its earli.er 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 

enstati t.e meteorites. It. is clear that if the proposed 

increase in temperature occurred subsequent to the 

accretion 9 large amount;s of S and K have actually 

to be expelled from the parent. body in order to explain 

the ob.served mineral and chemical trends. Furthermore 9 

' 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 kamaci te. to take place. Type I 

enst;ati t.e chondrites, which, in t~enns of the model 9 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 Wasson and Wai 

is assumed to itake place during the accretion p:v.o cess, 

explanation of points ( v) and (vi) is less difficult. 

Under t:hese 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 hody 

is thus equilibrated (except. the Type I core) and 

diffefe!lti from previous layers due to the higher 

accretion temperature. 

The model of Wasson and Wai. appears to provide a 

satisfactory explanation of the observed chemical 

trends within the enstatite meteorites~ although it; 

cannot satisfactorily explain the presence of Ti in the 

silicat.e 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 1 it is 
surprising that such polymict, breccias are not mo~e 
common ( e.g o as was seen to -tye the case for. the 

howardi tes) o 

5 • I~..E.!~_c a !~_?._ll ~-.o..f._~ll~"t~!~-t~~ J?..Q9£.£!..i ~-§_ . ..::.._ ac_~.2.£.<!r~~-t~e 
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The genetic sequence ext.ending from Type I enstatite 
chondrites 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 longer. be used to cater.gorize the enstatite group~ as 
is done in the van ::;chmus and Wood (1967) system 1 since 
the Si/Mg ratio of the combined chondrites and achondrites 
encompasses the H, L and much of i;he C groups as well. 
Furthermore 1 it.:poses difficulties for the van Schmus 
and Wood concept ofvpetrologic types~. The chemical 
changes through the enstatite sequence are accompanied 
by textural 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 suggest_ion that this t.extural 
gradation is the result of metamorphism are now 
amplified by the gross chemical changes which are 
observed over the whole sequence. 
sub-groups (i.e. El- E6.) are not 
pass the enstatite achondrites as 

Furthennore 1 six 
sufficient to encom­
well as the chondrites. 

In order to accomodate the enstatite achondrites with 
the chondrites in a genetically meaningful classification 
will require complete restructuring of the classification 
systems available at the present time. 
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THE HL CHONDRITES 

The HL or Type III carbonaceous chondrites is a parxic­
ularly interesting group of meteorites as far as their 
content of refractory elements is concerned 7 in particular,_ 
Ca and Al. Within this groups significant variations in 
Ca and Al do occur, which are independant of dilution 
effects by volatile material. In spite of these 
variations 9 it. appeared from earlier work (Ahrens and 

von Michaelis 1969ay 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 preci.sely j 
and possibly to ascertain whether or not fine-structure 
exi st.s in the Ca/ Al ratio at these low 1 evel s. 

1. Classification. 

The development of the present day classification of the 
HL chondrites is briefly reviewed, as it bears some 
relevance to tho chemistry of these meteorites. A 
variet;y of criteria for the classification and further 
sub-division of the HL or Type III carbonaceous chondri t~es 
have been put forward. Wiik (1956) suggested sub-division 
of what are now kno~n as the carbonaceous chondrites on 
a basis of carbon and water content 7 vvith the Type IIIvs 
containing least, of these components. Mason (1962) saw 
Wiik v s Type III as being a distinct class which he 
called the 'olivine- pigeonite 1 chondrites. Following 
Mason (1963c) the use of the term 1 Type III' appears 
to have been preferred. Subsequently 1 Koil and 
Fredriksson (1964) suggested tho 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 Vlood (1967) grouped all of Wiik 1 s 
carbonaceous chondrite types together because of their 
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similar Si/Mg ratio. In their classification system 9 

the different sub-groups were recognized as 9petrologic 
types v, wi t.h most 1J.Ype III 1 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 
disitinct. textural types within the HL chondrites 9 

distinguishable on a basis of their chondrule morphology. 
These groups have been named after typical members of 
each type~ and are tenned the Ornans sub-type and 
the Vigarano sub-type. 

2. Chemical features of the HL chondrites. -=---·-...-.-- .... ----- ...... ~_.,__..,._-..,.,.,. ..... ...r._.. ___ ·"·····--~-,...,....,....,.. __ ... .,_.,._._. ____ =-·- ..__ .. -.. 

