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AMERICAN SMELTING AND REFINING COMPANY 
Tucson Arizona 

February 18, 1972 

2~ 

Go 

Mr. J. J. Collins 
Director of Exploration 
New York Office 

Dear Sir: 

I am transmitting Mr. Graybeal's report "Copper in Biotite as a Guide to 
Porphyry Copper Deposits", which is an abridged version of his presentation 
at th~ Annual Exploration Meeting held at Palm Springs. I have added an 
appendix which contains additional analytical data (mainly lead and zinc); 
several tables that show the analytical differences between unclean (less 
than 95% pure biotite) and clean biotite concentrates; and, also, analytical 
data of single samples vs. composite samples (both whole rock and biotite 
concentrates). The data included in the appendix was mostly developed by 
John King and included in a report by him. 

Both Mr. Graybeal and Mr. King strongly recommend a biotite program be 
implemented to help guide the search for porphyry coppers in the southwest. 
I believe the data they have developed justifies such a program and I have 
selected seven Laramide stocks to be mapped and sampled in the initial 
phase of the program. It is anticipated that this mapping and sampling 
will need to be augmented by drilling beneath cover for additional biotite 
samples to lead us to the mineralized zone. This would be a case of an 
effective use of a Geologic Information Drill. 

A certain amount of petrographic work will accompany the biotite program. 
I am not yet convinced that it is as critical as Mr. Graybeal and Mr. King 
indicate, since the Ruby Star, Tyrone, Three Peaks, and Schultze appear 
to have been correctly interpreted without the benefit of petrographic 
studies. 

I anticipate our initial phase of mapping and sampling the seven Laramide 
stocks will take six weeks field time and two weeks office study after 
receiving the analytical results. The chances of locating a porphyry copper 
target are considered good. 



Mr. J. J. Colllns - 2 - February 18, 1972 

All biotite concentrates will be kept so that, if ever warranted, additional 
analyses may be made at some future date. 

Very truly~, 

WLK:Iad 
Encs. 

cc: JHCourtright - w/enc.~ 
LDJames - w/enc. 
FTGraybeal - w/o enc. 
JRKing - w/o enc. 

P.S. John: The enclosed report will be distributed to the Spokane, 
Vancouver and Denver offices. 
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TABLE 4 

BIOTITE 

Sample Cu Pb 

Numbe~ unclean clean unclean 
i 

TY-I 260 1 35 51 

2 1500 1210 420 

3 I 160 620 400 

4 220 11 3 33 

5 840 480 104 

6 164o 920 80 

7 300 171 29 

8 Ioo 58 20 

9 6eo 7oo 47 

lO 240 If4 26 

l l 20 8 22 

12 380 199 23 

13 2000 1080 23 

14 40 6 21 

15 40 7 25 

16 40 7 21 

1 2800 IS 1 60 

TYRONE 

CONCENTRATE ppm 

, , i , ,  

clean 

NA 

QUARTZ MONZONITE 

'WHOLE ROCK COMP. ppm [ONE ROCK 

pg I of 2 

Zn • Mo 
. . . . .  Cu 

unclean clean unclean clean 
i i 

610 NA I,, 1 NA 560 

670 1 900 

225 < 1 300 

300 ~, 1 168 

485 1 404 

890 • 1 760 

380 < 1 28 

285 < I 24 

130 60 60 

435 < 1 28 

405 4 1 8 

330 z, 1 28 

550 ,Z 1 110 

505 < 1 18 

500 /. 1 6 

545 z, I 66 

175 1 312 

Pb Z n  Mo 

i , i i i u  i i i i i  r 

NA NA N/~ 

Biotite 
RATIOS ,Whole, rock comp. 

Analysis by Cu /Qu Cu /Cu  
R. M. G . C .  ' .... 
Cu pp m clean unclean 

i i l L 

95 .~ .5 

200 1.4 I .7 
u 

75 2.1 3.9 
r 

-5 j .7 1.3 
£ 

I 
85 i 1.2 2.1 

, ,  u 

310 1.2 2.2 
E . . . . .  

10 6.1 10.7 

70 2.5 4.2 

NS 11.8 10 

-5 i 4.1 8.6 I 

-5 I 1 2.5 

10 r 7.1 13.6 

85 9.8 18.2 
u ...... 

-5 3 2.2 

NS 1 .2 6.7 
,, u ........ 

-5 .I .6 

NS IS 8.9 
::3 
.i .̧  : 
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Sample 

Numbe; 

TY-18 

19 

20 

21 

22 

2 3  

\ 
\ 

TABLE 4 

BIOTITE CONCENTRATE 

Cu 

unclean clean 

800 420 

Pb Zn 
i 

unclean cleon unclean cleon 
i i i i 

32 NA 220 

500 280 24 195 

480 260 lO0 205 

600 480 68 420 

220 122 55 320 

500 260 28 360 

T Y R O N E  

ppm 

Mo 

unclean clean 

NA < 1 NA 

QUARTZ MONZONITE 

WHOLE ROCKCOMP. ppm ONE ROCK 
i i i i i  ~ ,  i 

Analysis by 
, , Cu  Pb  Z n  Mo R . M . G . C .  

Cu pp m 
i i , i  i . i  i i i 

700 NA NA NA 

pg 2 of 2 

<l 

¢1 

< l  

560 

400 

560 

<l 

<.l 

360 

400 

Biotite 
RATIOS Whole rock co, rap. 

Cu/¢U Cu / Cu 

clean unclean 

45 . .6 I. l 
,I 

200 .5 .9 ~ I  

75 .7 1,2 
n 

120 .9 l.l 

- 5  ' .3 .6  
t 

45 [ .7 1.3 

t 



Sample 
Number 

RS-I 

2 

TABLE 1 RUBY STAR 

B I O T I T E  C O N C E N T R A T E  ppm 

GRANODIORITE 

CAMP. WHOLE ROCK ANALYSES RATIOS 

ppm 

Zn Pb 

, , ,  , ,  

Cu Zn Pb Mo 

jnclean clean v.cleon unclean clean unclean clean unclean clean . Cu 

530 590 NA 390 NA 50 NA 2 NA 190 12 

23 450 440 430 40 5 570 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

13 3 200 

14 
T 

4 

/ 
5 

6 

7 

8 

9 

lO 

II 

12 

13 

14 

15 

16 

I 

i 12 

12 

27 14 

26 20 

180 470 70 6 74 
....................... ,-- i LI 

14 12 

27 8 

135 230 IS IS IS 76 

'I 

20 21 500 20 l 71 
i ii 

• 70_ 180 IS IS IS Ill 18 

80 59 575 40 3 35 

560 590 45o 20 2 77 

420 30 IS 102 

280 40 7 500 

20  6 

3 13 

.9 12 

790 1350 

13 20 7 

720 900 

260 18 12 

40 35 390 " 30 12 

131o 43 8 

560 580 240 28 I 1.4 

610 42 9 

1460 1530 340 24 6 

420 32 6 

ppb 

Mo Hg 

6.0 158 

9.7 130 

2.4 12o 

6.7 173 

xZl 182 

1.8 1.18 

1.8 141 

6.0 163 

6.7 172 

14.5 288 

1.8 171 

.6 NA 

38.0 

I0.0 

1.2 

P9 1 of 2 

Biotife 
Whole rock 

i i i  

I180 1200 400 32 2.8 

1040 1070 280 28 1.8 

Cu I Cu 
T' I 

2.8 ! 13 .1  
I i 

.8! .st 
2 .6~  2.4 ~ 
. . . .  i 

i 

• 31 .3~ 
' 1 

3.9 ~, ~.o 
. . . . .  t - - -  [ 

I ' 2.3 1 .7}  
t I 731 7.6! 

I t 

7.7 I13.3 

3.1 

2.1 _. 

1.1 

1.0 

2.5 

1290 1270 250 32 8 . 8  1450 39 6 28.6 .9 



TABLE 1 RUBY STAR 
i i  

B I O T I T E  C O N C E N T R A T E  ppm 

Cu Zn Pb Mo 

. . . . .  ' . . . . .  n'! '" 
unclean clean v.cleon undean cleon unclean cleon uncleo clean 

w t  i i i i 

Sample 
Number 

RS-18 

19 

' 20 

21 

22 

23 

24 

i _ _  

.... 40 16 I__5_._.~A_ - 540 

80 21 20 545 
. . . . . . . . .  ° . . . . . . .  

120 60 60 670 

360 200 225 650 

GRANODIORITE 
i , 

CAMP. WHOLE ROCK ANALYSES RATIOS 

ppm ppb 

Cu Zn Pb Mo Hg 
, I L  , I .  I I. _ I U " '  

RA NA NA 15 NA I < 1 22 NA ! NA 

........ 14 i _<.1 . . . .  12 ! 

15 <1 14 

40 24 23 535 

20 23 20 540 

22 1 <l 40 

NA 680 260 NA 

23 <I 8 

15 <I 8 

NA NA 188O 

pg 2 of. 2 

BiOtite ..... 
Whole rock 

Cu / Cu 
i , . l ~  J 

r 

lunclean ~ dean 
I 

NS i .7 
. . . .  ! 

~ 5 . 6  

~ 2.9 
I ! 2..5 
I 

I ..14 

I 

I 

' i 



Sample 

.Number 

TP- 1 

2 

TABLE 3 

BIOTITE 
i H ,  i i  . i  

From composite sample 
n , ,  

Cu Zn Mo 
| I H  i i i  i 

78 244 2.4 

146 248 I .6 

THREE 

¢ONCENTI~ATES p p m  
i i  

One hond somple Co 
i , , 

Cu Zn Mo 

PEAKS STOCK 

Composite 

Cu 

44 244 3.2 ,I 66 

170 252 2.4 72 

WHOLE ROCK ppm 
i , ,  i • i 

rock scruple Singl~ rock scruple 

Pb Zn Mo Cu Pb Zn Mo 

5 66 . 1 11 12 59 .4 

4 53 .l 57 16 53 .5 

p g l  of 2 
, i , i .  i 

RATIOS 
, . , , H  

Biotite comp. 
Whole rock 

Cu 

] ,~ 2 

2.0 

Biotite comp. 
Whole rock 

Zn 

3.7 

4.7 9 

3 76 348 2.4 94 352 

4 59 388 1.6 50 364 

5 84 3~8 I. 6 74 360 

6 94 332 1.6 82 360 

7 88 376 2.4 74 392 

8 126 232 2.4 82 252 

9 I00 232 2.4 84 256 

lO llO 284 1.6 120 280 

II 64 420 2.4 20 508 

12 52 412 2.4 112 " 368 
J . . . . . . . .  

13 64 320 1.6 56 352 

14 64 _332 2.4 50 364 

15 74 340 1.6 72 1 368 

16 64 360 1.2 80 352 

1 17 22 400 2.4. 36 380 

2.4 

2.4 

2.4 

1.6 

2.4 

2.4 

2.4 

2.4 

3.2 

2.4 

1.6 

1.6 

1.6 

2.4 

2.4 

15 5 48 .15 12 14 55 .5 

18 5 54 .05 9 13 47 .4 

14 7 49 .l 13 14 45 .3 

13 . 5  54 .I 12 13 55 .3 

]4 4 54 .I ]2 13 5] .3 

86 e 65 .1 35 15 60 .3 

65 13 56 .2 39 18 56 .4 

86 12 53 .I 55 15 53 .3 
,,, i . . . .  

II 7 48 .2 II 16 46 .2 

10 7 47 .I II 14 48 .2 

13 3 36 .I 13 13 35 .2 

lO 3 41 ,l lO 12 38 .2 

9 9 46 .I 9 13 43 .2 
=I . . . .  

9 5 45 .I 10 14 45 .2 

...... 9 14 51 .4 .... 8 II 33 .3 

5.1 7..2 

3.3 7.1 

6,0 

7,2 

7.1 

6. ̧  ] 

6.3 

1.5 ...... 

1.5 

1.3 

5.8 

6.9 ¸ 

3.6 

4.1 

5.4 4 

8.7 

5 . 2  

4.9 

8.8 

8.9 

.,. 4 

8,Z 

.1 .... 

2.4 

8,1 

7.4 

8,0 

7.8 



Sample 

Number 

.TP-18 

19 

2o 

TABLE 3 THREE 

BIOTITE CONCENTRATES ppm 
i ,  i 

From composite sample One hand sample 
i 

Cu Zn Mo Cu Zn Mo Cu 
i i i .  

78 376 1.6 32 424 2.4 24 

1280 576 39.2 2]00 456 43.6 230 

llO 324 2.4 82 332 2.4 16 

PEAKS' STOCK 

WHOLE 

Composite rock sample 
i 

Pb Zn Mo 
i i  i i i i 

22 47 ,4 

NA NA 

15 

NA 460 

NA NA NA ]6 

ROCK ppm 

Single rock sample 

Cu Pb Zn 
i i  

13 48 

NA NA 

NA NA 

I 
I 

I 

MO 
i 

.2 

NA 

NA 

pg 2 of 2 

RAT I0 S 
I 

Biotite camp. , Biotite camp. 
Whole rock Whole rock 

Cu Zn 

3.3 8 

I0.I NS 

6.9 NS 

tt, i 
! 

I 



Sample 
Number 

SG-I 

2 

• 3 

4 

5 

6 

7 

8 

9 

IO 

II 

12 

13 

14 

15 

16 

17 

TABLE P_ SCHULTZE 

'BIOTITE CONCENTRATE ppm 
i , , ,  i i H 

C u Zn ' Pb Me FI % 
i ,H  i 

unclean clean unclean clean unclean clean unclean clean ~unclean clean 

30 

450 

81 

12 

112 

18 

123 

81 

82 

21 

132 

41 

23 

34 

14 

120 

27 

, , i  

23 480 NA 104 

260 480 32 

44 590 28 

14 410 32 

230 510 32 

18 620 292 

.54 230 44 

98 550 32 

G R A N I T E  

,i 

NA .6 NA NA NA 

1.2 

2.0 

.I 

.l 

.4 

1.8 

20 55o 

14 570 

99 500 

12 440 

7 ,500 

15 5oo 

14 560 

73 400 

27 820 

16 

32 

NA 

.8 

, , '  

" 2.14 

1.98 

2.14 

1.70 

1.84 

1.98 

l i i .  8 ~  • 

3.2 

.8 

.... 2.2 

3.4 

1.6 

3.6 

.8 

3.3 

:9 

,,, ,, i , , 

WHOLE ROCK ANALYSES ppm 
ii i , Ill~' % 

Cu Zn Pb Mo FI 

i1,11 i i 

11 23 7 .I NA 

119 29 13 .1 

7 33 15 .1 
I . i 

7 26 IO {.I 
4 

29 27 II .2 

7 29 lO .l 

30 17 7 ,2 

43 47 16 . l 

9 25 I I .4 

5 22 9 .2 

41 28 NA .4 .330 

13 44 .2 .480 

8 28 .2 .400 

6 30 .2 .480 

6 28 .3 .51o d 
120 28 .2 .540 

1 q 510 " 2 .i270 

pgl  of 2 

RATIOS Biotite . . . . . . .  

Whole rock 

CU/c u C°/cu 
unclean clean 

[ i ,, , , 

2.7 2.1 

3.8 ,2.2 

11.6 6.3 

1.7 2.0 
I 

3.9 I 7.9 II I 
i 

2.6 2 .6  

4.1 I .8 

l .8 2.3 

9.1 2.2 

4.2 2.8 

3.2 2.4 

3.1 .9 

2.9 .9 

5.6 2.6 

2.3 2.3 
i . i 

1.0  1.6 

I 
1.7 I 1.8 
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TABLE 2 SCHULTZE 

Cu 

BIOTITE CONCENTRATE ppm 
i 

Zn Pb Mo 

GRANITE pg 2 of 2 
i 

Biotite 
WHOLE ROCK ANALYSES ppm RATIOS W h ~  

i i i i  i i  i i  i 

FI % i % CU/cu cu/Cu 
Cu Zn Pb M o  FI Sample 

Number 

SG-18 

19 

2O 

21 

22 

23 

24 

25 

, ,,,, 

unclean clean unclean clean unclean clean unclean clean r,nclean clean 
i , ,  

22 10 800 NA I'IA NA I . 4 NA l . 70 NA 
I' , 

28 13 680 1.4 

7O0 700 240 1.4 

9 12 680 .6 

12 16 6OO .6 

32 II 540 2.4 

62 44 320 1.5 

16 18 400 .6 

unclean clean 

IO 44 NA .3 .440 2.2 1.0 

ii 
2.14 14 92 .2 .380 2.0 . 9  

2.48 660 26 -3 .400 l.l l.l 

2.48 II 26 .2 1.46oi .8 1.1 

I .84 6 24 ,4 ..... 420 2.0 2.7 

1.98 8 32 .3 .400 4.0 1.4 

2.14 "64 20 .2 .660 .9 .7 
. . . . .  I ' I • 

2.32 6 16 .2 .400 2.7 ~.O 

26 17 23 740 1.3 

27 46 28 460 1.8 

1,59 7 24 .2 .~6~ 2,4 3,3 

1.98 18 18 .2 .350 2.6 1.5 i 
28 

29 

SG-DH-30 

SG-30 

31 

32 

20 II 266 ill ...... 1.4 1 .98 9 16 .2 .330 2.2 I .2 

120 13 380 8.3 1.84 9 22 .2 .340 13.3 1.4 

620 95 180 13.3 1.84 120 24 I.O .300 5.0 ,8 
i i 

NA 13 NA NA NA NA NA NA NA NA NA 

/i:~i 

16 

lO 

i22 

I 
I 
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TYRONE ORE ZONE 

Figure 4-D 
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TYRONE ORE ZONE 

Figure 4-E 
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~gure 4-F 
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Figure I -E  
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Figure i -F 
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Figure I-G 
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Figure I-H 
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Figure 3-D 
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Figure 3-F 
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C O L O R A O  C H O O L  OF M I N E S  R E S E A R C H  

MEMORANDUM 

J. k 

OOT 2 ! 197I 

To: John R. King 
American Smelting and Refining Co. 

o 

From: ~orm~n Bennett "~z/~v" 

Date: October 19, 1971 

Project No. 311009 

I 

Subject: Biotite separation of Z3 samples 

Introduction 

In compliance with your request, 23 rock samples labelled TYI-TYZ3 were 
crushed and biotite was concentrated from them by screening and two heavy 
liquid separations. The objective of this work was to obtain biotite concen- 

trates from these samples for shipment to you. 

- 

COLORADO S C H O O L  OF M I N E S  R E S E A R C H  I N S T I T U T E  

illr. John R. I~ing 311009 Pa~e 2 October 19, 1971 

( 

D eta i ! s  o f  !nvesti$'ation 

Each  s a m p l e  was jaw c r u s h e d  to minus  1/2 inch, r o l l  c r u s h e d  to m inus  10 
mesh ,  and Raymond  mi l l ed  to a p p r o x i m a t e l y  minus  65 mesh .  The  Raymond  
sMili f r a c t i o n  was s c r e e n e d  into plus 65 mesh ,  minus  65 plus 150 mesh ,  and 
minus  150 m e s h  f r a c t i o n s .  The  b io t i t e  was c o n c e n t r a t e d  f r o m  the plus  65 
m e s h  f r a c t i o n  by s c r e e n i n g .  The  plus  65 m e s h  f r a c t i o n  was s e l e c t e d  fo r  
s c r e e n i n g  s ince  a b i n o c u l a r  m i c r o s c o p e  examina t i on  ind ica ted  th is  to be an 
op t imum g r a i n  s ize  fo r  b io t i t e  c o n c e n t r a t i o n .  

The biotite in the plus 65 mesh fraction was then further concentrated by the 
use of heavy liquids. Each sample was separated into sink and float fractions 
using Certigrav (specific gravity Z. 90). The fraction with a specific gravity 
greater than 2.90 was further separated using Methylene Iodide (specific 
gravity 3.3). The fraction with a specific gravity greater than 2.90 and less 
than 3.3 contained the biotite concentrate. 

The biotite concentratcs are being shipped to you under separate cover. 
you have  any  ques t ions ,  p l e a s e  con tac t  me.  

/laj 

If 
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COLO RADO~C 

J .  R . K .  ::. 

APR • 9 1971 

H O O L  OF MINES RESEAR 
P.O. Box 112 

GOLDEN, COLORADO 80401 

INSTITUTE 

Y 
To : 

From: 

Subject: 

MEMORANDUM 

Mr. Lloyd James March 30, 1971 
Geophysical Division 
American Smelting & Refining Co. 

W. T. Caneer Project 301217 

Electron Probe Studies of Copper in Biotite 

C 

C 

In compliance with your request we have made electron probe 
studies on two rock samples (RS-5 and RS-10) submitted by you. 
The purpose of these studies was to determine the nature of 
copper which is contained in the :biotite. In addition, similar 
studies were made on biotite concentrates from samples RS-I and 
RS-8 which were previously obtained at the Research Institute. 
The authorization for work on the latter two samples was obtained 
from Mr. R. J. Lacy during a telephone conversation between Mr. 
Lacy and me on March 19, 1971. 

Electron probe studies were initially made on rock samples RS-5 
and RS-10. The results of these studies showed that the copper 
occurs in the biotite along planes parallel to the biotite 
cleavage. These planes vary up to only a few microns wide, but 
often extend across biotite grains which are a few millimeters 
in diameter. Figure 1 illustrates this occurrence. Photograph 
No. 1 is a backscattered electron image at 200x magnification 
across a biotite grain (in RS-10) which contains copper. Back- 
scattered electron images are similar to optical photomicrographs. 
However, backscattered electron images give additional information 
inasmuch as areas which contain heavier elements appear as whiter 
areas on the photographs. Photograph No. 2 shows th~ copper distri- 
bution (white) across the same area as shown for the backscattered 
electron image. As may be seen, the copper occurs along two lines 
which extend diagonally across the photograph. The only other 
element detected with the copper was carbon. The copper and 
carbon were in approximately the proper proportions for the 
mineral malachite [CuCO3.Cu(OH) 2] or possibly azurite [2CuCO3.Cu(OH) 2]. 
Since the electron probe is capable of analysis for all elements 
except the first four in the periodic table plus oxygen, the oxygen 
and hydrogen contents cannot be determined. 

The copper occurrence in the biotite in rock samples RS-5 was 
similar to that described for sample RS-10, but to a lesser extent 
than in RS-10. 

Except for a small amount of the malachite in the non-biotite 
portion of sample RS-10, all of the'copper observed in RS-5 
and RS-10 was associated with the biotite as described above. 