The HL chondrites, quite unlike other chondri t.e types 
(except theE 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) 9 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 (l967) 1 it is evident that the C4 
group has a slightly lower Si/Mg ratio than that of the 
C3 and C2 groups. More significant 9 however 9 is the 
Ca/Al ratio. As was pointed out in an earlier section 1 

the Ca/ Al ratio amongst_ the HL 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) 1 but: even more significant is the 
markedly lower Ca/Al ratio in the C4 group relative 
to the C3 and C2 groups. f3urprisingly, these distinct. 
differences.in the Ca/Al ratio show no correlation with 
Ca and,rAl abundance. The C4 chondrites have abundances 
of Ca intermediate between the other two groups (Table 47). 
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Classi fi catio:ii Meteori to Si/Mg Ca/Al o:~ca I'' %Fe Kppm 

_ G4,-(.?)-V I Leov-ille 1.05 0.98 1.80 22.02 100 

C4-V Coolidge . 1. 05, 0.99 1.66 24.00 129 

C3-V Vigar.ano 1.06 1.09 2. 26_. 22.24 319 

C2-V Mokoia 1.07 1.10 2.00 22.59 306 

C3(?)-V Allende 1.06 1.06 1.84 23.55 300 

C3-0 Lance 1.09 1.13 1.53 24.65 397 

C3-0 Warrenton 1.06 1.12 1.57 25.43 390 

C3-0 Felix 1.08 1.1.2 1. 54 25.30 371 

+ C2, C3 and C4 denote tho petrologic types 

of van Schmus and VJood (1967), and V and 0 

the Vigarano and Ornans subtypes of van 

Schmus (1968) respectively. Classification 

from Clarke et al (1971). 

The abundance of Kin 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 cont.ents 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 eloment_ Fe, by cont-rast~~ shows a slight difference 

in abundance between the Or.nans and Vigarano sub-types, 

being slightly lower in the latter group (see Table 47). 

Fe, howev;er 1 is indistinguishable between the C3 and C4 

groups. 
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3. ImJ?)-j. CB;_!_i~<?..!l!?_o :f .J.Ylt _e~~_l em~~!l..!...F31~!~2_llE2h1-.P_UQ 
HL chondrites. 

It is clear :ffrronn_ the above discussion that both Coolidge 

and Leoville are distinctly different from other HL 
chondrites as far as their bulk composition is concerned. 
Of the HL chondrites studied in this work, only these 
two·are finds. The lower Ca/Al ratios and K and Na contents 
o'f these mcteori tes may reflect terrestrial weathering 
processes. However, both are highly recrystallized 
and hence extremely impervious. Examination prior to 
crushing showed no evidence of discolo~ration by Fe 
oxides within the samples, suggesiting that, in general, 
weat.hering was only superficial. Thus, the chemical features 
referred to above are probably chacteristic of the 
meteorites themselves. 

Tho 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 t-he rare gases, are associat-ed more 

with the chondrulos than tho 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 betwe.en the two groups, 
with the Vigarano sub-type containing slightly more of 
these elements. Howevers no marked hiatus separat.es them. 
The conclusion of van Schmus (l968) that in the formation 
of both types, essentially the same parent; maileris~ was 
subjected to differences in the chondrule-forming 
processes seems to be confirmed by these observations. 
These processes probably caused the slight differences 
in Ca, Al, Fe, Na and K between the two types. 

It is olea~ from the foregoing discussion that super­
imposed on the slight chemical differences associated with 
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the Vigarano and Omans sub-types are marked chemical 
differences which correlate with petrologic type. 

-·-
Unfortunately, Karoonda, the only Ornans C4 represent1_?..tive 

thus far recognized, was not available for study. An 
examination of the K content and the Ca/ Al ratio of th:tis 
meiteori te should prove interesting. In spi to 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 regard1 a closer examination· of the Ca 
(and Al) abundance is instructive. If only the C2 and 
C3 petrologic types are considered, it. is clear t.hat 
the Vigarano sub;...type is separated from the Ornans 
sub-type by an hiatus in the Ca (and Al and Ti) content. 
This is filled by tho C4 Vigarano sub-type members. 
If these C4 meteorites formed by the recrystallization 
of a normal C2 or C3 Vigarano sub-type membor. 1 then 
it would appear that Ca and Al have been lost during this 
process, e.nd to different, oxtents. 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 
studied in this work. (Wiikis Al analysis was performed 
using 'classical v tochniquess and is probably unreli.able). 