Mineral lndustrv Research 



£ 
Mr. Lloyd James Page 2 March 30, 1971 

Electron probe examinations of biotite concentrates from samples 
RS-I and RS-8 showed that the copper in these samples also 
occurs along very thin planes parallel to the biotite cleavage 
as described for rock samples RS-5 and RS-10. 

If we can be of further service to you, or, if you have any 
questions regarding this project please contact me. 

cc: Mr. R. J. Lacy 

C 

C 



L.~ Z ,~ ,~, . 

Mr. Lloyd James Page 3 March 30, 1971 

I. Backscattered Electron Image 

C. 

2. Copper Distribution 

Figure i 

Backscattered electron image plus copper distribution 
across a cQpper-bearing biotite grain in sam?le RS-10~ 200x 
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From: J .  J ,  C o l l i n s  

To : 
RE;CEiVE© 

FEB 1 8 1972 
$. W. U. S. E~PI.. DlV. 



R E C E I V E L ~  

EXPLORATION SERVICES D IV IS ION 
3 4 2 2  SOUTH 7 0 0  WEST 

S A L T  T.A~E CITY, U T A H  8 4 1 1 9  

F e b r u a r y  1 0 t  1 9 7 2  

F£8 14 1972 
S. W. U. S. EXPL OIV. 

V .  L. ~.  

FEB 1 8 1972 

Mr. W. L. Kurtz 
Tucson Office 

Dear Bil~l) • 

I recently received a copy of Mr. J. King's excellent compilation 
of his own and others work within Asarco entitled "Copper in Biotite" 
(January 28, 1972). I agree with his main conclusion that data on 
copper concentrations in biotite and composite whole rock samples from 
Laramide stocks can often provide evidence of the presence of porphyry 
copper type mineralization under adjacent post-mineral cover. It is to 
be concluded that we have a new potentially valuable exploration tool. 

\(~ ~ ~ .5~ ~-J If it has been done it would be worth not already certainly con- 

~\. ~ ^ .  ~_..,-~- sidering distributing copies of Mr. King's report to the other explora- 
_~[ 5 ~  ~'~J'~ 2.2 0 - tion divisions . . . .  • . . . . . . . . . . . . . . . . .  

~£7 i/ ~ // In view of the possible value of other elements in this type -0~-~ 
~,~ v/~ ~udy I plan to analyze various of the available biotite and composite 

C/e . ~ /whole rock samples for Pb, Zn, Hg and CI, etc., in order to fill in . j /  
( the gaps in our present data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  You;s very truly, 

LDJ:db 

cc:J.J.Collins 
J.H.Courtright 
J. R. King 

L. D. JAMES 



AMERICAN SMELTING AND REFINING COMPANY 
Tucson Arizona 

December 8, 1971 

TO: W.L. Kurtz 

FROM: J. R. King 

Biotite Separation 

On December 7th,  Jim Link, Manager, Mining Div is ion,  Colorado School of 
Mines Research I n s t i t u t e ,  v i s i t ed  ASARCO. During our conversat ion, he 
expressed the opinion that  costscould be s i g n i f i c a n t l y  reduced i f  ASARCO 
presented them with work on a more continuous basis. 

The greatest cost reduction would come from incorporat ion of s c i e n t i f i c  
procedure developed by F. T. Graybeal into the i r  separation program. 
Also, lower salar ied personnel could be used by CSMRI i f  they knew 
enough continuous work would be presented to them. 

They seemed very interested in cont inuing to serve ASARCO and to develop 
cheaper means of concentrating biotites. Current direct costs for con- 
centration (including shipping) are between $22 and $24 per sample. It 
would not be hard to cut these costs in half. 

John R. King 

JRK:lad 

cc: FTGraybeal 

r "" ~ Y • "7";, " ,  ~':~ . 7  
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E X P L O R A T I O N  S E R V I C E S  D I V I S I O N  

3 4 2 2  SOUT~ 7 0 0  T~rEST 

S A L T  L i K E  CITY, U T A H  8 4 1 1 9  

July 14, 1971 

MEMORANDUM to W. E. SAEGART: 

o! env 

S CHULTZ E GRANITE, 
PINAL COUNTYt ARIZONA 
Cu CONTENT OF BIOTITES 

We have just completed the Cu analyses of the biotite fractions ob- 
tained from the samples of Schultze Granite recently collected and sent to 
the Geochemical Laboratory by Mr. Jo R. King. (Reference his letter of 
June 2, 1971). The resultant data are shown on the attached sketch map. 
It verifies the presence of an area of high Cu concentration in the bio- 
rites from the western extremity of the central portion of the west limb 

of the Schultze Granite adjacent to the Dacite Plateau. Also of possible 
significance is the anomalously high Cu concentration (660 ppm) detected 

in biotite from the Schultze Granite (?) intersected by DDH M-IA beneath 
the Dacite Plateau. The analytical data sheets will be sent to you as 
soon as they are complete. 

LDJ: db 
Enc i. 

cc: J.J.Collins w/encl. 
J.H.Courtright " 
J. R. King " 
J.D.Sell " 

L. D. JAMES 

_0 
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G E O P H Y S I C A L  
3 4 2 2  SOUTH 7 0 0  ~ E S T  

S A L T  L A K E  CITY,  U T A . ~  8 4 1 1 9  

May 19, 1971 
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D I V I S I O N  

MAy 97 197  

MEMORANDUM to W. E. SAEGART: 

RUBY STAR GRANODIORITE 
S iERRITA--MOUNTAINS ARIZONA-- x 
BIOTITE GEOCHEMISTRY 

Geochemical analysis of biotite fractions from additional samples 
(i.e. RS 12 through 17) of the Ruby Star Granodiorite, collected and 
submitted to the Geochemical Laboratory by Mr. J. R. King, has recently 
been completed. The resultant new data, together with the old, are 
shown on the attached figures. The new data does not significantly 
change the picture obtained from the original U.S.G.S. and Asarco data. 
Cu displays a general tendency to increase and Zn to decrease in con- 

centration as the porphyry mineralization is approached. 

LDJ:db 
Encl. 

cc:J.J.Collins w/encl. 
J.H.Courtright w/encl. 
J.R.King w/encl. 

L. D. JAMES 
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F1ouag 2.--Generallzcd real) of COml~sito ~'k and assoclnt~l ore delK*slts In tho southwesteru part of the PLato mining 
dlsLrict, cttst of tlle Sierrlta ~lountalns, showing ~asnlflO localltlos mid coPl~r coutent o£ biotite. 

Pb content (ppm) of b£otlte in Asarco rock samples 
(Analys£s by Geochem£cal Laboratory us£ng an AeA.techn£que) 
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Zn content (ppm) of biotite in Asarco rock samples 
(Analysis by Geochemical Laboratory using an A.A.technique) 
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~ G e n e r a l t z e d  m a p  of composi te  s'toek aud  associated ore delx)~its In the  s o u t h w e s t e r n  parL of the  P l m a  m i n i n g  
dis t r ic t ,  eas t  of  tile S ie r r l t a  Mounta fns ,  showing  saml)le  local i t ies  a n d  copper con ten t  of bioti te.  

Mo content (ppm) of biotite in Asarco rock samples 
(analysis by Geochemical Laboratory using a colorimeter technique) 
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AMERICAN SMELTING AND REFINING COMPANY 

Tucson Arizona 

September I ,  1971 

I, l 

• "I 'hA 

TO: W.L. Kurtz 

FROM: G.S. Barnett 

Biotite Studies 

A memo was circulated concerning areas of potential application for biotite 
or mafic minerals' separation and analysis as an exploration guide. However, 
an orientation survey has not been conducted for this method, other than to 
check the results obtained by the USGS in selected areas. I am not aware 
of the exact nature of studies we have, or are conducting, nor am I aware 
of the entire background information available. However, it would seem to me 
that more information must be available for us to be able to effectively use 
this method. It would also seem that we are not actively seeking this type 
of information, but rather waiting for others to do it. Inevitably it seems 
that any data of this nature which might be collected is done so as a sideline 
by a geologist whose primary responsibility must (and does) lie with some 
"more important" project and/or reconnaissance work. The data which needs 
to be collected is often of such a large volume that we leave it to the USGS 
or some other group to do. I think what little information we do have con- 
cerning this method should be encouraging enough to lead us to conduct a well 
organized, full scale determination of the value and applicability this method 
may have. 

With this in mind and realizing that when and if enough information is available 
to absolutely prove the validity of this technique, then everyone will have 
this technique at their disposal (and will probably be using it). I would 
suggest that we conduct orientation surveys around as many known deposits as 
possible, especially our own. By using a pre-determined grid along radial (?) 
traverse lines leading into deposits we could obtain this information. Access 
to operating properties is a problem, however, we really aren't interested in 
ore-grade or nearly ore-grade material -- as when this is at or near the 
surface it has been claimed or is being mined -- but rather in what the periphery 
looks like, geochemically and physically. 

Immediate applications of this technique would be propylitically altered areas 
where lateral or vertical zoning could lead to discovery (as Silver Bell East?) 
Kalamazoo brought this out dramatically and has caused many such areas to be 
drilled -- possibly not in the most favorable sites. A sampling of the 



W. L. Kurtz - 2  - September 1, 1971 

monzonite southwest of the Oxide Pit at Silver Bell would give an indication 
of the type of changes we could expect where essentially barren, propylit ically 
altered rock comeswithin 2000' of the plt .  

The number of deposits and length of time required for a study of this nature 
may require that we offer this problem to a masters candidate, have it done by 
a consulting firm, turn it  over to the Exploration Services Division or hire 
someone specifically to conduct this and/or re:fated studies. The importance 
of determining the val idity and applying this method is extremely high at this 
time when we are looking for deeper and/or concealed deposits. A guide with 
this potential should be worthchecklng out completely. 

I would also suggest that a group of our geologists get together, analyze maps 
of the known porphyry coppers and plan the spacing and location of sampling 
traverses. The elements analyzed for can be either pro-determined, random 
sampled or selected on a spot basis. With a pro-determined spacing or grid, 
we could also put the results on computer cards, run an analysis and graph the 
results from tape. This would aid in determining the distribution pattern, 
whether logarithmic or linear and allow for multiple runs deleting certain 
values to determine necessary and valuable sample taking intervals. 

GSB:lad 
George S. Barnett 

,ii ~' 
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Exploration Department 

TELECOPIER 

DATE : 8131192 

TO : 

NAME: Kristine Carroll-Porczynski 

LOCATION: Legal Dept., New York Office 

FROM: Mary E. Kavanagh 

F 

MESSAGE: 

 F,q ×_3 

You will receive 27 page(s) of copy including this sheet. 

If you do not receive all pages, please call: 602-792-3010 

Ext. 324 

This transmission w i l l  X will not be confirmed by mail. 

ASARCO Incorporated 
1150 North 7th Avenue 

RO. Box 5747 
FAX (602) 792-3934 

Tucson, Az 85703 
Phone (602) 792-3010 



Exploration Department 

TELECOP I ER 

DATE : 9131192 

TO : 

NAME : F.T. Graybeal 

LOCATION: Exploration Dept., New York 

FROM: W.L. Kurtz 

f 

MESSAGE : 

For your information. Attached was Faxed 
to Kristine Carroll-Porczynski, Legal 
Dept. today. 

You will receive 27 page(s) of copy including this sheet. 

If you do not receive all pages, please call: 602-792-3010 

Ext. 324 

This transmission w i l l  X will not be confirmed by mail. 

i "I 

ASARCO Incorporated 
1150 North 7th Avenue 

P.O. Box 5747 
FAX (602) 792-3934 

Tucson, Az 85703 
Phone (602) 792-3010 
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AMERICAN SMELTING AND REFINING COMPANY 
Tucson Arizona 

June 8, 1972 
t~ 

Mr. Ernie Phillrps 
ASARCO 
Salt Lake City Office 

Dear Ernie: 

Ninety biotite concentrates were sent to you this morning via Registered 
Airmail (Insured-Return Receipt Requested). The samples are labelled 
as follows: 

a) RS-24 thru RS-47 
b) JF-l thru JF-5 
c) MFB-I 
d) CS-I thru CS-27 
e) TC-I thru TC-33 

Please run the biotites for Cu, Mo, Pb, and Zn. Return the concentrates 
and the package containing the light fraction material to this office 
when the assaying is completed. Also, could you put each biotite 
concentrate in some sort of a screw-top plastic v ial .  Thanks. 

Sincerely yours, 

George J. Stathis 

GJS: lad 

cc :  FTGraybea 1 
WLKurtz 



Apr i l  7, 1972 

Mr. B t l l  Reid 
Colorado School of  Hines Research I n s t i t u t e  
P. O. Box If2 
Golden~ Colorado 80401 

Dear BI l l :  

Ninety-two rock samples were sent to you ~!ednesday afternoon via Greyhound 
Express. The samples are labelled as follows: 

a) RS-24 thru RS-47 
b) JF-I thru JF-5 
c) MFG-! 
d) CS-] thru CS-27 
e) TC-I thru TC-33 

We u~uld l i ke  b i o t i t e  separations to be made on these samples, Please 
save about a 200 gram s p l i t  o f  each sample a f t e r  f i r s t  crushing and before 
the b i o t i t e  separat ion, Samples wi th  low b i o t i t e  content,  such as the 
JF ser ies,  we vmuld probably want 400 grams or so saved. Return the 
200 gram s p l i t s  to the Tucson o f f i c e  and send the b i o t i t e  concentrates 
to Mr. Lloyd James of our Salt  Lake Ci ty  o f f i c e ,  

I mentioned over the phone th is  morning to Hr. T. Cancer that  we had sent 
the samples to you. 

Sincerely yours, 

GJS:lad 

cc: LDJames 
FTGraybeal 
SRDavls 
JRKing 

~rCaneer, Asst. Mgr. 
Hlnlng Division 
Col. School of Hines Research Inst, 

George J. Stathis 
Geologist 



AMERICAN SMELTING AND REFINIHG COMPANY 
Tucson Arizona 

April 5, 1972 

Mr. L. D. James 
ASARCO 
Salt Lake City Office 

Dear Lloyd: 

Enclosed are comments by Mr. Graybeal on Colorado School 

of Mines Research Institute's letter of March 31, I~72 

concerning biotite separation. 

WLK: lad 
Enc. 

cc" FTGraybeal 

Very truly yours, 

W. L. Ku.rtz 



AMERICAN SMELTING AND REFINING COMPANY 
Tucson Arizona 

April 5, 1972 

Memorandum to: W. L. Kurtz 

From: F. T. Graybeal 

Commentary on the CSMRI Biotite 
Separation Techniques 

I have several comments on the results of the CSMRI investigation 
(letter to L. D. James, March 31, 1972) to develop a better biotite separa- 
tion technique. It is unfortunate that they only ran one test of the sed- 
imentation procedure, after it was determined it was the only method tried 
which would work satisfactorily. I assume the sample is dried before heavy 
liquid separation and I would recommend that the sample be flushed with 
distilled water to remove any copper-bearing tap water used during the 
sedimentation step. 

The report mentions crushing of the sample to 6 mesh and then 
grinding to liberate mica, but without reducing the overall particle size. 
Although it is not entirely clear to me how this is possible, my experience 
is that biotite is not completely liberated at sizes larger than about 35 
mesh and I would recommend that separation be performed only on -48 mesh 
material. In addition, for sizes at -150 mesh, surface tension phenomena 
become more important than differences in specific gravity, thus making 
heavy liquid separations very difficult. Care should be taken in the grind- 
ing stage to reduce as little of the sample as possible to -150 mesh. 

With respect to heavy liquid separation (this is the slow step), 
a specific gravity of 2.71 to sink biotite is far too low. The specific 
gravity of magmatic biotite generally varies from 2.94 - 3.04 and use of a 
liquid of 2.71 SG will permit a large amount of unliberated biotite-feld- 
spar, etc., grains to sink. In addition, chlorite in the sample will also 
sink, as chlorite derived from the above biotites will generally run about 
O.lO SG less than the biotite (thus 2.84-2.94). Thus, I am of the opinion 
that a one-step heavy liquid separation would be most effective at a 2.89 
SG. This will float essentially all unliberated biotite and chlorite. 
Incidentally, a large amount of concentrate in the separatory funnel will 
not permit a clean separation regardless of the specific gravity of the 
liquid due to overcrowding of the system. 

I f  a rock contains magnetite, hornblende, pyronene, or epidote,  
the b i o t i t e s  may have to be f loated.  Undoubtedly some hornblende w i l l  be 
received in the sedimentation stage and an even greater amount w i l l  occur 
as unl iberated b io t i te -hornb lende aggregates° I f  these minerals occur, 
the b i o t i t e  can eas i l y  be cleaned by f loat, ing at about 3.05. However, th is  
involves use of methylene iodide which is considerably more expensive and 
tox ic  than bromoform. Franz separation would be adequate for  magnetite 
but useless for  removal of  hornblende, pyronene, epidote,  or c h l o r i t e  from 
the b i o t i t e .  The need for  f l oa t i ng  the b i o t i t e c a n  be ant ic ipated by an 



W, L, Kurtz -2 -  Apri l  5, 1972 

examination of the  rocks as they a re lco i ]ec ted  and~recommended a f t e r  inspec- 
t ion of the concentrate.  Perhaps themethy lene  iodide separations coul~ be 
accomplished in Lloyd James' laborator ies  for  spec i f ic  samples as needed. 

I t  is important to remember that  no two rocks w i l l  respond a l i k e  
to a mineral separation f lowsheet regardless of t h e i r  chemical or miner-" 
a logica l  s i m i l a r i t i e s .  Thus, an examination of each concentrate should 
be made before the analysis  is performed. 

F. T. Graybeal 

~ 4, 



C O L O R A D O  

March 31, 1972 

SCHOOL OF M I N E S  R E S E A R C H  
P.O. Box 112 

GOLDEN, COLORADO 80401 

I N STITUTERECEIVEE) 

APFI., 3 1972 
& W./J, S. EXPL DIV. 

Mr. Lloyd D. James 
American Smelting & Refining Company 
Geophysical Division 
3422 South 700 West 
Salt Lake City UT 84119 

W, L. K. 

APR '3 1972 

Dear Mr. James: 

Attached are data sheets for tests investigating the use of flotation for 
recovering chlorite and biotite from exploration samples. Since a require- 

ment for the processing was that it be relatively inexpensive, procedures 

used were kept as simple ias possible. 

The feed for the first flotation test was obtained from simply screening out 
the coarse material (the Original sample was essentially all min~s 4 mesh) 
and removing the slimes. The latter is normally required for flotation with 
cationic reagents. Later tests employed some grinding primarily to ensure 
the liberation of slimes, although more mica was also liberated, because it 
was soon learned that it was beneficial to retain the mica as coarse as pos- 
sible. Fine feldspar tended to float with chlorite and biotite, even during 
cleaning, and always lowered final concentrate grade. Since the amount of 
mica in some samples would not permit the number of cleanings required 
to drop the feldspar and still recover the necessary amount of product, and 
since the scope of the project did not permit an investigation into chemical 
means for obtaining a more selective float, screening the concentrate at 200 
mesh was tried and showed that a considerable upgrading of mica could be 
effected in this manner. Mica content (by visual estimation under a micro- 
scope) of about 90% could be readily achieved, but this was still much below 

I 
the approximate 99% desired. Because of this and the necessity for uni- 
formly high grade products from any type of feed, it was concluded that 
eventual treatment by heavy liquid methods would always be required. 

Consequently, an alternate method for preparing feed for heavy liquid treat- 
ment was sought, and in the one trial of a sedimentation procedure (see 
Sedimentation Test i) very good results were obtained. The results from 
this test indicated that a possible treatment of coarse ore samples would be 
to crush the material to about 6 mesh, grind for a short period to liberate 
more mica but not reduce overall particle size to any degree, and then 
recover a rougher mica concentrate by sedimentation. A heavy liquid, 
specific gravity about Z. 71, would then be used to effect the separation of 

I 

Mineral lndustry Research 



C O L O R A D O  S C H O O L  O F  M I N E S  R E S E A R C H  I N S T I T U T E  

Mr. Lloyd D. James Page Z March 31, 1972 

mica from gangue. An advantage to this procedure is that since the mica 
is relatively coarse, the separation can be made without centrifuging. 
Another possible advantage might be that any heavy minerals in the ore 
would sink with the waste during the sedimentation step and therefore an 
additional heavy liquid treatment for their removal would not be required. 

Although feed for heavy liquid processing could be prepared by either flota- 
tion or sedimentation, it is believed that sedimentation would be more appli- 
cable to most samples. The cost for the sedimentation-heavy liquid proce- 
dure, when done in quantity, is estimated at $i0 to $1Z per sample. 

Please contact Bill Reid if you have any questions concerning future proces- 
sing, and I shall be glad to answer any questions you may have about the 
work which was done. 

Yours very truly, 
• , ,,->-'" /"? , 

,..,..( .-c,- ,- 

M .  W,. D e f 6 e  
Project Manager 
Metallurgical Division 

MED/psk 

Attachment 

cc: Mr. W. L. Kurtz 

i 

i 
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! 
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Flotation Test No. ~' 

c 

Purpose: ~ /~,.e" C :., ~w'= ,<. 

p ,J d .~" .d  -7.': xJ ":".':~ 

EXHIBIT 

,4 

Project No. 3,7~ 0 ~ 1 7  

Date: 

C¢¢,c 0/- / ::::: ," . . ,,.4, / c, .'2"/7" o," 

Sample: ,, ~ , r ,g  :~, x ~ ~ ~  ~. , ,~  
~"¢' I Y 

/ t  : 
i 

Test Conditions: 

C.:,v :%?<1 :,'~:) ,~ ~--,Q[ 

~ : ~ f ;,,'~ e m ,~. : : ,  , - :  

Time 

min 

Solids 
% 

--~S---,- !J : ru . /~ -  

pH 

Start Finish 

Reagents, Ib/ton of 

/ o.Z- o , E  
: i 

Resu Its: 

%: 

Produc t  

i 

Weight 
g 

Weight 
% 

Chemical Analysis 

% % 

Percent 

Distribution 

I 
i 

Test Notes and Observations: /-~-, 4 7 : :  

f 

,---I-- 
• r&/ ,~t C. e" /~: : . ,) 

@ 



i!ii ~: 

EXHIBIT 

Flotation Test No. ~-~,, 

Purpose: . ~ 4  '-~7~ .4-..3 
C'~6 ,L .4_ ,F  ~- -/'-~ ,,~'. 

"72-- ~ 7"-" 

Project Noo ~ 2  o ~ i  7 

Date: 

/ .~ 7"JJ / d ~: 4 0 ,  ~/--..--,.- .-~...,' 7 

Sample: 4 , ~  ,Z ,-r~ 4", " ' 

Test Conditions: 

__L/~.,4:.t,,.)O (/L~'~-AL ~,.,-_/.,,;~, 

-+ ~/6,~ ,"~.c,<-/ 

0./<',,,, ¢ ," , ,= '~  ?~ ?, , J 

Time 
min 

C 

Solids 
% 

~b-Z') 

/ , s  

pH Reagents~ Ib/ton of oz.~. 

S , 4  l 

#,3 t e.u' 
9,-~ / "  o.! 
, .13 o .  7.- 

Results: 

Product 

Test Notes and Observations: 

_ / - ' - ' / , ,  " 7 / - "  . . . . .  ; .  "-S~,~-c., 

• C / , ' ~ - ,  . . . .  ~,2. -2"/,_4 

Weight Weight 
g % 

16-0 .~  
,z" 

0 . ~  
/ ,~ -  

I ,S 
. . . . .  ~ . , /  

Chemical Analysis 

% % 

?o 

/0 

/ o  

P e z - c e ~ t  
DisfrTbution 

1 
1 

I 

1 

.c~,,~<.,~ ~, o/~ ~-.-,,,,,~. , F ->-4, ~._ , , . . ,~ ,:.'/..~, /i. 



Flotation Test No. 

EXHIBIT I 

">/'7 Project Noo .~2 o ,, 

..~ Date: 

Purpose: 
/d. : :'~ .< ,.~ ,~ ~" : -" '<:' <" <-" 7" ,,/: -" .?,2 .... : :, ,J :;; 

Sample: / . , ~  , / ' , . , ,  ,- , 

Test Conditions: 

Time 
min 

$ 

Solids 
% 

:.. ,,,o,.:,:,J q 
/ 

2- 

d,,,'J /? /": :,. j 

pH 

Start Finish 

Reagents, lb/ton of 

A ¢¢0 

o . ¢  o .¢  

o , ~ :  

/--i0 : / 

I 
1 

Results: 

i Welght Weight 
Product g % 

,-%. 7~, z - , ,d  ~ : u '  /:::, o 

, ,  . . . . . . . . . .  , 7 ,  ° 

-TZ,,-, J ::. ~ ¢ 0  

Chemical Analysis 

% % 
i .  

i 

Percent 

Distribution 

l"est Notes and Observatlons: 
/ 

,_ , : - . ' . , . . .  /,//';4,-, 

> / < - ,  .r r e < , . .  

Z..~/ ° 2 /  ' "  



• ' EXHIBIT 

Flotation Test No. 

.Project No, 

Date: 

Purpose: -~ ,4 ,~;-~ ~-~" 

Sample: x] f+.,,~h-,.~" ~, o ~ ' r  

Test Conditions: 

,S~,~d" ~ ~<~,~. 

~ ' ~ . ,  ~.,-~ ~0 . ~  ~{ 

-- .~-o +- z-/c~Zl ,~t.¢ ~'~,,, 

Time 
min 

Solids 
% 

,6-0 

B OC 

pH 

Start Finish 

d.3 

Reagents, Ib/ton of 

4z,~,-,,,},~ 
H~oy- m~'~ I 

, /  
d.6  J ' i  

o,d.-Z:~ 

Results: 

Product 

G ( j  ~, ,v  .,.-.t t" ; ' . .~ GV_~ 7: ¢ ,.,~ 7",*~" i 

./- os :_~ ,~ f  

Weight 
g 
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% 

/,2-- 

FI ~, 7"4 ;:. ,.d "TZ t~. ~ J ~ 

S . 4  , ,-v I ~  

', "l" 2. d t . t  ,-'.':? ; ' - 

7"4,.~ 

2-;,8 

Chemical Analysis 

) V t  ~ @_,..: 

% 

~D 

I 
% 

Percent 
Disfr;bufion 

I 
! 

i 

Test Notes and ObservaHons: 



• ' EXHIBIT / 

Flotation Test No. 

Proi~ct No° , ,>~ o ,,~ ,' 7 

,5"- Date: 

Purpose: ~ .< ,~, .;~ ,~.# "7,</( 7" tm..<,~ ~s.-.C~ <.) o/ 

Sample: ~ / , p , ~ . ~  2o a, ;  , '  ,, 

Test Conditions: 
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% 

,:2 .'.d 4 z ~. ~,,'7-b ;7,~/,~'~.,7 " 

/ ['@//~"4..,tr... /~ " / - .o  Y~" 2"~,'#d 

pH 

Start Finish 
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i~: ~,~i.-~.,r_ 
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i 

0. ' - /  
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"Results: 
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>,.~ , . - ~  "#" 26,. :~ <oK 

Weight 
% 

O.(~ 

, . /  
i 
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% % 

9~ 
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S'O 

/o 

Percent 

Distribution 
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I 

Test Notes and Observations: 
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EXHIBIT 

Flotation Test No. 

Project No. -~ 

Date: 

Purpose: ~ n  ~ 4. ,¢ ?'x/+~+ /~<~,.~- _.7c_..~-.. ?. , j r . . /  

S ~ o J _ a m r . e :  , ~  ,, o ,  , ,,4 ~ /f~ : a - , . ) , - , ,  

! 

Test Conditions: r 

Time 
mln 

Solids 
% 

w- '" 

S 

72 ;/ ~ o'ru CT?'.-~E'z]7" , 
/v 

.Zi :> J <C ..:" .,~": ,,~,z, ¢, 7 ~  7 / t  0 / 2-- 

J pH 

Start Finish 

Reagents, lb/ton of 

,"/:~ I~ [ Fic, A 

z/,~ j 

o,.J- 
, .  , 1  

z/.a i "  . .... c . /  

a x ' . ~  

Results: 

P r o d u c t  

e 

/ '  
e" 

Weight 
g 

Weight 
% 

) 

.+ /o ,d  

76T(~. 

Chemical Analysis 

/ . I  , ~ ;~ I 
°7o °7o 

/ 0  

Percent 
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I 

Test Notes and Observations: 
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Flotation Test N o .  ,-2 

EXHIBIT ! 

Project Noo ,--.'>.- "..'-7 

Date: 

Purpose: ~-'-4 ,-~r Z ,4.--~S .-.. x., ,, .... =~,...- "T/'A-:" J'7 <...j o L 

Sample: /~,...zo ,,~.~.4, A4 ¢.~-.~./..-<. {."~,.-,~--'- e ' .  , , . ... r"x,.,z~>'/'d ~ -- z,.,, .,_-, ,.- ,- . 

T e s t  C o n d l t l o n s :  

Time 
min 

Solids pH Reagents, lb/ton of ... r;,x.," 

tJ Z A, ,,ch. g i 
% Starl" Finish ~-~ . I  f,,~,/: J 

/ ,  
/ : "  -~'" A <" t <-" x 7 " ~ t  "~ '~? 

• s i ," t 

A/. -~ <.- .-'~ -.~ , ' - "  ~ - ~ 4 7 "  ,~ ~ 
• i 

O/sD-, :- -% ..J ~ , , ~  7 ~  7 ~  

Results: 

Product 

i / 

W e ; g h t  
g 

, r , ,  i i , , +., 
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% 

Chemical Analysis 

l./,r;<. 
% % 

~0 
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I 
I 

- Test Notes and Observations: 



r 1 '  

~z:.Y,,,:.-',,.~ s:: "'~.,.:~) Test No. / 

EXHIBIT 

Proiect No. . .  

Date: 

g ~ r ]  -:-/:7 

Purpose: 7~'~ , O # - 7 , = x . . ~ r , , ~ _ _  e,,,.,,x.~ ,< , T F  _ d , ,~ ,"," < 7, , r  ~' 4 ~ ~ . ' p  

"6" 7 . . . . . . . . .  

.L,2 / ; '  ~ A" A f .k-~O , X ~ y  ./.,I / -%C,Zy" . ~  / ,¢J u />? ,~ ~'~-'~%¢..,',o ">7. .,,}. 

Sample: z~ q.z/U=~___.22.g__.z.¢/2_~.~_~ z ; z . , ~ "  ~ , ~ ? ~ "  X i ,  ;, ~, x" .,9",9 /-,.-.<~ 
/ . :  .) , ,, 

Procedure: "7%' .c ,~'A ~-~ .o / r  ~, 4-4 ~ . , ~  ~ .  ,..,,¢>' 
, .  / #' 

_q,:, /. ~ d" .__. 7-~_~_Z~Z__.z~ 4 ,d ~ Ff/,'/,.-.~-;; "79 A 

,6>u</b'/ 2 ,  -7%~- /~,,,,,~ "--,~,/ ..zs,.'..<,~',r<.r 

~" ,'..z"z.:..,- ,~, ,,<I ,,,-- L~ _.S?.~t--e~A/J7."-4-~ 7~.:x" c- 
, j  . . . . .  . .  

,~ . / /~ . .  <.U:= / o  - I ~  c ;,-¢ S'zZ__.~7.z.,,d d: 

. ,~" ~ ':#'l/ A "f'47 t 7 " / r ,  ,'.; .:: .? ~.- ~ "y.<~',~" 
2 

-7 , ,'-, 'z=, 7".,~ld ~ tc., .~#..-~ ~:.<s 
.... S'Fc,, ~ . (  ,.'-z ~ ,< . -z#< .~ .  .~-.'7,a'~-/v .Tz,~/...=. ' e,~.z. ~ r # ~ . - z - , J d  ~',,~_~. ,~/.~..7,.~-<:,.:.,_ J.g-,,,,~ ,; j~(~ 
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I / 
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Observat ions: -2~-E 5 t , J ~  ..... ff~c/,:,# 7 z-~ ~ ,~ 

~ "  / ~ ; " T  "? - / ~  " ;o 7 <  7 ~ , , .  



AMERICAN SMELTING AND REFINING COMPANY 
Tucsor Arizona 

March 20, 1572 

:1 . 

MEMORANDUM TO STAFF: 

Biotite Progra m 

You are all hereby instructed not to discuss the procedures ASARCO 

is using to make biotite separation. Further and more importantly, 

you are not to inform anyone that ASARCO's samples are being prepared 

by the Colorado School of Mines Research Institute. 

WLK:lad 

cc: JJCollins 
JHCourtright 
LDJames 

W. L. Kurtz 

S 



R .  J .  L A C Y  
SUPERVISOR 

 ECEIV& 
AMERICAN SMELTING AND REFINING COMPANY ~Au? 10 197p 

E X P L O R A T I O N  S E R V | C E S  D I V I S I O N  r-- 

3 4 2 2  SOU ' I 'H  7 0 0  W E S T  •° /4/. /./. 8. Ej(p L OIV. 
S A L T  L A K E  C I T Y , , U T A H  8 4 1 1 9 '  

M a r c h  13 ,  197Z 

Mr. M. E. Defoe 
Colorado School of Mines Research Institute 

P. O. Box 112 

Golden, Colorado 80401 

D e a r  M r .  D e f o e :  

In  y o u r  l e t t e r  of  M a r c h  9 you  o u t l i n e  a p r o g r a m  
d e s i g n e d  to d e t e r m i n e  the  f e a s i b i l i t y  of  u s i n g  f l o t a t i o n  
to e f f e c t  b i o t i t e  s e p a r a t i o n  f r o m  3 o r  4 r o c k  s a m p l e s  p r o -  
v i d e d  by the  S o u t h w e s t e r n  U . S .  D i v i s i o n  of  A s a r c o  Is E x -  

i 

p l o r a t i o n  D e p a r t m e n t .  You a r e  h e r e b y  a u t h o r i z e d  to p r o -  
c e e d  w i t h  t h i s  p r o j e c t  on  the  u n d e r s t a n d i n g  c o s t s  w i l l  n o t  
e x c e e d  $ 5 0 0 . 0 0 .  No e x p e n d i t u r e s  b e y o n d  t h i s  a m o u n t  
s h o u l d  be  a s s u m e d  w i t h o u t  p r i o r  c o n s u l t a t i o n  w i t h  t h i s  
office. 

We l o o k  f o r w a r d  to  r e c e i v i n g  t he  r e s u l t s  of  t h i s  
s t u d y .  

LDJ:am 
A 

' cc: Wo Lo KurtzJ 

Y o u r s  v e r y  t r u l y ,  

L. D. JAMES 



t~,~u ,S c~,4, [,4 ~ r-- / 

l ~  1 l ~  

W .  L. K. 
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C O L O R A D O  SCHOOL OF MINES RESEARCH INSTITUTE 
P.O. Box Ile R~"C;~'IVE~:: 

GOLDEN, COLORADO 80401 ,b" 
M a r c h  9, 1972 V" ~ v  .a. ,? 

MAR 1 3 1972 

S. W, U. S. EXPL, DIV. 

REFER TO 

620317 

C 
0 

Mr, L l ~ d  D. James  
A m e r i c a n  Smel t ing  & Refining Co. 
Geophys ica l  Division 
342Z South 700 Wes t  
Sal t  Lake Ci ty ,  Utah 84119 

Dear Mr. James." 

Bill Reid has informed me of your interest in pursuing the biotite- 
ch lo r i t e  method for  examin ing  p o r p h y r y  depos i t s  for  copper ,  and 
has suggested flotation as a method for recovering biotlte-chlorlte 
f r o m  the f ie ld  s ample .  

A c u r s o r y  inves~ga~ton,  on t h r e e  s a m p l e s ,  to d e t e r m i n e  the 
f ea s ib i l i t y  of us ing f lo ta t ion  is  e s t i m a t e d  at  $500. The  p r o c e d u r e  
would involve grinding a representative portion of each sample to 

r o u g h l y  minus  65 mesh ,  de s l im ing  at  325 mesh ,  and f loat ing the 
plus  325 m e s h  f r a c t i o n  at  condi t ions  n o r m a l l y  su i tab le  fo r  mica  
flotation. A more comprehensive program will be required, however, 
should there be minerals present which have flotation characteristics 
s i m i l a r  to m i c a ,  

We sb. /~ be p l ea sed  to p e r f o r m  this  s e r v i c e  fo r  you and need only 
y o u r  a u t h o r i z a t i o n  to p roceed  with the work .  

Sin~ely, 

M. N. Def6/e 
P r o j e c t  Manager  
M e t a l l u r g i c a l  Div i s ion  

cc:  W. L. K u r t z /  

Mineral Industry Research 



/~t~ABCO 

AMERICAN SMELTING AND REFIN ING COMPANY 

S O U T H W E S T E R N  E X P L O R A T I O N  D I V I S I O N  

P. O. BOX 5747, TUCSON,  A R I Z O N A  8 5 7 0 3  

March 9, 1972 

1|50 NORTH 7TH A V E N U E  

TELEPHONE 602-792-3010 

Mr. B i l l  Ried 
Colorado School of Mines Research I n s t i t u t e  
Golden, Colorado 80401 

Dear Mr. Ried: 

Samples for Research on 
Biotite SepaFat ion 

Being shipped to you by air freight are four samples for your research 
on biotite separation. Three of these samples have been run once for 
biotite separation and the fourth sample is still in rock form. Should 
you need additional rock samples, please let us know. 

Please send rsults of your work to us and also to Mr. Lloyd James of 
our Salt Lake City office. Your invoice for this work ghould be sent 
to Mr. James. 

WLK: Iad ~ . • 

Very truly you~.~- 

W. L. Kurtz 
Manager of Exploration 

cc: LDJames 
ASARCO 
3422 S. 700 West 
Salt Lake City, Utah 84119 



F R O M  TO :~, 
W, L, Kurtz J. R. King 

DATE 3 7 72 ~ ~ SUBJECT Ruby Star Samples i 

~ M E S l A G E  Three samples, Nos, 18, 19 and 20, have been run once for  .~: 

~ b i o t i t e  separa t ion .  The four th  sample is from Arnet t  Creek near Superior  ~ 

and it is still in rock chip form. 

I hope these will do for your purposes. ~ 

~. S I G N E D  
• ~ - ~ , ~  ',~! : ~  ~ " ~ c : : , ~ ~ ' ~  ~- ~ ~ : ~  , i  ~ '~??~y~ ~ ~ ~'~°C:"' ~ ~ ~ , ~  " ~  ~ "~  ~ ' ~ : ,  : "  ~ * ~ ' " ~  . . . . . . . . . .  ~ . . . . .  ~~ .. . . . . . . . .  .......... ' ~ " ~  ~' i -  ......... ~ ' ~  

~# R E P L Y  ~ 

R e d i f / o r m ®  4 S  4 7 2  
SEND PARTS 1 AND 3 WITH CARBON INTACT - .PART 3 WILL BE RETURNED WITH REPLY 



~Z 

AMERICAN SMELTING AND REFINING COMPANY 
Tucson Arizona 

February 29, 1972 

Mr. L. D. James 
Salt Lake City Office 

Dear Lloyd= 

Biotite Separation 

Mr, Bill Ried, of the Colorado School of Mines Research Institute, has 
informed us that he believes an easier, quicker, and therefore cheaper 
method of separating biotite from rock is possible. He has requested 
that Asarco support his work to prove or disprove the method in the 
amount of $300.00. I would recommend that Asarco spend this money, if 
you believe Ried has a usable method. 

I suggest you call Ried and talk with him about his proposed method 
and make a decision whether Asarco should support Reid's work. This 
should be done immediately, since we are currently beginning a biotite 
sampling program. 

Very t ru ly  yours, 

WLK:lad 

C 



AMERICAN SMELTING AND REFINING COMPANY 
Tucson Arizona 

February 22, 1972 

CONFIDENTIAL 

Hr. S. A. Anzalone 
Vancouver Of f ice 

Dear $al :  

The enclosed report  ~'Copper in b i o t i t e  as a Guide to Porphyry Copper 
Deposits" is being sent to you at the request of Mr. Co l l i ns ,  The data 
contained in th is  report  ls con f iden t ia l  and should not be Xeroxed. Also, 
I request that  none of your s t a f f  discuss the fac t  that  Asarco is using 
b i o t i t e  as a guide to ore. 

Our sampling procedure and ana l y t i ca l  procedure w111 be sent to you i f  
you s ta r t  a ¢oppe r - i n -b lo t l t e  program. 

Very t r u l y  yours, 

~LK:lad 
Enc. 

W. L. Kurtz 



ANERtCAN SMELTING AND REFINING COHPANY 
Tucson Ar izona 

February 22, 1972 

CONFIDENTIAL 

Mr. Kel th Whit ing 
Spokane O f f i ce  

Dear Ke i th :  

The enclosed repor t  "Copper in B i o t i t e  as a Guide to Porphyry Copper 
Deposits =' is  being sent to  you at  the request of  I t r .  C o ! l l n s .  The data 
contained In t h i s  repor t  is c o n f i d e n t i a l  and should not be Xeroxed. A lso,  
I request tha t  none of  your s t a f f  d iscuss the f a c t  tha t  Asarco Is using 
b i o t i t e  as a guide to ore.  

Our sampling procedure and a n a l y t i c a l  procedure w i l l  be sent to  you i f  
you s t a r t  a c o p p e r - i n - b i o t i t e  program. 

Very t r u l y  yours ,  

WLKtlad 
Enc. 

W. L. Kurtz 

i /  

15: ' 
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AMERICAN SMELTING AND REFINING COMPANY 
Tucson Arizona 

February 22, 1972 

CONFIDENTIAL 

Mr, R, K. K i rkpa t r l ck  
Denver Of f ice 

Dear Roger: 

The enclosed report  "Copper in B i o t i t e  as a Guide to Porphyry Copper 
Deposits" is being sent to you at the request of Mr. Co l l i ns ,  The data 
contained in th is  report  ls con f iden t ia l  and should not be Xeroxed. Also, 
i request that  none of your s t a f f  discuss the fact  that  Asarco is using 
b i o t i t e  as a guide to ore. 

Our sampling procedure and ana ly t i ca l  procedure w i l l  be seat to you i f  
you s ta r t  a coppe r - i n -b io t i t e  program. 

Very t r u l y  yours, 

WLK: lad 
Enc. 

~4. L, Kurtz 



.i~ '~ .COPPE,.R IN BIOTITE AS A GUIDE TO PORPHY.RY COPPER DEPOSITS 

F. T. Graybeal 

INTRODUCTION 

Numerous papers have appeared in the last decade concerning the 
application of trace element analyses of biotite during base metal explor- 
ation. The emphasis of this work was on copper because it tends to vary 
over a much greater range of concentration than other trace elements. Al- 
though statistical correlations with productive and barren intrusions were 
often demonstrated, the causes of the significant variations found were 
largely unexplained. 

The present paper, as indicated by the change in title, is an 
abridged version of the talk given at the annual exploration meeting in 
November 1971. The purpose is to summarize briefly the behavioral char- 
acteristics of the distribution of copper in biotite and to evaluate some 
of the possible applications to exploration for porphyry copper deposits 
in light of available sample results. The details of the behavior of 
copper in biotite, as given at the exploration meeting, are briefly sum- 
marized below. These details are discussed in depth in my dissertation 
to which the reader is referred for greater understanding (Graybeal, 1971). 

BEHAVIOR OF COPPER IN BIOTITE 

The copper content of biotite is controlled only by magmatic 
processes operating in the Laramide plutons investigated, and is uneffected 
by adjacent hydrothermal alteration. It is probable that this conclusion 
may be applied to all Laramide plutons, and perhaps to all plutons geneti- 
cally related to porphyry copper deposits. The copper content of biotite 
does not appear to be effected by surface weathering until the biotite 
itself is destroyed. 

The magmatic processes which cause the greatest change in the 
copper content of biotite can be correlated with variations in rock types 
and with textural variations in a single rock type. Knowledge of these 
variations, gained through reconnaissance mapping and petrographic work, 
is necessary to interpret correctly the analytical data and can usually 
be obtained by an experienced geologist in a minimum amount of time. 

It was also established from an evaluation of chlorite-biotite 
equilibria that the copper content of biotite is equivalent to the min- 
imum concentration of Copper in the coexisting trapped hydrothermal sol- 
ution. The copper content of biotite thus provides a direct semi-quant- 
itative estimate of the amount of copper in the hydrothermal solution, 
which is the amount available to form a mineral deposit. 
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It is emphasized that all biotites studied in this investigation 
were of unquestioned magmatic origin, and that the above conclusions only 
apply to biotites similarly formed. Judging from the known intimate as- 
sociation of hydrothermal biotite with primary copper mineralization, if 
a sample contained a significant amount of hydrothermal biotite the ques- 
tion of its origin and the use of the biotite sampling technique would be 
rendered moot by the presence of accompanying sulfides. 

APPLICATIONS 

Parry and Nackowski (1961) were the first to show that the copper 
content of biotite was increased in quartz monzonite stocks related to 
porphyry copper deposits in Utah and Nevada. A recent paper by Lovering, 
Cooper, Drewes, and Cone (1969) demonstrated that the copper content of 
biotite in the Ruby Star Granodiorite increased from a background of 15 
ppm copper to lO,O00 ppm copper adjacent to the Sierrita Mine. These 
large variations in concentrations and correlations with productive in- 
trusions have generated considerable previous interest in the analysis 
of copper in biotite as an exploration tool. 

The basis for analyzing biotite rather than the whole rock 
sample from which the biotite was separated is due to a greater contrast 
between background and anomaly for biotite. In addition, the size of the 
anomaly formed by copper in biotite is greater than the anoma]y formed 
by the whole rock sample. Regardless of the absolute values, if the 
contrasts were the same for biotite and whole rock then the rock would be 
the preferred sample due to a greater ease of preparation. 

The theory behind the use of biotite analyses is graphically 
illustrated in Figure I. This shows that the copper content of biotite 
rises faster and at a greater distance from the altered zone than does 
the copper content of the whole rock. The lower portion of this same 
figure also illustrates that the ratio of copper distributed between bio- 
tite and whole rock samples also rises very rapidly. As will be seen 
below, the idealized behavior shown on Figure I has been verified by field 
work from several different intrusions associated with porphyry copper 
deposits. 

The locations of the plutons studied in this investigation are 
shown on Figure 2. This is a combination of plutons studied by myself and 
by John King. The results of all copper analyses completed to date are 
plotted in ppm on the accompanying figures. 

Tyrone Quartz Monzonite 

The Tyron~ quartz monzonite pluton is medium to coarse grained 
with a possibly porphyritic core which parallels the long axis of the 
intrusion. The Tyrone ore body is a chalcocite blanket which has formed 
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in the quartz monzonite and in the Precambrian granite wall rock within 
a zone of strong shearing. 

The copper contents of biotite in the Tyrone quartz monzonite 
are given on Figure 3 (sampling by John King and Barry French). An ir- 
regular but strong copper in biotite anomaly is present which extends 
roughly 3 miles southwest of the ore zone. This anomaly appears to fol- 
low the porphyritic zone in the central portion of the quartz monzonite. 
Several high values are also found along the southeast side of the pluton. 

The whole rock copper values for the same samples are given on 
Figure 4. These values indicate a strong anomaly along the southeast 
side of the quartz monzonite pluton in an area of low-grade copper oxide 
mineralization. Thus, the whole rock analyses do not provide a good guide 
to the zone of ore grade copper sulfide mineralization. 

The ratios of copper in biotite/whole rock are given on Figure 5. 
These ratios show a strong and regular increase toward the ore zone which 
corresponds closely with the porphyritic core. It is particularly im- 
portant to note that anomalously high values for the ratio of copper in 
biotite/whole rock and in biotite alone extend for 1.5-2 miles beyond any 
visible hydrothermal alteration associated with the Tyron ore body, and 
thus provide a much more extensive and accurate guide to the ore than the 
copper content of the whole rock samples. 

Schultze Granite 

The Schultze granite is a medium to coarse grained quartz mon- 
zonite (mineralogically and chemically) with orthoclase grains occasionally 
reaching phenocryst size. This intrusion is extremely homogenous with the 
exception of small zones of granite porphyry along the north side. The 
Schultze and genetically related intrusions are the hosts for three major 
porphyry copper ore bodies. 

The Schultze granite was sampled both by myself and by John King. 
The results of my work are given on Figure 6. This illustrates that the 
copper content of biotite rises from a background of roughly lO ppm to 360 
ppm along the north contact. All known porphyry copper ore bodies in the 
district are located along this contact indicating that the variations of 
copper in biotite are quite compatible with the known geology. 

The results of Mr. King's more detailed sampling are shown on Fig- 
ure 7 and are not easily comparable with Figure 6. The significance of 
the several high values detected along the west end of the Schultze granite 
is not yet known. The copper contents of whole rock samples are given on 
Figure 8 which also shows several high values in the western portion of the 
Schultze granite. The ratios of copper in biotite/who1~ rock are shown on 
Figure 9. These ratios are erratic and do not show any wide or systematic 
variations. 

The data from the Schultze granite suggest that detailed sampling 
may be unnecessary. The lack of systematic variations noted in the de- 
tailed work may be due to the current level of exposure being deep within 
the intrusion, although this assumption lacks proof. 
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Ruby Star Granodiorite 

The Ruby Star granodTorlte is medium grained wTth a more por- 
phyritic core which parallels the long axis of the intrusion. Quartz 
monzonite porphyry phases of this pluton have been mapped in the Sierrita 
pit. This intrusion and genetically related offshoots were the sources 
of three major porphyry copper ore bodies. 

The copper content of biotite in the Ruby Star granodiorite is 
given on Figure IO (sampling by John King). This shows a copper in biotite 
anomaly which extends 3 miles north of the Sierrita-Esperanza ore zone. 
The anomaly is well defined and appears to follow a porphyritic core with- 
in the pluton. The highest value found in this work is 1530 ppm Cu, as 
compared to lO000 ppm Cu reported by Lovering et al (1969). However, the 
Lovering samples were impure and I regard Mr. King's results as more 
a c c u r a t e .  

A well-defined copper in whole rock anomaly is shown on Figure 
II. The 500 ppm contour extends outward I-2 miles from the Sierrita - 
Esperanza ore zone and coincides roughly with the limit of visible hydro- 
thermal alteration in the granodiorite. In this pluton variations in the 
copper content of biotite give the geologist an additional I-2 miles of 
anomalous halo and provide exploration guidance which would not otherwise 
be available from geologic mapping or whole rock analyses. 

The ratios of copper in biotite/whole rock are shown in Figure 
12. The values appear to rise abruptly to lO approaching the ore zone 
and then fall quite rapidly at a point about 2 miles north of the ore body. 
The ratios also rise to the north where the pluton disappears under the 
gravel cover on the San Xavier Indian Reservation. 

Three Peaks Pluton 

This pluton is compositionally zoned~iththe three phases elon~ 
gate parallel to the long axis of the pluton. The rocks are all medium 
grained, equigranular, and everywhere fresh where exposed. The projection 
of this pluton extends through the Santa Cruz deposit which lies about 5 
miles to the southwest. 

The copper content of biotite in the Three Peaks pluton is shown 
on Figure 13. (Sampling by John King and John Balla.) This illustrates 
that the copper content of biotite is highest in the border diorite phase, 
although not anomalously higher than the central quartz monzonite phase. 
Figure 14 gives the copper-content of the whole rock which is also highest 
in the border diorite phase. The whole rock variation can be related to 
the much higher biotite content of the border diorite as compared to the 
central quartz monzonite phase. 

The ratio of copper in biotite/whole rock is shown on Figure 
15. The ratios are highest in the quartz monzonite core where they average 
6 and lowest in the border diorite where they average 1.5. The inter- 
pretation of this variation is uncertain at the present time; however, the 
high ratio in the core may be considered favorable in the absence of any 
other positive data. 
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Cornelia Pluton 

The Cornelia pluton contains concentrically distributed separate 
intrusive phases which become younger and progressively more felsic toward 
the core. The New Cornelia mine, which lies about l mile east, is inter- 
preted to be the down-faulted hood portion of the area shown in Figure 16. 
The transitional and core phases, although larger, have a shape similar 
to the ore zone in the pit suggesting that the level of the pluton now 
exposed is the root zone of a porphyry copper deposit 

The copper content of biotite in the Cornelia piuton is shown 
on Figure' 16 (sampling by F. T. Graybeal). This shows that the copper 
content of biotite rises as the rock becomes more felsic but falls rapidly 
in the rock most closely associated with the ore - the porphyritic micro- 
quartz monzonite. Average values of copper in biotite for each rock type 
are given in Table I. This variation suggests that copper was removed 

from the innermost portions of the pluton by hydrothermal solutions which 
ultimately formed the then overlying New Cornelia ore body. Subsequent 
crystallization of a copper-impoverished prophyri~ic micro-quartz monzon- 
ite melt resulted in the formation of biotite which contained only small 
amounts of copper. Thus copper is lowest in biotites which occur in rocks 
most closely associated with ore deposition• 

TABLE l 

Variation of copper in biotite with rock type in the Cornelia pluton 

Ro.ck type 

granodiorite 66 

equigranular quartz monzonite 70 

t ransi t ional  porphyr i t ic  micro- 
quartz monzonite 170 

porphyritic micro-quartz monzonite 7 

.Pa.ta~onia granodiorite 

The central portion of this pluton is an equfgranular granodiorite 
which changes gradually to a porphyritic granodiorite along the eastern 
contact. Numerous mineralized structures occur in the outer portions of 
the porphyry and this area has been drilled several times as a copper 
prospect. The porphyry is clearly a rock in which ~olatiles were concen- 
trated during crystallization of the pluton.~ Gradual degassing of the : 
magma in this area caused the central portions to quench progressively more 
rapidly developing the porphyritic texture. " ...... ;.- 
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The copper content of biotite in the Patagonia granodiorite is 
shown on Figure 17 (sampling by F. T. Graybeal). Although quite variable, 
the copper content of biotite is generally high throughout the equigran- 
ular granodiorite and then falls to very low levels in the porphyritic 
granodiorite. This variation of copper in biotite with texture is shown 
on Table 2. The depletion of copper in biotite from the porphyritic 
granodiorite was clearly caused by a removal of copper from the magma 
during a progressive degassing of the remaining magma. Thus, the biotite 
from the inner still-molten portions of the pluton crystallized in a melt 
relatively impoverished in copper. The important point to note here is 
that the productive portion of this intrusion actually carries biotites 
with very low copper content. 

TABLE 2 

Variation of copper in biotite with texture in the Patagonia granodiorite 

Text u re 

equ ig ranu la r  

weakly porphyritic 

moderately porphyritic 

ppm Cu 

I029 

338 

46 

CONCLUSION 

Data from the Cornelia and Patagonia intrusions clearly demon- 
strate that the rocks most closely related to ore deposition contain bio- 
rites with abnormally low copper contents. The interpretation given for 
this behavior, that these biotites grew in a melt which was previously 
stripped of its copper, is entirely consistent with the magmatic history 
of these intrusions. Similar behavior may also be indicated for the Three 
Peaks and Ruby Star plutons. It is concluded that high or low copper 
concentrations in biotite can have favorable exploration implications, 
and that the proper interpretation of the analytical results depends on 
a clear understanding of the coQ]ing history of the intrusion. However, 
as the ore-forming portions of an intrusion are often destroyed during 
alteration so also are the contained copper-impoverished biotites. Thus, 
high concentrations'ofcopper in biotite would probably be the more common 
occurrence. 

. 

It has also been demonstrated that the copper content of biotite 
is a better exploration guide to porphyry copper deposits than the copper 
content of whole rock samples. Analyses of copper in biotite provide: 
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l.) Greater contrast between background and anomaly 

2.) A wider anomalous halo than could be detected by whole rock 
analyses or geologic' mapping 

3.) Better correlation with the ore-bearing areas and with 
textural variations in the igneous rock. 

The ratios of copper for biotite/whole rock can also be useful, and em- 
phasize the need for whole rock analyses. 

IMPLEMENTATION OF A PROGRAM 

An exploration program for porphyry copper deposits using 
variations in the copper content of biotite could be applied to several 
different situations. These would include intrusions which extend under 
post-mineral cover, intrusions'intersected by deep drill holes but which 
are otherwise unexposed, and intrusions in remote areas. 

The sampling done during the work by myself and John King was 
performed on a character basis (sample locations were adjusted to rock 
type, not to a grid), and was done after the geology had been mapped. 
The average number of samples taken was less than l per square mile. 
A similar procedure would be recommended for any new work, but should be 
modified as follows: 

l) At least 2 samples should be taken from each phase adjacent 
to cover. 

2) A closer spacing is necessary near cover, as compared to 
a wider spacing in well-exposed areas. 

The samples should be taken from a single outcrop and should weight 10- 
15 pounds. In addition a small hand specimen should also be collected 
from the same site. 

The importance of supporting geologic mapping and petrographic 
work cannot be overemphasized. The mapping and petrography provide the 
geologic framework in which the analytical results can be interpreted. 
Mapping also reduces the number of samples needed by eliminating excessive 
sampling of any one phase, and may result in a considerable saving of 
money and time. A large number of samples is unnecessary as this is not 
a statistical method; rather, each sample provides solid quantitative 
data interpretable as such. It should also be noted that the type of 
mapping necessary can be done rapidly and again the cost is not excessive. 

The time interval between mailing of the sample and receipt of 
analytical results varies from about 3 to 4 weeks. The mineral separation 
costs at the Colorado School of Mines Research Institute average about 
$21 per sample. To date they have done excellent work and since sample 
purity is one of the most important aspects to be considered in the en- 
tire program, this cost;is not considered excessive. 
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The biotite sampling technique could best. be used where detailed 
work is already progressing and further exploration guidance is needed. 
It could also be used on selected other intrusions depending on their age, 
their occurrence along productive lineaments, and other favorable geolog- 
ical characteristics. I estimate that one pluton could be mapped and 
sampled Tn approximately 2-3 weeks in Arizona. The total cost per pluton 
is estimated to be $I000-$1200~ assuming an average of 20 samples is 
collected. 

An attempt should be made by the group doing the mineral separ- 
ations to recover as much biotite as possible. Although the present work, 
and subsequent data to be summarized by Mr. King, has been restricted to 
analyses of trace amounts of base metals in biotites, much further in- 
formation is available. In a recent paper Stol]ery et al (1971) have 
noted the potential use of chlorine analyses of biotite, and fluorine 
might also be sought. In addition, data from my dissertation indicate that 
variations in the iron-magnesium ratio of biotite is directly related 
to the presence or absence of a hydrothermal phase. Further research 
concerning the application of these or other ideas to porphyry copper 
exploration will await time and need; however, access to clean biotite 
samples would greatly reduce the cost and increase the speed of such work. 

Sufficient research of the technique has been completed to 
establish its value, and a recommendation is hereby made for the initia- 
tion of a carefully controlled biotite sampling program. At this part- 
icular time, I believe that ASARCO has significant lead in the under- 
standing of the complexities invo|ved. However, S. A. Anzalone informed 
me that Noranda considered work of this type adjacent to their Brenda 
deposit, and I have learned from Continental Oil that they are invest- 
igating the method for possible use in Arizona. 
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AMERICAN SMELTING AND REFINING COMPANY 
Tucson Arizona 

July II, 1972 

Memorandum to: W. L. Kurtz 

From: F. T. Graybeal 

Continuation of the Biotite 
Sam~lin~ Program _ _  

SUMMARY AND RECOMMENDATIONS 

Continuation of the biotite sampling program is recommended. Sampling 
should be concentrated along the edge of post-mineral cover with as few 
samples as possible being collected in the interior of the plutons. The 
10 areas suggested for exploration usTng this method are listed in Table I. 
Roughly 147 samples should be collected using a 3/4 mile spacing. Sample 
preparation charges will be roughly $2,550 not including field work and 
analyses. Approximately 3 months will be required to complete this program. 

DISCUSSION 

The results of the first phase of the biotite sampling program, as 
summarized by G. Stathis, were generally unfavorable. It is my feeling that 
these results were due to a lack of genetically related mineralization in 
the intrusions sampled rather than any conceptual problems inherent in the 
method. The absence of any anomalous zones in the Texas Canyon pluton was 
surprising; however, there appears to be reasonable doubt at the present time 
that the rock sampled is genetically related to the adjacent mineralization. 

I therefore recommend that the biotite program be continued. Procedures 
to be used in the future shouldbe similar to those followed in the past. 
Particular attention Should be directed toward the recognition of cooling 
or separate intrusive phases during sampling. Plutons with abundant hydrous 
minerals such as biotite should be carefully examined as these minerals may 
indicate the former presencGof high water concentrations and, thus, a phase 
in which base metals might be collected and transported. 

I t  does not appear necessary tosample the en t i re  p luton.  Rather, 
samples should be col lected along the edge of post-mineral cover. I t  is 
probable that  enough of these samples w i l l  be s u f f i c i e n t l y  low to define a 
background value without excessive work being done in the barren central  
port ion of the pluton, i f  a l l  samples along the post-mineral contact are 
high, then fu r ther  sampling away from th is  area may be necessary. The 
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density of samples necessary is hard to estimate, although I would guess 
that spacing should not exceed 3/4 mile. 

Table I l ists the plutons recommended for sampllng during the second 
phase of the biotite program and their locations are shown on Figure I .  They 
were selected either because of their association with significant amounts 
of known mineralization or their occurrence along strong lineaments. In 
addition to these plutons, additiona] work was suggested at the south end of 
the Ruby Star to clar i fy  the anomaly before any more samples were collected 
from under gravel cover at the north end. A brief investigation should 
also be made of the isolatedhighs in the Stronghold granite. 

The ten areas listed in Table I involve 98 miles of contact with post- 
mineral cover as estimated from an examlnation of the Geologic Hap of Arizona. 
This results in a total of 147 samples assuming a 3/4 mile spacing. The cost 
of biotite separation during the f i rs t  phase of the program, including mailing, 
was $17.33/sample. Using this figure, the cost of sample preparation during 
the second phase of the biotite program would be $2,547.51 rounded to $2,550. 
This is in addition to the geologist's time in the f ield and analytical 
charges. A very rough estimate indicates that about 3 months would be needed 
for one geologist to complete this program, including office work. 

~: F . T .  Graybea 

FTG" lad 
Attachs. 

L . 

~ :~L'L - /~  • • • 

. r 

~i~ r 



Table 1: INTRUSIONS PROPOSED FOR BIOTITE SAMPLING 

Area 

l) Tombstone 

2) Gleeson 

3) Silver Bell 

4) Comobabi Mtns. 

5) grownell Mtns. 

6) Santa Rosa Mtns. 

7) Cimarron Mtns. 

8) Santa Teresa 

9) T o r t i l l a  Mtns. 

I0) Granite Wash Mtns. 

Miles of Contact With 
PoSt-Mineral COver 

20 

8 

5 

15 

3 

7 

6 

20 

Remarks 

All  o u t l i e r s  in the Char leston-  
Fairbanks area should be-examined. 

Jurassic-Triassic age. 

Both the granodiorite west of 
Ragged Top and the granite porphyry 
in the West Silver Bell Mtns. 

North and south portions. 

Two separate plutons. 

12 miles at north end are on the 
San Carlos Reservation. 

West side of Grayback granodiorite, 
exact length of post-mineral contact 
unknown. 

- . .: ' 

A " J " 

: ' • .• , %  

., ) 
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AMERICAN SMELTING AND REFINING COMPANY 
Tucson Ar izona 

May 24, 1971 

.le44  

TO: W.E. Saegart 

FROM: d. R. King 

Re: BIOTITE PROJECT 

In referrence to L. D. James i memorandum of 19 May 1971, I wish 
to point out that I believe the new data on the Rudy Star in- 
trusive not only confirms the picture obtained from the orinlnaI 
U.S.G.S. and ASARCO data, but delineates e working model to be 
applied to expioratlon. As now can be seen, a 500 ppm Cu anomaly 
surrounds the Sierr i ta Esperanza mines for a distance of one to 
three miles. 

I have reviewed most o f  the l i t e r a t u r e  on Cu content  in f e r r o -  
magueslum minera ls  over  the  past several  months and I now be- 
l i e v e  the f o l l o w l n g  statements are v a l i d  conc lus ions  r e s u l t i n g  
from t h l s  i n v e s t i g a t i o n .  

I t  is s ta t i s t i ca l l y  probable that Cu wi l l  be anomalously concen- 
trated in blot i tes wlth proximity to hydrothermal copper mineral- 
ization. The more signif icant the mineralization is, the g rea te r  
is the probabil i ty that a geochemically observable "Cu in b io t i te "  
halo wi l l  exist several miles away from the mineralization. 

J.  R. King 
JRK:sh 

:+ 

/-/. A<l'  t- of  4-° 

f x J F _ g  
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AMERICAN SMELTING AND REFINING COMPANY 
Tucson Arizona 

January 15, 1973 
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TO: W.L. Kurtz 

FROM: J. R. King 

Texas Canyon Stock 
Biotite Program 
(persona] evaluation) 

The accompanying map shows the Texas Canyon stock and the preliminary 
results of the b iot i te sampling program conducted by Steve Davis. The 
contouring is my interpretation of the data. I know l i t t l e  about the 
geology of this area and am relying s t r i c t l y  on Steve Davis' mapping 
for interpretation of the sample results. 

Brief ly, I believe this data shows exactly what we hoped to see by using the 
b iot i te  program: 

1. a weak but definite, contourable anomaly at the edge of a porphyritic 
Laramide intrusive which disappears under post-mineral cover; 

. 

3. 

a general trend of contours pointing in the direction of most 
favorab]e exp!oration potentia]; and 

(as an added bonus) a d i sce rn ib l e  increase in a l t e r a t i o n  along wi th  
the copper in b iot i te  anomaly at the edge of cover. 

This data, when interpreted in l ight of ASARCO's research, is delineating a 
permissible target area of high pr ior i ty .  I f  the data is real, then the 
acquisition of availab]e State land sections lying to the SW and the 
compilation of a land status map for this area (for eventual dr i l ] ing by the 
geologlc d r i l l )  is advisable. 

Above all else, I feel that this data shows that the b iot i te  program is 
extremely useful in basic porphyry copper exploration and should be actively 
used while we s t i l l  have the jump on the competition. 

JRK:Ib 
Attach. 



- - N O l l ~ N ~ q d X 3  - -  

0 "¢ 
~3 

/ \ 
,/ \ 

\ . / '  

r 

/P/j 

L., 

" I 

6o 

\ '\ 

\, \ 

• \ ~o" 
-\ 

y 

km 

b 

$I • 

8~e 

• ~la~ ~ 

(.; 

ct~.~ "~ ~ 

i tuo 

/, 
1 
\ 

\ 
oh 

\ 

\ 



i 

s~ 

j 



AMERICAN SMELTING AND REFINING COMPANY 
Tucson Arizona 

W .  L .  

L .... 2 ig73 

January 22, 1973 

TO: W, L. Kurtz 

FROM: F. T. Graybeal 

Commentary on the results of 
biotite sampling in the 
Texas Canyon stock, 
Cochise County, Arizona 

A recent evaluation of biotite sampling by S. R. Davis of the Texas 
Canyon stock was made by J. R. King (Jan. 15, 1973). I wish to correct 
several errors in Mr. King's memo and to suggest a more specific criteria 
for the recognition of anomalous values. 

Mr. King incorrectly states (para. 2, #1) that a weak contourable anomaly 
exists along the southwest contact of the intrusion. Using his map, the 
average background of Cu in biotite in this area appears to be 27-30 ppm. The 
so-called anomalous values vary from 50-70 ppm averaging perhaps 65 ppm. This 
is a contrast of roughly 2. Reference to previous reports by myself and Mr. 
King clearly demonstrates that much higher thresholds are associated with 
porphyry copper mineralization. 

~ Mr. King concludes, also incorrectly (para. 3), that the data demonstrate 
~ S  .... "a permissible target area of high priority". Actually a brief inspection 

of the data shows that "anomalous" amounts of Cu in biotite also occur in the 
central portion of the intrusion, a well-exposed area containing no signifi- 
cant mineralization. I am forced to conclude that the gradual, but systematic, 
variations of Cu in biotite result from the normal course of differentiation 
and crystallization of the intrusion. I also conclude that, even if a deposit 
is present near the southwest end of the intrusion, no indication of its 
presence can be inferred from the biotite data and, thus, that this particular 
set of data does not demonstrate the usefulness of the biotite program. 

Previous reports by both myself and Mr. King do not contain any explicit 
statements concerning anomaly threshold values. Threshold values were 
generally assumed to occur where a sharp rise from the background values 
of Cu in biotite was encountered. To hopefully facilitate the interpretation 
of further data, I present a list of approximate background and threshold 
values obtained from an inspection of maps of previous sampling results: 



~ , . .  , .  

W, L. Kurtz - 2 - January 22, 1973 

Cu content of biotite in ppm 
background threshold 

threshold 
background contrast 

Tyrone 7 100 ' 14 
Schul tze (FTG) lO 200 20 
Schultze (JRK) 20(?) I00-200(?) I:O~-~4~ .~'o~ 
Ruby Star 35 200 6 
Patagon i a 200 (?) 1000-3000 (?) 5- l 5 

This tabulation suggests that a reasonable anomaly threshold for a Cu-in- 
biotite anomaly is 10 times the average background, although it could perhaps 
be lowered to 5-7 times if other favorable criteria were present. 

Mr. King and I are both strongly of the opinion that the biotite program 
can be a valuable tool for the evaluation of potentially productive intrusions. 
Care should be taken not to draw conclusions based on too little data or 
incorrect interpretations because work to date indicates that if an anomaly 
is present it will be easy to recognize. Failure to locate an anomalous area 
indicates either that l) the intrusion is not genetically associated with 
mineralization, or 2) the samples were taken too far from existing mineralized 
zones, but does not cast doubt u~on the validity of the method. It has been 

/casually suggested that the absence of an anomalous set of values in the recent 
first pass at biotite sampling indicates the method doesn't work. It would 
be equally accurate to assume that the absence of an anomalous set of values 
in a grou~ of rock chip samples indicates that rock chip sampling doesn't 
wo,  

F. T. Graybeal 

FTG : I b 

: @c.m 

4-J 7 O.,,~,,L P-~ 

Fc,  7 



AMERICAN SMELTING AND REFINING COMPANY 
Tucson Ar i zona 

February 5, 1973 

,i ~ ~ . 

TO: W.L. Kurtz 

FROM" J. R. King 

Texas Canyon Stock 
Biotite Program 
Re-evaluation 

In reference to F. T. Graybeal's commentary on my evaluation of the Texas 
Canyon ~tock, I wish to state that after talking to Fred I still am 
encouraged by the biotite data from the Texas Canyon. 

I stand by my previous statements with the exception of the usage of 
"high" priority. Fred and I disagree on the definition of anomaly and 
on the relative potential of a hidden porphyry copper zone lying to the 
soethwest as indicated (or not) by the biotite data. 

If a geologic drill becomes available, then I feel that this area should 
be considered for drilling, barring more favorable results from other 
s 

John R. King 

JRK:Ib 
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J. H. COURTR|GHT 
C H I E F  GEOLOGIST 

AMERICAN SMELTING AND R E F I N I N G  COMPANY 

EXPLORATION DEPARTMENT 

P . O .  B O X  5 7 4 7 ,  T U C S O N ,  A R I Z O N A  8 5 7 0 3  

June 8, 1972 1150 NORTH 7TH AVENUE 

TELEPHONE ~'02-792-3010 

Mr. Eric Swanson 
Asarco 
Canada - Buchans Unit 
Buchans, Newfoundland 

14/. L. .&.  

"/#N z,2. 1922 - 

CHLORITE 

Dear Mr. Swanson: 

Enclosed is a memo by Mr. Graybeal on the possible application of 
variations in the Fe/Mg ratio of chlorite to exploration at Buchans. 

Ratio variations may be detected with standard petrographic equipment 
by making quantitative estimates of birefringence either in oil emer- 
sions or thin section. 

In view of the high density of diamond drill holes in and around Buchans 
ore bodies, there should be ample opportunity to determine ratios 
existing at various distances from one or more of the deposits. If these 
results proved favorable, the investigation could then be extended to 
outlying, wider spaced holes. 

Very truly yours, 

J.H. Cour t r igh t  

JHC:kre 
Encl: as noted 
cc: J.J. Collins w/encl. 

F.T. Graybeal w/o encl. 



AMERICAN SHELTING AND REFINING CONPANY 
Tucson Arizona 

June 7, 1972 

FI LE MEI4ORANDUM 

Variation of the Fe/Mg Ratio 
In Chlorite as an Ore Guide 

The association of chlorite with sulfide mineralization, particularly 
in the stratiform massive sulfide deposits in volcanic rocks, has been 
known for many years. However, the occurrence of chlorite in many different 
rocks, in many different chemical and structural forms, and as an 
ubiquituous constituent of greenstone, has apparently restricted use of 
this association as an ore guide. 

The first attempt to understand the spatial distribution end chemistry 
of chlorite associated with sulfide ores and to apply this knowledge to 
ore finding was made by Price (1934). He noted that the Fe/Mg ratio changed 
in a regular way with distance from ore and was able to recognize these 
differences petrographically, thus determining both association with and 
directien toward ore. Recent work of a very similar nature has been 
reported by Miller (I~61), Eckstrand (1963), and in a more general way in 
the book edited by Tatsumi (1970). Eckstrand's work indicated that ore- 
associated changes in the Fe/Mg ratio of chlorite in the Chibougamau 
district could be detected over 400 feet from the veins. 

Differences in the Fe/Mg ratio of the chlorites exert a strong control 
on the birefr~ngence, or difference between the high and low indices of 
refraction (n). Quantitative estimates of the birefringence can be made 
from immersion mounts of grains in oils of different n (Eckstrand, 1963) 
and from thin sections by using a Berek compensator. In addition, quali- 
tative estimates of the Fe/Mg ratio can be made by measurement of the sign 
of elongation (Albee, 1962). These techniques can all be utilized with 
standard petrographic equipment. Other observations, including degree of 
crystallinity, grain size, and mixing of compositiona1|y different types 
of chlorite, can also be shown to be related to distribution of ore. 

My own experience with this technique is limited to examination of a 
few samples from the Bathurst-Newcastle district in New Brunswick, the 
Boliden district in Sweden, and the United Verde and several porphyry copper 
mines in Arizona. This work indicates that a reasonable finessecan be 
acquired in a short time. The relative simplicity and low cost of this 
technique suggest possible applications to the search for a~ditions to the 
rapidly diminishing ore reserves at the Buchans Unit. 

FTG:lad 

- cc: JHCourtright 
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AMERICAN SMELTING AND REFINING COMPANY 
Tucson Arizona 

February 22, 1972 

MEMO FOR: G. J. Stathis 
S. R. Davis 
N. P. Whaley 

FROM: W. L. Kurtz 

BIOTITE SAMPLING OF INTRUSIVES 

This will confirm our meeting of February 18, 1972. The each of 
you will map and sample (for copper-in-biotite program), in the 
manner we discussed, the following intrus~ves: 

Stathis - Juniper Flat (Bisbee) 
North end Sierrita Granite 

Davis - Texas Canyon Stock 
Stronghold Granite 

WLK:sg 

Whaley - Gunsight Hills Granite 
Quijotoa Granite 
Tucson Mtn. Granite 

W.L. u tz ~ 

cc: FTGraybeal 
JCBal la 



Jour. Research U.S. Geol. survey 
VoL 2, No. 2, Mar.-Apr, 1974, p, 195--211 

DISTRIBUTION OF COPPER IN BIOTITE AND BIOTITE 
ALTERATION PRODUCTS IN INTRUSIVE ROCKS NEAR 

TWO ARIZONA PORPHYRY COPPER DEPOSITS 

By NORMAN G. BANKS, Menlo Park, Calif. 

Abstract.-Biotite and its alteration products (primarily chlorite) 
from igneous rocks around the Ray and Esperanza (Esperanza-Sierrita) 
porphyry copper deposits, Arizona, were analyzed for copper by 
electron microprobe. The copper occurs in amounts >90 p/m (limit of 
detection) in most of tile chlorites analyzed, is concentrated at the 

:optical and chemical boundary of chlorite and biotite, and is not 
associated with sulfur. Most unaltered igneous and hydrothermal 
biotites analyzed contain <90 p/m Cu, and except for one sample, all 
copper that was detected can be'explained as contamination by copper 
from chlorite grains. The paucity of detectable copper in igneous and 
hydrothermal biotite and its presence in daughter chlorite suggest that 
the positive association noted by some workers between the proximity 
of an ore deposit and the copper content of biotite might be partly the 
result of increased amounts of cidoritization of biotite near a deposit 
coupled with difficulty in physically cleaning the biotite separates. 
Additionally, previous speculations that (1) part of the copper in a 
deposit may come from altered biotite, and (2) copper in biotite 
indicates how copper behaves in a differentiating magma, are of 
doubtful value if based on data derived from analyses of bulk mineral 
separates. 

The copper, sulfur, and major-element contents of biotite 
and its alteration products from igneous rocks associated with 
the Ray and Esperanza (Esperanza-Sierrita) porphyry copper 
deposits were determined by microprobe analyses. The results 
do "not agree with some of the published data about the 
distribution of copper in biotite nor with some of the specula- 

tions drawn from that data. 
The Ray samples, collected 2 - I 1  km from the deposit, 

consist of 2 ore specimens and 21 igneous rocks representing 5 

intrusive types. All five intrusive types are cut by sulfide- 
bearing veinlets in and around the Ray deposit. The deposit is 
located about 120 km north of Tucson, Ariz. Tile intrusive 
rocks temporally associated with the deposit range in composi- 
tion and texture from hornblende diorite (andesite) to quartz 
monzonitc (qmu'tz latitc) (Cornwall and others, 1971; Banks 
and others, 1972), lutrusion began about 70 m.y. ago and 
continued td about 60-61 ,n.y. ago-die  Laramide age of the 
youngest intrusive body (Granite Mountain Porphyry) within 
the conuuercial limits of the deposit (Creascy and Kistlcr, 
1962; Bauks and.others, 1972; Banks and Slucklcss, 1973). 
Sulfide miucralizatiou h)llowed, and tile deposit cooled below 

100°C about 60 rmy. ago (Banks and Stuckless, 1973). 
The Esperanza deposit, about 40 km south of Tucson, is 

associated with the Ruby Star Granodiorite, also Laramide in 
age (Creasey and Kistler, 1962; Damon and Mauger, 1966). T. 
G. Lovering kindly supplied igneous biotite, separated from 
seven samples collected from this intrusive body, 0 .8 -4  km 
k o m  the center of mining activity at Esperanza. 

A N A L Y T I C A L  M E T H O D S  

Extreme care was taken to eliminate contamination of 
copper by external sources. Rock'chips (Ray samples) and 
mineral grains (Esperanza samples), piastic mounted onto glass 
slides and cut to 40- to 50-/~m thickness by diamond saw, were 
ground and polished on glass plates in several steps, using 
diamond powder as an abrasive to remove any copper smeared 
onto the specimens from brass in the saw blade. Between each 
step, the slides were a~tated in an ultrasonic cleaner, then 
positioned so that tile direction of polishing was 90 ° from the 
previous direction. Finally, the slides were polished four more 
times on nylon over glass with alumina powder, agitated in an 
ultrasonic cleaner, and again rotated 90 ° between each 
polishing step. 

Several mounts were polished on a lead-bronze lap with 
diamond powder, analyzed, repolished by use of the four-step 
alumina method, and finally reanalyzed to check if any copper 
physically smeared onto the sample was actually removed by 
the polishing with alumina. Copper in erratic but measurable 
concentrations (parts per million) was detected on some 
biotite @ains in the slides polished on tile lead-bronze lap (not 
on well-polished nonlayer silicates) but was not detected on 
the same brains 'after the alumina polishing. Thus, sample 
contamination by copper sources external to tile sample is 
believed to have been clintinated by this polishing. 

Contamination of ,finerals by coppcr from other minerals in 
the slide could not be elindnated, l lowevcr, the sources of 
contamination arc identified, and  as explained later, the 
contamination does ,~ot alter the c(mclusions drawn here. 

The copper and sulfur analyses were made with an A R L  
(Applied Research Lab.) model EMX-SM electron nficroprobc 

195 
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using a LiF crystal for copper and an ADP crystal for sulfllr, 
an excitation voltage of 20 kV, a sample current of 3x10 - s  A 
on brass, and chalcocite (Cu~S) as a stamlard. Integration 
times of 200+2 s were obtained by termination of counting on 
fixed-beam current. For most analyses the electron beam was 
fully focused. Buildup of carbon contamination and noticeable 
loss of volatile components were avoided by moving the beam 
with magnetic deflectors to sweep areas as much as 10 by 8 
~m. If the shape of the grain did not permit sweeping of areas 
of at least 5 by 4 ~m, a defocused beam (2 -3  ~tm diam) was 
used, and the sample was moved under the beam about once 

every 20 s. 
X-ray intensity data (counts) were obtained by averaging 

2 - 4 0  (usually 6 -8)  observations on each grain, hfitially, 
correction of the raw intensity data was done by computer 
and included drift, background, and matrix corrections (mass 
absorption, secondary fluorescence, and atomic number ef- 
fects; Beeson, 1967; Beaman and Isasi, 1970). Individual 
backgrounds for each grain were determined by observing 
counts above and below the peak wavelengths of copper and 
sulfur. Major-element data reqt/ired for the corrections and 
data in table 3 and figures 6 and 7 were obtained at an 
excitation voltage of 15 kV and count times of 20+0.5 and 
40+1 s. It developed, however, that the computer correction 
factor for trace amounts of copper and sulfur (50-5,000 p/m) 
is nearly constant for each mineral type studied regardless of 
its exact major-element composition. Thus, in the later part of 
the study and for most of the data on tables 1 and 2, a matrix 
correction for copper and sulfur in each mineral type (derived 
in the initial study) was applied by hand. During this stage of 
the study, usually magnesium or potassium was monitored as a 
check on the purity of the mineral grains. 

A homogeneous synthetic glass containing about 400 p/m Cu 
and 520 p/m S was repeatedly analyzed under the above 
operating conditions. The one standard deviation of error from 
the average amount of copper present in the glass was 10 
percent (8 percent for S), and the maximum deviation was 20 
percent (15 percent for S). Detection levels were established at 
three times the square root of the average background counts 

(Birks, 1963); thus, copper is considered detectable at about 
90 p/m (50 p/m for S) at the above operating conditions in the 

minerals analyzed. 

COPPER AND SULFUR CONTENTS OF THE MINERALS 

The copper and sulfur contents of hydrothermal biotite 
from the Ray deposit and of igneous biotite and its alteration 
products (chlorite, epidote, sphene, and hydrogarnet?) from 
five intrusive rock types located near the deposit are listed in 
table 1. Similar data for igneous biotite and its alteration 
products from the Ruby Star Granodiorite near the Esperanza 
deposit are presented in table 2. 

Chlorite formed by alteration of biotite near both the Ray 

and Esperanza deposits contains significantly more copper 
than the unaltcrcd igneous biotite analyzed (fig. 1). Most of 
the biotite grains (80 percent of the Ray and 75 percent of tbe- 
Esperanza biotite), including those of hydrothermal origin, do 
not "contain detectable amounts of copper, whereas 65 percent 
of the Ray chlorite grains analyzed and 90 percent of the 
Esperanza chlorite grains analyzed contain detectable amounts 
of copper. 

LOCATION OF COPPER IN CHLORITE 

Sulfur and copper in the biotite and chlorite were monitored 
during the analyses on a memory oscilloscope or on Polaroid 
film over a nonrecording oscilloscope to determine whether 
sulfide or sulfate inclusions might account for the copper in 
the chlorite or biotite. With one possible exception (a chlorite 
grain in sample 2GM14, not listed in table 1), no such 
inclusions were found. Furthermore, it is unlikely that the 
copper is present in sulfide or sulfate grains that are smaller 
than can be detected on the oscilloscope because increases in 
the amount of copper in either biotite or chlorite are not 
accompanied by corresponding increases in the amount of 
sulfur (fig. 2). For example, the ratio of copper to sulfur 
should be 1 to 1 if the copper were present in chalcopyrite 
inclusions and 4 to 1 if the supposed inclusions were 
chaleocite; these ratios are not found (fig. 2). In addition, 
several quantitative analyses for Mo, Zn, Pb, Mn, C1, and F (by 
microprobe) indicate that the copper in the grain s also is not  
associated with these elements. The presence of copper 
carbonates or nitrates was not checked directly because the 
sections were carbon coated, and an analyzing crystal suitable 
for nitrogen analyses was not immediately available. A direct 
cheek for the presence of copper silicates and an indirect 
check for the presence of copper carbonates, oxides, and 
nitrates by analyzing the grains for silicon and oxygen was not 
possible because the copper occurs in a silicon-oxygen matrix 
(biotite and chlorite) having apprgximately the same silicon or 

oxygen contents as the known copper carbonates, oxides, 
nitrates, and silicates. Thus, any variations in silicon or oxygen 
intensity data caused by the presence of minute quantities 
(parts per million range) of these minerals would be masked by 
analytical uncertainty in such data. Quantitative analyses for 
Se, W, As, Sb, Te, I, V, and P (the other elements occurring in 
known copper-bearing minerals) were not made, but qualita- 
tive scans were. As noted in the tables, the copper in chlorite is 
often distributed inhomogeneously and, as discussed below, is 
locally concentrated in sufficient quantities so that X-ray 
images of its distribution can be observed on and photo- 
graphed from an oscilloscope. Similarly, if Se, W, As, Sb, Te, 1, 
V, or P were present in amounts comparable to the copper, 
they could be observed on the X-ray images; they were not. 



• " Or' 

B A N K S  1 9 7  

Table  1.-Copper and sulfur in biotite and its alteration products from the intrusives near the Ray porphyry copper deposit, Arizona 

[Values in regular type denote e lement  is present  at" or  above detect ion level (about  90 p /m for Cu and 50 p / m  for S). Values in italic type  
indicate real or  fictitious e lement  contents  result ing f rom higher- than-background counts  at  the peak wavelength o f  the  element .  Copper  
and sulfur values are no t  significant to three figures. Precision is lower in grains in which copper and  sulfur  are no t  homogeneous ly  d is t r ibuted]  

R o c k  type Sample Grain Mineral 

Tortilla 
Quartz 
Diorite. 

Ratt ler  
Grano- 
diorite. 

Copper Sulfur 
( p / m  ±lO (p / m  +10 

percent)  percent)  

217-1 ..... IBI Biotite 0 

2BI .. do.. 0 

3BI .. do.. 0 138 

5BI . .  d o . .  0 161 
2CL Chlorite 0 
4CL . .  d o . .  42 20 
5CL . .  d o . .  16 0 
6CL . .  d o . .  0 0 
7CL . .  d o . .  24 23 
6EP Epidote 42 52 
7EP . .  d o . .  0 0 

217-28 . . . .  1BI Biotite 386*  167 
3BI . .  d o . .  39 1 9 9  
4BI . .  d o . .  52 
5BI . .  d o . .  109 
BTM1 . .  d o . .  21 199 
1CL Chlorite 206* 59 
2CL . .  d o . .  244*  
4CL . .  d o . .  149 86* 
5EL . .  d o . .  120 45 
4M Hydrogarnet?  151"  79 
3EP Epidote 40 28 

248-29 . . . .  2CL Chlorite 60 
3CL . .  d o . .  190 

246-99B . .  3BI Biotite 697  172 
1CL CMorite 569 74 
2CL . .  d o . .  432  50 

46-11G . .  BI Biotite 0 
CL Chlorite 2237 
EP Epidote • " 2000* 

246-11G . . .  1BI Biotite 26 
3BI . .  d o . .  28 199 
4BI . .  d o . .  0 181 
7BI . .  d o . .  110 146 
BTM1 . .  d o . .  0 197 
1CL Chlorite 626 
5CL . .  d o . .  51 I 
6CL . .  d o . .  105 0 
CLM1 . .  d o . .  0 10 
CLM2 . .  d o . .  0 6 
2EP Epidote 10 41 
6SP Sphene 53 82* 

61-25 . . . .  BIGM Biotite 0 
BI1 . .  d o . .  0 
BI2 . .  d o . .  0 
CL2 Chlorite 291 
EP2 Epidote 157 

- 261-25 . . . .  1BIA Biotite 0 209 
1BIB . .  d o . .  0 283 
3BI . .  d o . .  0 184 
5BI . .  d o . .  0 156 
2CLA Chlorite 0 0 

2CLB . .  d o . .  0 0 

4CL . .  d o . .  0 5 

Rock type Sample Grain Mineral 

Ratt ler  2 6 0 - 1 1 3 D . .  
Grano- 

d io r i t e -Con .  

2 4 6 - 1 1 A . . .  

2 6 0 - 9 6 A . . .  

Rhyodaci te  2 G M 1 0 0 . . .  
dike 

Grani te .  

Mounta in  

Porphyry.  

GM14 . . . . .  

5CL . .  d o . .  
1EP Epidote 
4EP . .  d o , .  
2B[ Biotite 
3BI . .  d o . .  
4BI . .  d o . .  
5BI . .  d o . .  
3CL Chlorite 
4CL . .  d o . .  
3M Hydrogarnet? 
1EP Epidotc 
5EP . .  d o . .  
1BI Biotite 
1BIA . .  d o .  
2BI . .  d o .  

4BI . .  d o .  
5BI . .  d o .  
5BIA . .  d o .  
BIM1 . .  d o .  
BIM2 . . ' d o .  
1CL Chlorite 
1CLA . .  d o .  
3CL . .  do. 
3CLA .. do. 

4CL . .  d o .  
4CLA . .  d o .  
4CLB . .  d o .  
5CLA . .  d o .  
5CLB . .  d o .  
5CLC . .  d o .  
CLM1 . .  d o .  
CLM2 . .  d o .  
1BI Biotite 
3BI . .  d o . .  
4BI . .  d o . .  
5BI . .  d o . .  
2CL Chlorite 
2CLA . .  d o . .  
3CL . • d o . .  
6CL . .  d o . .  
1EP Epidote 
6SP Spheric 
1BI Biotite 
2BI . .  d o . .  
3BI . • d o . .  
2CL Chlorite 
4CL . .  d o . .  
5CL . .  d o . .  
4EP Epidote 
5EP . .  d o . .  
4SP Sphene 
5SP . .  d o . .  
BI Biotite 

CLI  Chlorite 

Copper Sulfur  
( p / m  ±10 ( p / m  +-10 

percent)  percent )  

0 0 

0 0 

0 0 
0 189 
0 256 
0 190 
0 254 
0 0 
o o 
0 0 
0 0 

0 15 
256* 

245 
0 A313  

405*  
57 294 

119"  
496*  280 
• 0 282 

2218"  21 
1368 

460 14 
2000* 1 0  

405 
3138"  

617 
2397* 
4118"  
8340* 
1432"  20 
9842*  0 

52 214 
0 191 
0 220 
0 185 

754* 254 
416 262*  

1160"  54 
674*  112"  
608*  22 

94 0 
51 290 
36 243 
15 274 

0 44 
102 105 

66 117 
0 0 

130"  0 
0 0 
0 0 

0 

0 
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Table 1.-Copper artd sulfur in biotite and its alteration products from the intrusives near the Ray porphyry copper deposit, Arizona-Contimmd 

Copper Sulfur 
Rock type Sample Grain Mineral (p/m± 10 (p/m±10 

percent) percent) 

Granite GM14 . . . .  CL2 .~ d o . .  582 
Mountain CL3 . .  do .  : 34 
Porphyry- EP Epidote 0 
Con. SP6 Sphene 0 

2GM14 . . . .  1BI Biotite 20 
2BI . .  d o . .  0 
2BIA . .  d o . .  0 
3BI . .  d o . .  198 
4BI . .  d o . .  0 
6BI . .  d o . .  0 
BTM1 . .  d o . .  0 
2CL Chlorite 110 
5CL . .  d o . .  42 
6CL . .  d o . .  5 
CLM1 . .  d o . .  79 

GM12R.'. : .  2BIX Biotite 0 
3BI . . d o . .  111 
3BIA . .  d o . .  144 
4BI . .  d o . .  110 
5BI . .  d o . .  125 
3CL Chlorite 699 
3CLA . .  d o . .  294 
4CL . .  d o . .  297 
5CL . .  d o . .  527 

GM6GR . . .  BI1 Biotite 0 
BIA . .  d o . .  0 
3BIA . .  d o . .  0 
4BIA . .  d o . .  0 
3CLA Chlorite 3440* 
4CLA . .  d o . .  80 
CLA . .  d o . .  26D 

2GM6GR . .  2BIM Biotite 0 
3BIM . .  d o . .  0 

311 

202 
273 
237 

158 
0 

11 
68 
75 

208 
237 
180 
156 
152 

26 
2 6  
44 
98 

120 
190 

0 
0 

190 

Copper Sul fur 
Rock type Sample Grain Mineral (p/m±lO (p/m±lO 

percent) percent) 

Granite 2GM6GIk..  4BIM . .  d o . .  0 
Mountain 3CI,M1 Chlorite 261 
Porphyry- 3CLM 2 . .  d o . .  442 

Con. 4CLM . .  d o . .  125 
3GM6G . . . .  Bit Biotite 0 

BI2 . .  d o . .  0 
BI3 . .  d o . .  0 
CL1 Chlorite 385 
CL2 . .  d o . .  382 
CL3 . .  d o . .  414 

2GM4V . . . .  BIB Biotite 110 
1BIA . .  do ' . .  0 
3BIA" . .  d o . .  O 
3BIB . .  d o . .  0 
1CL Chlorite 915" 
1CLA . .  d o . .  818" 
3CL . .  d o . .  105 

2GM1A . . . .  2CL . .  d o . .  324 
2CLA . .  d o . .  275 
2CLB . .  d o . .  311 
CLM . .  d o . .  1537" 

Teapot TTM . . . . . .  ICL Chlorite 1235" 
Mountain 3CL . .  d o . .  1172" 
Porphyry. CLM1 . .  d o . .  1006" 

1SP Sphene 145 
3SP . .  d o . .  124 

Hydro- 2P70-22 . . .  1BI Biotite 80 90 
thermal 2BI . .  d o . .  46 486 
biotite. T123R . . . .  BI1 Biotite 2 6  189 

BI2 . .  d o . .  37 113 
BI3 . .  d o . .  64 156 
BI4 . .  d o . .  30 197 
BI5 . .  d o . .  33 191 

*Element not distributed homogeneously in the grain. Criterion 
used was whether standard deviation from mean of counts divided by 
the square root of the average counts is >3 (Boyd, 1969). 

The  copper  r epor t ed  for  chlor i te  in tables 1 and 2 was 
probably  not  smeared over  the  chlori te  f rom o the r  copper-  

bearing phases in the  m o u n t s b e c a u s e  ( 1 ) t h e  dis t r ibut ion o f  

copper  in the chlor i te  (discussed next)  precludes such a source, 
(2) the copper  con ten t  of  the  chlori te  grains does no t  ref lect  

the  p rox imi ty ,  size, or  even presence of  copper  sulfides in a 

given slide (always < 2 0 0  p / m  including chalcopyr i te) ,  and (3) 

e x c e p t  for  sample 246-99B (table 1), coppe r  was no t  found  in 

o the r  igneous silicate, oxide,  or  phospha te  phases in the  

samples in amount s  equal  to or  greater  than flint found in 

cl_dorite_. - Con tanfinat ion o f  the  chlor i te  with copper  f rom 

chalcopyr i te  in veinlets  was avoided by using probe  m o u n t s  

that  conta in  no veinlets~ 

The a m o u n t  o f  copper  in chlori te  is highest  near  the  

chlor i te-biot i te  contac t .  Chlori te  more  than 50 ttm f rom the  

mineral  con tac t  contains  about  6 0 0 - 1 , 0 0 0  p / m  Cu, b io t i te  
more  than 50 ~ m  f rom the  con tac t  contains  copper  in 

amount s  jus t  at or  be low the de tec t ion  level, and about  1.5 

percent  Cu is found  in the chlori te  at the mineral con tac t  (fig. 

3A, sample 2 G M 4 ¥ ,  grain 1 CL). The  a m o u n t  o f  copper  

( abou t  1.5 percent)  at the  mineral  con tac t  is p robably  low 

because the material  exci ted  by the beam and secondary 

radia t ion ex tends  beyond  the visible mineral c o n t a c t .  L i k e r  

wise, the broadness o f  the copper  peak (fig. 3A) may be part ly 

the result  o f  exci ta t ion  o f  copper  in the con tac t  zone by 

secondary radia t ion f rom poin ts  located in chlor i te  and biot i te  

near the  mineral  contact .  

The  concen t ra t ion  o f  copper  in chlori te  along ano ther  bio- 

t i te-chlor i te  bounda ry  is shown as X-ray images pho tographed  

f rom an osci l loscope (fig. 4). The chlori te  contains  about  
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Table 2.-Copper and sulfur in biotite and its alteration products from Ruby Star Granodiorite 
near the Esperanza porphyry copper deposit, A rizona 

[Values in regular type denote clement is present at or above detection level (about 90 plm for Cu and 50 p/m for S). Values in italic type indicate 
real or fictitious element contents resulting from higher-than-background counts at the'peak wavelength of the element. Copper and sulfur values 
are not significant to three figures. Precision is lower in grains in which copper and sulfur are not homogeneously distributed] 

Sample Grain Mineral 
Copper Sulfur Chlorite in 

(p/m, -+10 (p/m, ±8 separate 
percent) percent) (percent) 

T454R . . . .  BT5 Biotite 63 106 0.1 
BTMI . .  d o . .  0 180 
BT5A . .  d o . .  0 139 
BT5C . .  d o . .  0 138 
BT5C1 . . d o . .  0 125 

• CL5 Chlorite 0 17 
T455R . . . .  BT1 Biotite 21 141 3.5 

BT2 . .  d o . .  45 126 
BT3 . .  d o . .  73 126 
BT4 . .  d o . .  6 160 
BT5 . .  d o . .  200* 87 
CLM1 Chlorite 4758* 68 
CLM2 . .  d o . .  161 0 
CL1 . .  d o . .  2040* 6 

T465R . . . .  BT1 Biotite 0 69 0.7 
BT2 . .  d o . .  145 119 
BT3 . .  d o . .  0 156 
BTM1 . .  d o . .  0 140 
BTM2 . .  d o . .  0 102 
BTM3. . .  d o . .  0 125 
CL1 Chlorite 175 20 
SP1 Sphene 255 56 

T467R . . . .  BT1 Biotite 654* 172 11.2 
BT2 . .  d o . .  511" 140 
BTM1 . .  d o . .  28 275 
BTM2 . .  d o . .  173 263 
BTM3 . .  d o . .  43 232 

Copper Sulfur Chlorite in 
Sample Grain Mineral (p/m, ±10 (p/m,-+8 separate 

(percent) percent) (percent) 

T467R . . . . .  BTM4 Biotite 152 243 
BTM5 . .  d o . .  0 197 
CL1 Chlorite 766* 0 
CL2 . .  d o . .  3418" 0 
CL3 . .  d o . ,  302,4* 7 
CLM1 . .  d o . .  1335 0 
CLM2 . .  d o . .  1060 I4 

T468R . . . .  BT1 Biotite 49 201 
BT2 . .  d o . .  3 345 
BT3 . .  d o . .  0 239 
BT4 . .  d o . .  0 221 
CL1 Chlorite 924* 0 
CL2 . .  d o . .  9700* 96 
CL3 . .  d o . .  10,000" 36 
CL4 . .  d o . .  4500* 32 

T8R . . . . .  BT1 Biotite 0 141 
BT2 . .  d o . .  616" 97 
BT3 . .  d o . .  0 167 
BT4 " . d o . .  32 125 
BT5 . .  d o . .  129 109 
CL1 Chlorite 403 0 
CL2 . .  d o . .  323* 16 
CL3 . .  d o . .  669 ~ 0 
CL4 . .  d o . .  1656 * 30 
CL5 . .  d o . .  429 10 
SP1 Spheric 57 23 
SP2 . .  d o . .  333 65 
SP4 . .  d o . .  0 49 

I2.4 

17.6 

*Element not distributed homogeneously in the grain. Criterion used was whether standard deviation from mean of counts divided by the square 
root of the average counts is >3 (Boyd, 1969). 

5,000 p / m  Cu at the mineral  con tac t  and abou t  500 p / m  (aver- 

age) away f rom it. A l though  sulfur counts  were col lected for 

longer  t imes than the copper  counts ,  cor responding  sulfur 

counts  (fig. 4C, F)  are lacking where the copper  is concentra-  

ted. Background sulfur in b iot i te  (300 p / m )  was no t  de tec ted  

in figure 4C and F.  

Figure 3B shows a pauci ty  of  copper  in compos i t iona l ly  pure 

bioti te,  a high concen t ra t ion  o f  copper  in chlor i te  at the 

composi t ional  chlor i te-biot i te  contac t ,  and a decrease in 

amoun t  o f  copper  in chlori te  as it becomes  chemical ly  lmrer 
(as demons t ra ted  by loss of  K). Thus, copper  is bo th  spatially 
and composi t ional ly  associated with the b iot i tc-chlor i te  transi- 

- t ion, which implies that the copper  was in t roduced  in the 
fluids that  des t royed tile b iot i te  and fo rmed  the chlorite.  The  

t~act- that  ot t icr  c-lcmentsq~noqvn to coexis t  in previously 

described copper  minerals were n o t  concent ra ted  with  the  

copper  suggests that  the copper  probably  is present  in e i ther  

lat t ice or  more  loosely a t tached sites in the chlori te  or  o the r  

silicate minerals formed during t ransi t ion of  the biot i te  to  

chlorite.  In the composi t iona l ly  purer  chlori te ,  the copper  may 

be part ly in exchangeable  sites and partly in lat t ice sites. 

Dodge,  Smith ,  and Mays (1969) and Parry and Nackowski  

(1963)  po in t  ou t  that  the radius o f  Cu +2 is appropr ia te  for  its 

camouf lage  in Fe  +2 and Mg +~ (octahedral)  posi t ions.  In the 

transi t ional  material,  the  a m o u n t  o f  copper  present  and the 

fact  tha t  cold concent ra ted  nitric acid leaches copper  f rom the  
Esperanza biot i te-chlor i te  grains exposed  in a rock-slab surface 
(T. G. Lovering,  oral commun. ,  1972) might  suggest a cat ion 

exchange posi t ion for part  o f  the copper.  Tile nature  o f  the 
a t t achment  o f  copper  in this transit ional  material  is discussed 

more  fully in a later sect ion.  
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Figure 2.-Plots of copper versus sulfur contents of igneous biotite (A and C) and chlorite (B and D) derived from the biotite from rocks 
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C O N T A M I N A T I O N  O R I G I N  F O R  C O P P E R  I N  B I O T I T E  

The increase in copper content from parent biotite to 
daughter chlorite is probably even more striking than figure 1 
sliows because most biotite grains having detectable amounts 
of copper come from samples that contain chlorite having 
considerably more copper than the biotite. Thus part or all of 
the detectable copper reported for biotite may be copper from 
chlorite that has been smeared over the biotite during polish- 
ing. There is no simple relation between the degree of altera- 
tion of biotite in a sample and the presence or number of 
copper-bearing biotite grains analyzed in a sample. This is not 
surprising because the amount of copper smeared over the 
biotite would depend upon the proximity of  copper-bearing 
chlorite, the amount of copper in the chlorite, and the posi- 
tion of a biotite grain relative to a copper-bearing chlorite and 
the final direction of polishing. However, the samples that 
have very little biotite alteration or that have no chlorite grains 
with detectable copper also have no biotite grains with detect- 
able copper. In addition, biotite precipitated from copper- 
beiiffffg fluids (hydf0therthaI biotite, table 1) does not contain 

detectable copper except immediately adjacent to chalcopyrite 
(these analyses were not reported in table 1 because of likeli- 
hood of copper contamination from the sulfide). Therefore, it 
is likely that the igneous biotite (with the possible exception 
of sample 246-99B, grain 3BI) does not contain copper in 
amounts detectable by the probe and that the copper in all but 
one biotite reported in tables 1 and 2 may be best explained 
by autocontamination. The exception, sample 246-99B, grain 
3BI, is not easily explained by contamination with copper 
from chlorite because only the two grains of chlorite, both 
completely chloritized ~¢ith no biotite-chlorite contact, occur 
in the sample, and the biotite contains more copper than the 
chlorite (table 1). Copper in this biotite also is not easily 
explained by contamination with copper from sulfides because 
no chalcopyrite occurs in the probe sample, and the pyrite 
contains less copper (300 p/m) than the biotite. Hornblende in 
the sample may contain copper (<95-percent confidence), but 
also in lesser amounts than the biotite. 

The significance of the presence of copper in hiotitc and its 
-possible . . . . . . . . . . . . . . . . . . . . . . . . . .  246-99B is not presence in hornblende in sample 
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Figure 3.-Distribution of copper in biotite, chlorite, and transitional 
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the average background counts (Birks, 1963). A, Distribution of 

obvious cxtcnsio,s of chloritizcd layers, but others d o n d t  
grade into optically perceivable chlorite at either the middle of 
the bleached zone or the cdge of the grain. Some of the 
bleached zones contain unexpectedly large amonnts of copper 
(table 3). A copper X-ray image of two such zones is shown in 
figure 5A. The wider zone is the one analyzed in mount 
3GM6G of table 3. 

As the small amounts of sulfur in the copper-rich zones 
indicate (table 3 and fig. 5C), the copper is not present in the 
form of submicroscopic copper sulfide or sulfate inclusions. In 
addition, X-ray images of the following elements indicate that 
they are not present in more than parts per million amounts in 
the bleached zones: F, Na, P, CI, Ca, Sc, V, Cr, Co, Ni, Zn, Ga, 
Ge, As, Se, Br, Rb, Sr, Y, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, 
Sb, Te, I, Cs, Ba, La, Hf, Ta, W, Re, Os, Ir, Pt, Au, Itg, TI, Pb, 
Bi, Th, Pa, and U. 

Because of the carbon coating and lack of a suitable 
analyzing crystal, it could not be determined directly whether 
carbonates or nitrates account for the copper in the zones. 
However, the amount of silica in the zones suggests that tile 
copper is not explained by the presence of known carbonates 
and nitrates, or even known oxides and silicates. Significantly 
less silica is present in such minerals than in chlorite (0 -20  
versus 26-27 percent). Therefore, if the zones were simply a 
mixture of known copper carbonates, nitrates, oxides, sili- 
cates, chlorite, and biotite, the amount of silica in the zones 
having appreciable amounts of copper (analyses G, O, P, Q, R, 
S, table 3) should be, but is not, measurably less than the 
amount of Sllica in chlorite. 

It is not within the scope of this report to determine the 
exact mineralo~c composition of the zones, but some specula- 
tion is warranted. The zones are assumed to represent incipient 

copper in biotite and chlorite relative to the optical mineral chloritization of biotite by fluids that may or may not carry 
boundary. B, Distribution of copper in chlorite, biotite, and tran- -. copper, because chlorite occurs at grain edges along many of 
s i t i ona l  m a t e r i a l  re la t ive  to  c o n c e n t r a t i o n  o f  p o t a s s i u m .  

clear. The sample is from the most mafic facies (diorite) of the 
Rattler Granodiorite, a fact that might suggest that copper 
actually is incorporated in biotite in mafic bodies during 
crystallization. However, biotite in equally mafic rock (Tortilla 
Quartz Diorite, table 1) and more marie rock (diabase, unpub. 
data) does not contain detectable copper. Thus no trend of 
increasing copper content of biotite with decreasing silica 
content of the host rock is established for the rocks of the Ray 
a r e a .  

COPPER-RICH BLEACHED ZONES IN BIOTITE 

Some biotite grains in the Granite Mountain Porphyry and 
older Laramide intrusive rocks have bleached (golden colored) 
zones oriented parallel to tile (001) plane. The zones are 
sometimes offset alon~ fractures that developed in the biotite 
prior to consolidation of the magma. Many of these zones are 

the zones and copper is concentrated at many optical 
biotite-chlorite boundaries (figs. 3, 4). However, except for 
SiO2 and K20, the amounts of individual constituents and 
structural formulas of the copper-rich zones (analyses B, E, G, 
H, K, L, O, P, Q, R, S, U, and V, table 3) are not uniformly 
intermediate between the amounts of individual constituents 
and structural formulas of the parent biotites (analyses A, D, 
F, J, N, and T, table 3) and tho~e of chlorite along the same 
zone or in the same rock sample (analyses C, I, M, and W, table 
3). Although an increase in density of the zones relative to 
chlorite and biotite resulting from replacement of K, Ti, Mg, 
Fe, and Mn by Cu could account for some of the discrepancies 
in the nonuniform transition in chemistry between the zones 
and chlorite and biotite, the density shift is somewhat 
compensated by the amount of water required in the zones in 
order to arrive at reasonable totals of the constituents (the 
qualitative scans eliminate siglfificant contribution to the 
totals of elements other than It and O). Thus it is apparent 
that the material in the zones is more than a simple mixture of 
well-formed chlorite and biotite. In addition; the large amount 
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Table 3.-Microprobe analyses and structural formulas for biotite, chlorite, 

Mount No . . . . . . .  

Grain No . . . . . . .  

Area ana lyzed . . .  

Mineral . . . . . .  

Letter reference 

in  text . . . . . . .  

2GM4V I GM6G 

BIA 

Biotite 

A 

BI 

Copper-rich zone 

CL 

Chlorite 

C 

BIA BI 

Biotite Copper-rich zone 

D E 

BIA 

Biotite 

F 

Microprobe analysis (percent) 

SiO 2 . . . . . . . . . .  

AI: O 3 . . . . . . . .  

FeO j . . . . . . .  

MgO . . . . . . . . . . .  

CaO . . . . . . . . . . .  

MnO . . . . . . . . . .  

CuO . . . . . .  ° . , .  

TiO2 . . . . . . . . . .  

K s O . . . . . .  . . . .  9.7+-0.1 

C1 . . . . . .  : . . . . . .  02-+0.0( 

F . . . . . . . . . . . . .  77+0.0{ 

S . . . ° o . - . . o . , 1 . o  . . . .  , . °  

. . . . . . . . . . .  96 .1  

Less O-CI+F . . . .  3 

. . . . . . . . . .  95.8-+0.4 

37.6+-0.2 

15.5-+0.1 

17.4-.0.2 

11.4-.0.1 

( : )  

.46+0.01 

ND 3 

3.2-+0.1 

.02-+0.004 

.77_+0.06 

32.7-+1.2 

15.6_+0.5 

19.4+-0.7 

14.4-+0.4 

. . , o , , .  

• .32+-0.03 

1.1-+0.2 

.74+-0.41 

2.3_+0.07 

ND 

.18_+0.17 

. . o o . , . o .  

86.7 

.1 

86.6_+1.7 

Anions per 

formula . . . . . .  

Si +4 

At IV 

AI v I  . . . . . . . . . .  

Ti+4 

Mg +2 . . . . . . . . . .  

C u  + 2  
• o . . . . . . .  o 

Fe+= • ° . . . . . . . .  

Mn +2 .......... 

K+a 
. ° . ° o o . . o °  

22 

5.68 
• 8.00 

2.32 

.45 

.36 

2.57 
- 5.64 

* o , ° .  

2.20 

.06 

1.87 

1 Total Fe calculated as f'eO. 

22 

5.35 [ 8.00 
2.65 ! 

.37 i 

.13 [ 6.80 

2.66 I 

.O4 I 

.48 

27.4-+0.3 

16.8_+0.2 

24.3+-0.2 

16.2+-0.1 

* o . o . . .  

.64+-0.02 

.11+-0.02 

.09_+0.010 

.09-+0.018 

ND 

.16_+0.03 

. . . . .  , . o . ,  

85.8 

.1 

85.7-+0.4 

38.1_+0.3 

14.5+-0.1 

17.6+-0.1 

12.4+-0.1 

.42-+0.02 

ND 

3.4+-0.03 

9.9+-0.1 

.03+0.006 

.86+0.04 

. . . ° ° . ° . .  

97.2 

.4 

96.8_+0.4 

37.2-*0.4 

15.0.-0.2 

17.6-.0.1 

11.5_+0.05 

. . . . .  . . .  

.42+-0.02 

1.4+-0.4 

3.5_+0.1 

9.0-+0.5 

.03-+0.008 

.81_+0.05 

. . ° ° . . o o  

96,5 

.3 

96.2-+0.8 

Structural formulas 4 

36.5-+.03 

15.6-+0.1 

18.4_+0.2 

11.4_+0.1 

.59_+0.05 

ND 

2.5+-0.1 

9.5+-0.2 

.02_+0.006 

.66-+0.06 

.01+-0.001 

95.2 

. 3  

94.9-+0.5 

28 

6.82"[ 8.00 
1.18,  

2.65" 

.12 

4.47 

.17 11.46 

3.38 

.06 

.61 

28 

5.91" 
8.00 

2.09 

2.18 

.01 

5.21 

.02 "11.94 

¢.38 

.12 

.02. 

22 

5.71 
- 8.00 

2.29 

.27 

.38 

2.77 
• 5.68 

o o . .  

2.21 

.05 

1.89 

22 

5.64 / 

~. 8 O0 
2.36 / " 

.32" 

.40 

2.60 

.16 5.76 

2.23~ 

.05] 

1.74 

28 

7.17" 

.83 

2.58" 

.51 

3.31 

.20 

2.84 

.07 

2.21 

8.00 

11.72 

22 

5.60 
- 8.00 

2.40 

.43 

.29 

2.61 
• 5.77 

. o . .  

2.36 

.08 

1 . 8 6  

2 Blanks indicate no analysis was made for the component. 
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~M6G-, 

3-Continued 

Cul . Cu3 

Coppcr-n'ch zone 

CLA 

Chlorite 

G H I 

~ontinued 

BIA 

Biotite 

J 

4 

Cul Cu3 

Copper-rich zone 

K L 

Microprobe analysis (percent)-Continued 

32.9_+2,4 

13.5+-0.7 

15.3+-0.9 

9.5_+1.3 

.46+-0.05 

13.5+-0.9 

3.5_+0.7 

4.6-+1.9 

ND 

.70-+0.13 

.01+-0.001 

34.9+-2.3 

14.3+-0.7 

17.0+-0.7 

11.3+-0.7 

26.6+_0.4 

17.3+-0.2 

24.2+-0.2 

16.4+-0.1 

37.0+_0.4 

14.7+-0.2 

17.6+-0.1 

11.9_+0.1 

33.4+-2.9 

13.5-+1.3 

16.2_+0.3 

10.6+-0.2 

,51+-0.05 

4.6+-0.9 

4.8+-3.8 

• 7 . 7 - ' 1 . 9  

ND 

.79_+0.17 

.01_+0.001 

.86+-0.03 

.43-+0.04 

.08+-0.02 

.09+-0.03 

ND 

.09-+0.08 

ND 

.56-+0.01 

ND 

3.8+-0.1 

9.4+-0.1 

,03-+0.006 

.69-+0.04 

.02+0.002 

.46+-0.03 

1.0+-0.6 

3.0+-0.6 

5.5-+0.7 

.06-+0.03 

.86-+0.14 

.02+-0.002 

94.0 95.9 86.1 95.7 84.6 

.4 .3 . . . . . . . . .  3 .4 

93.6-+3.7 95.6+-5.1 86.1+-0.5 95.4+-0.5 84.2-+3.4 

Structural formulas 4 -Continued 

36.3+-0.7 

14.0-+0.3 

17.4+-0.4 

11.4-+0.~i 

.05-+0,028 . 

5.3-+0.8 

3.5+.0.1 

8.1+1.2 

.04+-0,007 

.73-+0,09 

.02-+0,002 
t 

96.8 

.3 

96.5-+ 1.8 

22 28 

5.69 6.80" 
. 8 . 0 0  

2.31 1.20 

.40" 2.O9 

.38 .54 

2.69 2.92 

.13 -5.98 2.10 

2.31 2.65 

.07 .08 

1.19 1.21 

,8.00 

,11.59 

22 

5.40 ~ 8.00 
2.60 j 

.01 

.56 

2.61 

.54 "5.99 

2.20 I 
I 

L-o 7 j 
1.52 

28 

6.87" 

1.13 

2 .19  

.71 

3.32 

.68 

2.80 

.09 

1.93 

• 8.00 

-11.72 

28 

5.74 
- 8.00 

2.26 

2.14 

.01 

5.28 

.07:12 .05  

4.37 I 

22 

5.63 ) 8 . 0 0  
2.37 

,26 

.43 

2.70 

. . . .  -5.70 

2.24 

.07 

1.82 

22 28 

5.69 7.24" 
- 8.00 

2.31 .76 

.4O 2.69" 

.38 .49 

2.69 3.42 

.13 - 5.98 .16 

2.31 2.94 

.07 .08 

1.19 1.52 

- 8.00 

-11.30 

22 

5.57 ] 

2.43 j 

.10 

.40 

2.61 

.61 

2.23 

.07 

1.59 

- 8.00 

I 
6.02 

28 

7.09 ]F 

.91!  

2.31 

.51 

3.32 

.78 

2.84 

.01 

2.02 

8.00 

-11.79 

SND means component not detected at the following amounts: 0.01 
percent CuO, 0.03 percent TiO 2, 0.005 percent S, 0.01 percent Cl, 
0.04 percent F. 

4 Structural formula calculated on an anhydrous basis using computer 
program of Jackson and ofllers (1967). Formulas exclude Ca, S, Cl, 
and F. 
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Table 3.-Microprobe analyses and structural formulas for biotite, chlorite, 

Mount No. 

Grain No. 

Area analyzed . . . . . .  

Mineral . . . . . . . . . . . .  

Letter reference 

in text . . . . . . . . . . .  

GM6G-Con. 

4-Con. 

CLA 

Chlorite 

G 

Biotite 

3GM6G 

A I c I D 
Copper-rich zone 

M O/ [ O 

Microprobe analysis (pcrcent)-Continued 

I 

SiO~ . . . . . . . . . . . . . .  

AI 20~ . . . . . . . . . . . .  

FeO 1 . . . . . . . . . . . .  

MgO . . . . . . . . . . . . .  

CaO . . . . . . . . . . . . .  

MnO. ,  . . . . . . . . . . . .  

CuO . . . . . . . . . . . . .  

TiO: . . . . . . . . . . . . .  

K~O 

e l  . . . . .  . . . . . .  o . . . . .  

F 

S 

Less O=~Ci+F . . . . . . . .  

26.6_+0.2 

19.2-+0.2 

22.5+0.3 

16.4-+0.2 

o . . . . . .  

.96-+0.07 

.01_+0.001 

.16-+0.03 

.11-+0.03 

ND 

.16_+0.03 

ND 

85.9 

.1 

85.8-+0.5 

37.4-*0.2 

14.9-+0.2 

18.5-+0.2 

12.3_+0.1 

ND 

.50-+0.02 

ND 

3.9-+0.1 

31.1-+0.9 

14.5_+0.1 

14.5-+0.3 

10.3_+0.2 

.34-+0.07 

.32-*0.02 

12.6+_0.6 

3.0-+0.1 

30.4-+0.2 

14.4--0.1 

13.9-+0.2 

9.8-+0.1 

.24_+0.05 

.31_+0.02 

12.1-+0.4" 

3.0_+0.1 

30.8-+0.8 

14.1±0.6 

13.5--0.6 

9.7-+0.4 

.15_+0.03 

.28-+0.02 

14.4_+0.8 

3.0-+0.1 

9.6-+0.3 

° . . . . . .  

97.1 

97,1-+0.5 

2.2_+0.5 

88.9 

. °  . . . . .  

88.9-+1.3 

+ ' . . . . . . .  i.8-+0'2 

86.0 

86.0-+0.6 

1.9_+0.4 

. . . . .  ° .  

87.8 

87.8_+1,2 

Structural formulas 4 -Continued 

Anions per 

formula . . . . . . . . .  

Si ÷4 . . . . . . . . . . . . . .  

Al IV . .  ; . . . . . . . . . .  
AI w 

Ti++ . . . . . . . . . . . . .  

Mg +2 . . . . . . . . . . . . .  

C U  + S t  . . . . . . . . . . . . .  

Fe +~ . . . . . . . . . . . . .  

Mn +~ . . . . . . . . . . . . .  

K +, . ,  . . . . . . . . . . .  

I  5 '8o0 
2.34 2.42 ] 2 .78J  " 

2.48" 1 . 2 1 1  ] . 0 9 !  

• 03 .44 1 .38 

5.20 .} 2.74l I 2.58 
'- 5.76 6.75 

. . . .  "11.92 I . . . . .  i 1.60l 

4.01 _ i 2.31[ 2.041 

• 17 I .061 .... I .061 
.03. 1.83 .47 

22 28 28 

6.65 "P 5.25 [ 6.68" 

I 8.00 - 8.00 
1.35 2.751 1.32 

2.30" .17 i 2.40' 

.48 .39 1 .5O 

3.28 2.52 1 3.21 

2.03 ~11 34 1.58 (6.71 2.01 
l 

2.59 I 2.01 I 2.55 

.O6 .O4 1 .O4 

.60. .40 .50. 

• 8 . 0 0  

I 
"11.21 

22 28 

5.25~8 O0 6.68". 8.0( 
2.75] " 1.32 

.08 2.28" 
I 

.38 i .49 

2.46 3.14 
~6.73 

1.85 i 2"36 l L 3 C  

1.92 J 2,4Z 
.04 I .05 

.41 .53 

' Total Fc calculated as FeO. 

. . . .  y . . . . . . . . . . . . . . . . . . . . . . .  

= Blanks indicate no analysis was made for the component 

/ 



2~ ,?, 

BANKS 

and copper.rich zones in biotite from Granite Mountain Porphyry-Continued 

207 

3GM6G-Continued GM12 

1-Continued 2 

E F 

C, apper-rieh-zone-Continued 

R S 

BIX 

Biotite 

T 

BIA BIB 

Copper-rich zone 

U V 

3 

CL 

Chlorite 

W 

Microprobe analysis (percent)-Continued 

30.7+-0.6 

14.6+-0.2 

15.1-+0.5 

9.8+-0.3 

.25+-0.24 

.30+-0.02 

15.3+-0.7 

3.1+_0.1 

2.6+-0.1 

91.8 

91.8+-1.1 

31.4+-0.7 

15.1+-0.2 

14.8-+0.3 

10.2-+0.3 

.17+-0.02 

.35+-0.04 

10.1-+1.5 

3.3+-0.1 

4.2+-0.5 

. , o  . . . .  

8 9 . 6 . . .  

89.6+-1.8 

37.1+-0.1 

14.4+_0.4 

18.0-+0.1 

11.8+-0.1 

.69+-0.05 

ND 

4.1+-0.1 

9.4+_0.1 

.03+_0.01 

.69+_0.05 

.02+-0.002 

96.2 

.3 

95.9+_0.5 

37.0+_0.5 

13.5+_0.4 

14.%0.5 

13.1-+0.4 

.46+-0.2 

.19+-0.04 

3.2+_0.1 

7.3-+0.2 

.03+_0.02 

.90+_0.13 

.01+_0.001 

90.6 

.4 

90.2+-0.9 

37.3+-0.8 

13.4+-O.3 

14.9+-0.3 

13.3-+0.4 

.45+_0.03 

.19-+0.04 

3.3+_0.1 

7.6+_0.1 

.01+-0.007 

.91+_0.12 

.01+_0.001 

91.4 

.4 

.91.0+-1.0 

27.4+-0.2 

17.9+-0.3 

22.9+-0.2 

17.2-+0.1 

. , ,  . . . .  

.93-+0.03 

.09+-0.01 

.05+-0.009 

.18+_0.03 

ND 

.14+_0.02 

86.8 

.1 

86.7+-0.4 

Structural formulas 4 -Continued 

I 22 

t5°9 ,95 
2 . 8 6 J  " 

. . .  

. 3 9 ]  

',.42 

.91 [6 .85  

~.09 / 

. 0 4 J  

.55 

28 

6.a8~ 
1.52 ~" 8.00 i 

2.11" 

.49: 

3.08 ! 

2.44-11.53 

2.66 

.05 

.71 

22 28 

5.21 6.63 
8.00 

2.79 1.37 

.16 ] 2.39 

.41 .52 

2.52 3.21 
-6.45 

1.27 I 1.61 

2.05 2.62 
I 

.04 J .06 

.89 1.13 

22 

5.63 " 
8.00 

2.37~ 

.20 1 

.47 I 

2.67 I 
"5.71 

2.28 I 

22 

5.82 

2.18 

.32 

.38 

3.07 

.02 

1.96 

28 

7.41 
8.00 ,8 .00  

.59 

2.59 

.48 

3.91 

.03 

2.49 

22 28 

5.82 7.41 
. 8 . 0 0  

2.18 .59 

.29 2.55" 

.39 .49 

3.10 • 5.81 3.94 

.02 .03 

1.95 2.48 

.06.  .08 

1.51 1.93 

8.00 

-11.54 

.09 I 

1.82 

3 ND means component not detected at the following amounts: 0.0 

percent CuO, 0.03 percent TiO 2, 0.005 percent S, 0.01 percent C1, 

0.04 percent F. 

.06 

1.46 

.08 

1 "86 

5.81 

-11.44 

8.00 

11.50 

28 

5.80 
8.00 

2.20 

2.27 1 

.01 

5.43 

.0l 12.00 

4.06 I 

* Structural formula calculated on an anhydrous basis using computer 

program of Jackson and others (1967). Formulas exclude Ca, S, C1, and 

F. 
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of copper in the transitional material is not easily explained by 
either substitution or attachment of coppcr in well-formed 
chlorite and biotite in view of the relativcly low amount of 
copper in well-formed chh)rite ;rod biotite (fig. 3; tables 1 and 
2). 

Whether the material is partly destroyed biotite, poorly 
formed chlorite, another wcli or poorly formed sheet silicate, 
or a mixture of these cannot be determined from existing data. 
However, the data do restrict the type or amount of possible 
sheet silicates that could make up the material in the bleached 

zones. The silica content of the zones, being less than biotite, 
indicates that if no chlorite is present in the zones and biotite 
either is or is not present, the sheet silicates that could make 
up the zones are septechlorite, clintonite, xanthophyllite, 
margarite, silica-poor montmorillonite, or vermiculite. The 
small amount of calcium in the zones (analyses O, P, Q, R, and 
S, table 3) indicates that of these, margarite, clintonite, and 
xanthophyllite probably are not present. On the basis of the 
color of the zones, their refractive index, birefringence, the 
leachability in acid of copper in biotite-chlorite grains (men- 
tioned earlier), and the number of exchange sites available, 
vermiculite or montmorillonite seem to be more likely 
alternatives to septechlorite, if indeed anotber sheet silicate is 
present in the zones. Montmorillonite is possibly less likely 
than vermiculite because smaller amounts of alumina are 
expected in silica-poor montmoriUonite. Alternatively, if 
chlorite composes part of the zones, the data do not negate 
the presence of a sheet silicate having more silica than biotite; 
however, the amount of such a silicate that could be present is 
limited by the amount of chlorite required to dilute the higher 
amounts of silica in these minerals to those observed in the 
zones. Thus if most of the copper were present in a high-silica 
silicate, the amount required is much more than that required 
i/i vermiculite. 

The zones often include apatite grains and are ~dder around 
them. In addition, the zones commonly contain or are near 
swarms of suboptical-sized apatite as determined by electron- 
beam scans of the zones for calcium and for phosphorus (fig. 
5B). Thus it is suspected that the bleached zones (which range 
in thickness from <1 to 20 ~m) extend completely through 
3-ram-sized biotite grains and in places are offset along 
fractures that developed prior to consolidation of the magma 
because of favorable permeability conditions in the biotite 
resulting from the deformation and expansion of the grains by 
the apatite inclusions. 

Figure 5.-Photo~aphs of electron-beam scans of copper-rich zones in 
mount sample 3GM6G. A, Scan for copper. Exposure time, 1 minute. 
B, Scan for phosphorus of same area as A. Exposure time, 1 minute. 
C, Scan for sulfur of same zrea as A. Exposure time, 10 minutes. 
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COMPARISON OF MAJOR-ELEMENT CHEMISTRY OF THE 
COPPER-RICH AND COPPER-POOR CHLORITES 

The presence or absence of copper in chlorite could possibly 
be attributed to its formation at different times or from 
different fluids; hence, the resulting chlorites might be 
differentiated on the basis of chemistry. However, preliminary 
data indicate that except for the presence of copper, chlorite 
that contains copper is similar in chemistry to chlorite that 
does not contain copper (fig. 6). In fact, the composition of 
chlorite appears dependent in larger part on the composition 
of the tiarent biotite than on the copper-depositing character- 
istics of the altering fluid (fig. 7). Preliminary observations also 
revealed no optical dissimilarity between copper-bearing and 
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Figure 7.-Graphs showing the amount of oxide in biotite in relation to 
the amount of oxide in chlorite derived from the biotite. Some points 
a r e  slightly offset for plotting purposes. The statistics include two 
biotite-chlorite pairs that plot off the diagrams. 

1 L ~ ° F o x SRC = 0.27 at >90  percent cl 
Ct5 

o o o 

0 8 °n XXx l  I ~ I I 
5000 1009 2000 3000 4000 

- COPPER CONTENT, IN PARTS PER MILLION 

Figure 6 . -Graphs showing amounts of representative dlemicai com- 
ponents in chlorite in relation to amount of copper in chlorite. Some 
points are offset ~slighlly for plotting purposes. Four additional points 
(three for Rattler Granodiorile and one for Tortilla Quartz Diorite) 
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copper-poor chlorite. Thus it could not be established whether 
chlorite formed in the rocks at two different times from two 
fluids. 

VALUE OF THE COPPER CONTENT OF CHLORITE 
AS AN INDICATOR OF ORE 

Tile occurrence of copper-bearing cldorite derived from 
i~meous biotite near two ore deposits suggests that the amount  
of  eopper in chlorite might serve as a geochemical indicator for 
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a nearby copper ore deposit" However, copper in chh)ritc does 
not seem to show a simple positive relation with the proximity 
of the sample to a presently recognized deposit (fig. 8). This 
lack of correlation may result from inadequale data or from 
the possibility that the copper content of chlorite depends on 
factors other than, or in addition to, the distance of the 
chlorite grain from a ruinable deposit. 

Inadequacy in the data is suggested by the extreme variation 
in the amount of copper in chlorite both between grains in the 
same probe mount (thin section, 1-in. diam) and within 
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Figure 8.-Plot of average amount of copper in chlorite in a given 
sample in relation to distance of the sample from the nearest 
recognized commercial deposit. 

individual grains (figs. 3, 4; tables 1, 2). Thus determination of 
the true average abundance of copper in chlorite in each rock 
sample is too expensive to refine with microprobe analyses 
because a prohibitive number of grains must be analyzed in a 
prohibitive number of mounts. The alternative method of 
determining the true abundance of copper in chlorite by 
conventional analyses of separates may also be limited by the 
various types of bias that are built into mineral separations 
(magnetic, electrostatic, specific gravity, and optical)-the 
resulting separation may be 100 percent chlorite, but in view 
of the irregular distribution of copper in chlorite and of the 
fact that much copper resides in the .more poorly crystallized 
chlorite, the mineral separate is likely to contain copper in an 
amount not representative of the average. 

These observations do not rule out the potential use of 
copper abundance in chlorite as a geochemical indicator. If 
standardized separation techniques are used, it is still possible 
that the content of either leachable or total copper in mica or 
chlorite separates may correlate roughly with proximity of the 
sample to a deposit. Additionally, the copper content of 
chlorite may be of limited usefulness as a broader indicator of 
ore; that is, it might point out potential copper:producing 
provinces. For example, the Copper content of chlorite from 
Sierra Nevada rocks (Dodge, 1973) with no known associated 

porphyry-type deposits is much less than that of chlorites 
reported here. IIowevcr, this again may reflect mi,mral 
separation problems because Dodge analyzed clean mineral 
separates that probably were relatively free of poorly crystal- " 
lized chlorite. 

Finally, assuming that the true average abundance of copper 
in chlorite (or an abundance determiued by analysis of 
concentrates separated in a standardized way) couhl be 
determined, caution should be used in its application as a 
geochemical indicator of ore because there is reason to suspect 
that tams abundance could be influenced by factors other than 
the distance of the sample from a miuable copper deposit. 
These factors include the rate of cldoritization, percentage of 
partial chloritization, number and size of grains chloritized, 
the number of potential fluid conduits (fractures) per unit 
volume of  rock, the proximity of the chlorite to a fracture, 
and tim concentration of copper in the fluid immediately 
adjacent to the biotite; the first three factors would control 
the number of sites suitable for copper capture, and the latter 
three are measures of the availability of the chlorite to the 
copper in the supplying fluid: 

C O N C L U S I O N S  

Copper occurs in chlorite derived from igneous biotite in 
Laramide intrusions around two Arizona porphyry copper 
deposits and, further, is concentrated at the boundary between 
parent biotite and chlorite. However, the copper content of 
igneous and hydrothermal biotite near these deposits was 
found to be much less than that of chlorite and was not 
detected in most of the grains analyzed. In view of the 
difficulty in cleaning chlorite from biotite separates, these 
observations suggest that caution should be used in specula- 
tions about what the abundance of copper in biotite derived 
from bulk-analyzed mineral separates might mean with respect 
to the genesis or proximity of ore deposits and with respect to 
the behavior of copper in a differentiating magma. Addi- 
tionally, because a potentially large part of the copper in a 
whole-rock sample of "granitic" rock may be in alteration 
products of biotite and thereby c~nceivably have had its 
source outside the analyzed sample, caution should be applied 
to petrologic and genetic interpretations of whole-rock copper 
abundance data. 
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Dear Bill, 

I have just come across a U.SoG.S. paper, published earlier 
this year, dealing with the distribution of copper in intrusive rocks 
near porphyry copper deposits ("Distribution of Copper in Biotite and 
Biotite Alteration Products in Intrusive Rocks Near Two Arizona 
Porphyry Copper Deposits" by Norman G. Banks, Jour.Research UoS.G.S., 
Vol. 2, No. 2, 1974). I have attached a copy in case your people 
have not previously seen it. 

The data (obtained by electron microprobe) presented in the 
paper suggest serious limitations for the application of copper con- 
centrations in biotite as an exploration tool. In his conclusions 
the auther states:-- 

"Copper occurs in chlorite derived from igneous biQtite in 
Laramide intrusions around two Arizona porphyry copper deposits, and, 
further, is concentrated at the boundary between parent biotite and 
chlorite. However, the copper content of igneous and hydrothermal 
biotite near these deposits was found to be much less than that of 
chlorite and was not detected in most of the grains analyzed. In 
view of the difficulty in cleaning chlorite from biotite separates, 
these observations suggest that caution should be used in specula- 
tions about what the ahundance of copper in biotite derived from 
bulk-analyzed mineral separates might mean with respect to the gen- 
esis or proximity of ore deposits and with respect to the behavior 
of copper in a differentiating magma. Additionally, because of po- 
tentially large part of the copper in a whole-rock sample of "gra- 
nitic" rock may be in alteration products of biotite and thereby ~'~ ~ 7 
conceivably have had its source outside the analyzed sample, cau-~ %~-- 
uzon snouls De appllee to petroxogxc ana genetlc interpretatlons oz P ~  b t> 
whole-rot " copper abundance data". ~ ~a e % J. ~ 

Yours very truly, 

LDJ:db 
Encl. 

cc:T.C.0sborne w/o ~. 
J.H.Courtrightj/o encl. 

L. D. JAMES 
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Dear Bill, 

I have just come across a U.S.G.S. paper, published earlier 
this year, dealing with the distribution of copper in intrusive rocks 
near porphyry copper deposits ("Distribution of Copper in Biotite and 
Biotite Alteration Products in Intrusive Rocks Near Two Arizona 
Porphyry Copper Deposits" by Norman G. Banks, Jour.Research U.S.G.S., 
Vol. 2, No. 2, 1974). I have attached a copy in case your people 
have not previously seen it. 

The data (obtained by electron microprobe) presented in the 
paper suggest serious limitations for the application of copper con- 
centrations in biotite as an exploration tool. In his conclusions 
the auther states:-- 

"Copper occurs in chlorite derived from igneous biQtite in 
Laramide intrusions around two Arizona porphyry copper deposits, and, 
further, is concentrated at the boundary between parent biotite and 
chlorite. However, the copper content of igneous and hydrothermal 
biotite near these deposits was found to be much less than that of 
chlorite and was not detected in most of the grains analyzed. In 
view of the difficulty in cleaning chlorite from biotite separates, 
these observations suggest that caution should be used in specula- 
tions about what the abundance of copper in biotite derived from 
bulk-analyzed mineral separates might mean with respect to the gen- 
esis or proximity of ore deposits and with respect to the behavior 
of copper in a differentiating magma. Additionally a because of po- 
tentially large part of the copper in a whole-rock sample of "gra- 
nitic" rock may be in alteration products of biotite and thereby 
conceivably have had its source outside the analyzed sample, cau- 
tion should be applied to petrologic and genetic interpretations of 
whole-rock copper abundance data". 

Yours very truly, 
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DISTRI BUTION OF COPPER IN BIOTITE AND BIOTITE 
A L T E R A T I O N  PRODUCTS IN INTRUSIVE ROCKS NEAR 

TWO A R I Z O N A  PORPHYRY COPPER DEPOSITS 

By NORMAN G. BANKS, Menlo Park, Calif. 

i 

' Abstract.-Biotite and its alteration products (primarily chlorite) 
1 from i'_zneous rocks ~ound the Ray and Esperanza (Espcranza-Sierrita) 
. porphyry copper deposits, Arizona, were analyzed for copper by 

electron microprobe. The copper occurs in amounts >90 p]m (limit of 
i detection) in most of the chlorites analyzed, is concentrated at the 

optical and chemical boundary of chlorite and biotite, and is not 
associated ~dth sulfur. Most unaltered igneous and hydrothermal 
biotites analyzed contain <90 p/m Cu, and except for one sample, all 
copper that ~,~s detected can be explained as contamination by copper 
from ctflorite ~ah~s. The paucity of detectable copper in igneous and 
hydrothermal biotite and its presence in daughter chlorite suggest that 
the positive association noted by some workers between the proximity 
of an ore deposit and the copper content of biotite might he partly the 
result of increased amounts of chloritization of biotite near a deposit 
coupled with difficulty in physically cleaning the biotite separates. 
Additionally, pre~ous speculations that (1) part of the copper in a 
deposit may come from altered biotite, and (2) copper in biotite 
indicates how copper behaves in a differentiating magma, are of 
doubthtl value if based on data derived from analyses of bulk mineral 
separates. 

The copper, su/fur, and major-element contents of biotite 
and its alteration products from igneous rocks associated with 
the Ray and Esperanza (Esperanza-Sierrita) porphyry copper 
deposits were determined by microprobe analyses. The results 
do not agree with some of the published data about the 
distribution of copper in biotite nor with some of the specula- 
tions drawn from that data. 

The Ray samples, collected 2-11  km from the deposit, 
consist of  2 ore specimens and 2t ig~eous rocks representing 5 
intrusive ~'pes. :UI five intrusive types are cut by sulfide- 
bearing veinlets in and around the Ray deposit. The deposit is 
located about 120 km north of Tucson, Ariz. The intrusive 
rocks temporally associated with the deposit range in composi- 
tion mad texture from hornblende diorite (andesite) to quartz 
monzonite (quartz tatite) (Cornwall and others, 1971; Banks 
and others, 1972). Intrusion began about 70 m.y. ago and 
continued to about 60-61  rmy. ago-the Laramide age of the 
youngest intrusive body (Granite Mountain Porphyry) within 
the commercial limits of the deposit (Creasey and Kistler, 
1962; Banks and others, 1972; Banks and Stuckless, 1973). 
$tdfide mineralization followed, and the deposit cooled below 

10{r'C about 60 m.y. ago (Banks and Stuekless, 1973). 
The Esperanza deposit, about 40 km south of  Tucson, is 

associated with the Ruby Star Granodiorite, also Laramide in 
age (Creasey and Kisfler, 1962; Damon and Mauger, 1966). T. 
G. Levering kindly supplied igneous biotite, separated from 
seven samples collected from tiffs intrusive body, 0 . 8 - 4  km 
from the center of mining activity at Esperanza. 

ANALYTICAL M E T H O D S  

Extreme care was taken to eliminate contamination of 
copper by external sources. Rock chips (Ray ~mples) and 
mineral grains (Esperanza samples), plastic mounted onto glass 
~ides and cut to40-  to 50-,tim thickness by diamond saw, were 
ground and polished on ~ass plates in several steps, using 
diamond powder as an abrafive to remove "any copper smeared 
onto the specimens from brass in the saw blade. Between each 
step, the slides were a~tated in an ultrasonic deaner,  then 
positioned so that the direction of polishing was 90 ° from the 

previous direction. Finally, the slides were polished four more 
times on nylon over glass with alumina powder, a~tated in an 
ultrasonic cleaner, and again rotated 90 '  between each 
polishing step. 

Several mounts were polished on a lead-bronze lap wi th  
diamond powder, analyzed, repolished by t, se of  the four-step 
alumina method, and finally reanalyzed to check if any copper 
physically smeared onto the sample was actually removed by 
the polishing with alumina. Copper in erratic but measurable 
concentrations (parts per million) was detected on some 
biotite grains in the sIides polished on the lead-bronze lap (not 
on well-polished nonlayer silicates) but  was not  detected on 
the same graius after the alumina polishing. Thus, sample 
contamination by copper sottrces external to the sample is 
believed to have been eliminated by this polishing. 

Contamination of  minerals by copper from other minerals in 
the slide could not be eliminated. However, the sources of 
contamination are identified, and as explained later, the 
contandnation does not alter rite couehtsions drawn here. 

The copper and sulfitr analyses were made with an ARL 
(Applied Research Lab.) model E.MX-SM electron microprobe 
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u_,h~g a LiF cD'stal for copper and an ADP crystal for mdfur, 
an excitation voltage of 20 kV, a sample current of 3×10 -8 A 
o.', bra~s, and chalcocite (Cu2S) as a standard. Inte~ation 
times of 200±2 s were obtained by termination of counting on 
fixed-beam current. For most analyses the etectron beam was 
fi~IN focused. Buildup of carbon contar~nation and noticeable 
1o~.~ of volatile components were avoided by moving the beam 
with magnetic deflectors to sweep areas as much as l0  by 8 

#m. If the shape of the  ain did not permit sweeping of areas 
of at [east 5 by 4 gin, a defocltsed beam (2-3 #m Sam) was 
used, and the sample was moved under the beam about once 
every 20 s. 

X-ray intensity data (counts) were obtained by averaging 
2-40 (usua/ly 6-8) observations on each grain. Initially, 
correction of the raw intensity data was done by computer 
and included drift, background, and matrix corrections (mass 
absorption, secondary fluorescence, and atomic number ef- 
fects; Beeson, 1967; Beaman and I~si, 1970). Individual 
backgrounds for each grain were determined by observing 
counts above and below the peak ~wavelen~hs of copper and 
sulfur. Major-element data required for the corrections and 
data in table 3 and F~-ares 6 and 7 were obtained at an 
excitation vokage of 15 kV and count times of 20+0.5 and 
40±I s. It developed, however, that the computer correction 
factor for trace amounts of copper and sulfur (50-5,000 p/m) 
is neath- constant for each mineral type studied re~rdless of 
it~ exact major-element composition. Thus, in the later part of 
the stu,qy and for most of the data on tables I and 2, a matrix 
correction for copper and sulfur in each mineral type (derived 
in the initial study) was applied by hand. During this stage of 
the study, u.--ually ma~esiurn or pota~ium was monitored as a 

check on the purity of the mineral grains, 
A homogeneous synthetic ~ass containing about 400 p/m Cu 

~ d  520 p/m S was repeatedly anaIyzed under the above 
operating conditions. The one standard deviation of error from 
the averse amount of copper present in the glass was 10 
percent (8 percent for S), and the maximum deviation was 20 
percent (15 percent for S). Detection levels were established at 
three times the square root of the average background counts 
(Birks, 1963); thus, copper is considered detectable at about 
90 p/m (50 p/m for S) at the above operating conditions in the 
rain orals analyzed. 

COPPER .AND SULFUR CONTENTS OF THE WtlNERALS 

The copper and sulfur contents of hydrothermal biotite 
from the Ray deposit and of i~eous biotite and its alteration 
products (ch[orite, epidote, sphene, and hydro~rnet?) from 
five intru~ve rock types ~ocated near the deposit are listed in 
table 1. SirrdIar data for i~eous biotite and its aheration 
products from the Ruby Star Granodiorite near the Esperanza 
deposit ~e presented in table 2. 

Chlorite formed by alteration of biotite near both the Ray 

and Esperanza deposits contains sig-nificantIy more copper 
than the unaltered igneous biotite analyzed (frg. 1). Most of 
the biotite grains (80 percent of the Ray and 75 percent of the 
Espcranza biotite), including those of hydrothermal orion, do 
not'contain detectable amounts of copper, whereas 65 percent 
of the Ray chlorite grains analyzed and 90 percent of the 
Esperanza chlorite grains analyzed contain detectable amounts 
of copper. 

. L O C A T I O N  OF COPPER IN CHLORITE 

\ 
Sulfur and copper in the biotite and chtorite were monitored 

during the analyses on a memory os.citloseope or on Polaroid 
fitm over a nonrecording oscilloscope to determine whether 
sulfide or sulfate inclusions might account for the copper in 
the ehlorite or biotite. With one possible exception (a chlorite 
grain in sample 2GM14, not listed in table I), no such 
inclusions were found. Furthermore, it is unlikely that the 
copper is present in sulfide or sulfate grains that are smaller 
than can be detected on the oscilloscope because increases in 
the amount of copper in either biotite or chlorite are not 
accompanied by corresponding increases in the amount of 
mdfur (fig. 2). For example, the ratio of copper to stdfur 
should be 1 t o t  if the copper were present in chalcopyrite 
inclusions and 4 to 1 if the supposed inclusions were 
chalcocite; these ratios are not found (fig. 2). In addition, 
several quantitative analyses for [VIo, Zn, Pb, Mn, C1, and F (by 
microprobe) indicate that the copper in the grains also ~s not 
associated with these etemen~ The presence of copper 

carbonates or nitrates was not checked directly because the 
sections were carbon coated, and an analyz-htg erysta! suitable 
for nitrogen analyses was not immediately avaihble. A direct 
cheek for the presence of copper silicates and an indirect 
check for the presence of copper carbonates, oxides, and 
r~trates by analyzing the grains for silicon and oxygen was not 
posslble because the copper occurs in a-silicon-oxy~n matrix 
(biotite and cMoHte) having approximately the same silicon or 
o~'gen contents as the kno~a copper carbonates, oxides, 
nitrates, and silicates. Thus, any variations in silicon or oxygen 
intensity data caused by the presence of minute quantities 
(parts per million range) of these minerals would be masked by 
analytical uncertainty in such data. Quantitative analyses for 
So, W, As, Sb, To, I, V, and P (the other dements occurring in 
known copper-bearing minerals) were not made, but qualita- 
tive scans were. As noted in the tables, the copper in chlorite is 
often distributed inhoraogeneously and, as discussed below, is 
locatly concentrated in sufficient quantities so that X-ray 
images of its distribution can be charred on and photo- 
graphed from an oscilloscope. Similarly, if So, W, As, Sb, To, I, 
V, or P were present in amounts" comparable to the copper, 
they could be observed on the X-ray images; they were noL 
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Table 1.-Copper  and sulfur in biotite and its alteration products from the intrusives near the Ray  porphyry copper deposit, Arizona 

[Values  in re~l lar  type  deno te  e lement  is present  at or  above de tec t ion  level ( abou t  90 p / m  for Cu and 50  p / m  for  S). Values  in italic type  
indicate  real o r  f ict i t ious e lement  con t en t s  result ing from higher- than-background coun t s  at  the  peak wavelength  o f  the  e l emen t .  Copper  
and sLdfur values are no t  significant  to three figures. Precision is lower in grains in which copper  and  su l fur  are no t  h o m o g e n e o u s l y  d i s t r ibu ted]  

Rock type  SampIe Grain Mineral 

Tortilla 
Quar tz  
Diorite. 

Rat t ie r  
Gran t -  
diorite.  

Copper  Sul fur  
( p / m  ±10 ( p / m  -+10 
percent )  percent )  

217-1 . . . . .  1BI Biotite 0 
2BI . .  d o . .  0 
3BI . .  d o . .  0 138  
5Bt  . .  d o . .  0 161 
2CL Chlori te 0 

4CL . .  d o . .  42 20 
5CL . .  d o . .  16 0 
6CL . .  d o . .  0 0 

7CL . .  d o . .  24 23 
6EP Epidote  42 52 
7EP . .  d o . .  0 0 

217-28  . . . .  1BI Biotite 386*  167 
3BI . .  d o . .  39  199 
4BI . .  d o . .  52 
5BI . .  d o . .  109  
BTM1 . .  do.. 21 199 
1CL Chlorite 206* 59 

2CL . .  do  .. 244*  
4CL .. d o . .  149  86* 
5CL .. d o . .  120  45 
4M H y d r o g a m e f f  151"  79 
3EP Epidote  40 28 

248-29 . . . .  2CL Chlorite 60 
3CL . .  do  . .  190 

246-99B . .  3BI Biotite 697  172 
1CL Chlori te 569 74  
2CL . .  d o . .  432  50 

46-11G . .  BI Biotite 0 
CL Chlori te 2237  
EP Epidote 2000*  

2 4 6 - 1 1 G . . .  1BI Biotite 26 
3BI . .  d o . .  28 199 
4BI . .  d o . .  0 181 
7BI . .  d o . .  110  146 
BTM1 . .  d o . .  O 197 
1CL Chlori te 626 
5CL . .  d o . .  51 1 
6CL . .  d o . .  105 0 

CLM1 . .  d o . .  0 10 
CLM2 . .  d o . .  0 6 
2EP gp ido te  l 0 41 
6SP Sphene 53 82*  

61--95 . . . .  BIGM Biotite 0 
BI1 . .  d o . .  0 

BI2 . .  d o . .  0 
CL2 Chlori te 291 
EP2 Epidote  157 

261-25 . . . .  1BIA Biotite 0 209  
1BIB . .  d o , .  0 283  
3BI . .  d o . .  0 184  
5B1 . .  d o . .  O 156 
2CLA Chlori te 0 O 
2CLB . .  d o . .  0 0 
4CL . .  d o . .  0 5 

Rock type  Sample  Grain blineral 

Rat t ier  2 6 0 - 1 1 3 D .  
Gl'ano- 
d i o r i t e - C o n .  

246-I IA... 

2 6 0 - 9 6 A . . .  

Rhyodac i te  2 G M I O 0 . . .  
dike 

Granite G M t 4  . . . . .  
Mounta in  
Porphyry .  

5CL . .  d o . .  
1EP Epidote  
4EP . .  d o . .  

• 2BI Bioti te  

3BI . .  d o . .  
4BI . .  d o . .  
5BI . ,  d o . .  
3CL Chlor i te  

4CL . .  d o . .  

3M H y d r o g a m e t ?  
IEP Epidote  
5EP . .  d o . ,  
1BI Biot i te  
1BIA . .  do  . .  
2BI . .  d o . .  

4BI .. do.. 

5BI . .  d o . .  

5BIA . .  d o . .  
BIM1 . .  d o . .  

BIM2 . .  d o . .  
1CL Chlori te  
1CLA . .  d o . .  
3CL . .  d o . .  
3 C L A  . .  d o . .  
4CL . .  d o . .  
4CI ,A . .  d o . .  
4CLB . .  d o . .  
5CLA . .  d o . .  
5CLB . .  d o . .  
5CLC , .  d o . .  
CLM1 . .  d o . .  
CLM2 . .  d o . .  
1BI Bioti te  
3BI . .  d o . .  
4B[ . .  d o . .  
5BI . .  d o . .  
2CL Chlori te  

2 C L A  . .  d o . .  

3CL . .  d o . .  
6CL  . .  d o . .  
1EP Epido te  

6SP Sphene  
1BI Bioti te 
2BI . .  d o . .  
3BI . . . . . .  
2CL Chlori te  
4CL . .  d o . .  
5CL . .  d o . .  
4EP Epidote  
5EP . .  d o . ,  
4SP Sphene  
5SP . .  do  , .  
BI Bioti te 
CLI  Chlor i te  

Coppe r  Sul fur  
( P l m  ± 1 0  ( p l m  -+10 

percen t )  percent )  

0 0 
o 0 
0 0 

0 189  
0 2 5 6  

0 190  
0 2 5 4  
0 0 

0 0 

0 0 

0 0 

0 1 5  

256 ~ 
2 4 5  

0 A313  
4 0 5  ~ 

5 7  2 9 4  
119 ~ 
4 9 6  ~ 2 8 0  

0 282 
2218 ~ 21 
1 3 6 8  

4 6 0  14 
2 0 0 0 *  10 

405 
3 1 3 8  ~ 

6 1 7  
2 3 9 7  ~ 
4 1 1 8 "  
8 3 4 0 *  
1 4 3 2  ~ 20  
9 8 4 2 *  0 

5 2  2 1 4  
0 191 
O 220 
O" 185 

754  -~ 2 5 4  

4 1 6  2 6 2 *  
1160  ~ 54 

6 7 4  ~ 1 1 2 "  
608  ~ 22 

94 0 
51 290 
3 6  2 4 3  
15 274  

0 44  
102  - 105  

66 1 1 7  
0 -  " 0 

130 ~ 0 
0 0 

0 0 
0 

0 
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"t'abh" I . -Copper  and sulfur in biotite and its Mteration products f rom the intrusives near the Ray porphyry copper deposit, Ar izona-Cont imted 

Copper Sulfur 
Rock type Sample Grain M i n e r a l  {p/m-+10 (p/m+-10 

" percent) percent) 

Gratfite GM14 . . . .  CL2 . .  d o . .  582 
Mountain CL3 . .  d o . .  34 
PorphytT- EP Epidote 0 
Con. SP6 Sphene 0 

2G3114 . . . .  IBI Biotite 20 311 
2BI .. do.. 0 

2BtA . .  do.. 0 202 
3BI ..  d o . .  I98 273 
4BI . .  do . .  0 237 
6BI . .  d o . .  0 

BTM1 .. d o . .  0 158 
2CL Chlorite llO 0 
5CL . .  d o . .  42 11 
6CL ..  d o . .  5 68 
CLMI .. d o . .  79 75 

GM12R . . . .  2BIX Biotite 0 208 
3Bt . .  d o . .  11I 237 
3BtA . .  do . .  144 180 
4Bt . .  d o . .  110 156 
5Bl . .  d o . .  125 152 

3CL Chlorite 699 26 
3CLA .. d o . .  294 26 
4CL ..  d o . .  297 4,4 

5CL . .  d o . .  527 98 

GM6GR . .o BI1 Biotite 0 
BIA . .  d o . .  0 
3BIA . .  do.. 0 120 
4BIA . .  d o . .  0 1 9 0  
3CLA Chlorite 3440 ~ 0 
4CLA ..  d o . .  80 0 
CLA . .  d o . .  265 

2G3IdGR ..  2BIM Biotite 0 190 
3BIM . .  d o . .  0 

Copper Sul fur 
Rock type Sample Grain Mineral (p/m+-I0 (plm-~10 

percent) percent) 

Granite 2GM6GR... 4BIM ..  d o . .  0 
Mountain 3CLMt Chlorite 261 
Porphyry- 3CLM 2 .. do.. 442 

Con. 4CLM ,. do.. 125 

3GM6G . . . .  BI1 Biotite @ 
BI2 . .  d o . .  
B13 .. d o . .  O 
CL1 