If the processes which led to the observed chemical 
changes associated with tho 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 rolati ve 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 tho 
dehydration of those meteorites. Fe remained unaffected. 
by these processes. Thus~ C4 and C3 and C2 representatives 
of the Vigarano sub-type aro indistinguishable on a basis 
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of their Fe content, while this group as a whole 

may be distinguished from the Ornans sub~type by the 

Fe content. (see Table 47). This conclusion is 

supported by tho reported Fo content· of 25.55 % in 

Karo.onda (Mason and Wiik 1962). 

The locat.ion of Na, K and Ca in tho HL chondrites is 

not clear. According t.o the work of Clarke ot: al 

(1971) on tho Allende meteorite, it would appear 

that. most of the Ca, Al, Na and K in HL chondrites 

6c.cu~s :dm_ the matrix material, although the matrix 

is composed largely of olivine. It. is not clear whether 

those elements are in a form ameanablo to removal by 

water. 

From tho foregoing discussion, it: cannot be· stated 

wi i:Jh any certainty whether tho chemical differences 

between the C4 and C2 and C3 typos is the result of 

mot.amorphic processes or occurred as a result of the 

formation of C4 chondrites at higher temperatures than C2 

and C3 varieties as suggested for example by Kurat 

(1968). Suffice it is to say at this stage that: the 

C4 petrologic grade of the C group chondrites appears 

to be associated with chemical differences from other 

C representBti ves in the form of lower Ca/ Al ratios 

and lower absolute abundances of Ca, Na and K. 

Ahrens and von Michaelis {19Ei9a) observed that the Ca/Al 

ratio in chondrites varies between very narrow limit:s. 

Ahrens (1970c) drew attention to the fact this ratio 

was invariant in spite of changes in tho mineralogy 

and bulk chemistry. Further, the avorago Ca/ Al :rratio 

of 1. 08 found by Ahrens and von Michaelis (1969a) 

is significantly greater than the maximum pennissible 

ratio in anorthite of 0.74. 

• 
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The study of the HIJ chondri tos 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. In 
view of the possibility that this could be a secondary 
phenomenon~ i.e.con~~which 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 off 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. Larimer 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 weight 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 t.emperature in a nebula. It is 
doubtf'ul.:.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 refract:ory. elements (e.g. Tis 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 suggest,ion 

that. a mixture of compounds was responsible seems 

more likely. I it is clear, however 1 that these compounds 

must have condensed in balanced proportions, otherwise 

fractionatiomti_,._,:;, of the Ca/ Al ratio would be observed. 

Al t.ernati vely ~ 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 ~o in­

vestigate the possibility of fine-structure in the 

itrends of enrichment of refractory elements through the 

chondrites, howardites and eucrites. Such fine-structure 

was indeed observed. The investigation indicated that 

enrichment of refractD~Y elements in howardites does 

not imply· a direct~ genetic link between these met:eor­

ites and chondrites~ but relates to the complex genesis 

of howardites and eucrites. 

The relationship between eucri tess a probable igneous 

differen~iation product, and chondrites is not clear. 

Although the Ca-ri ch representatives of HL chondrites 

(Vigarano sub-type) could be const,rued as representing 

the parent material from which these meteorites formed 

(oxygen is.otope evidence is not in conflict with this)~ 

on petrologic grounds this seems unlikelyo Rather~ the 

parent; material of the eucri t:es and diogeni t:es does 

not seem to be represented by any knovm meteori teo The 

Ca/ Al ratio of eucri tes may indicate that these 'are the 

products of differentiation of a magma enriched in high 

temperature Ca and Al rich (refractory) condensates from 

the nebula. 

The unrecrystallized HL chondri t,es ( i o e. C2 and C3) 

themselves appear to form two distinct compositional 

groups which coincide with the Vigarano and Ornans 

pet-rographic sub-types. The recrystallization which 

formed the C4 group appears to have been accompanied 

by chemical changes which have t.ended 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 not; necessarhly impl·y melting are 

support.ed by the findings of this survey. The 

association of the enstatite achondrites and chon­

drites also creates problems in meteorite classification. 

The traditional chondri t .. e-achondri te distinction is 

not: valid in the case of these meteorites. Further 1 

petrologic syst,ems of classification will have to he 

revised as will the chemical criteria for recognizing 

groups 1 in particular the Si/Mg ratio. 

Finally·, it; would appear that- pet-rologic types in 

different meteorite classes have been produced by 

different phenomena. 'rhus 1 the C4 type was probably 

produced by metamorphism of C2 or C3 mat:erial~ while 

the E5 or E6. meteorites do not seem to 1lro · ·:;::-' 

metamorphosed equiv.alent~s of the E4 pet.rologic type • 




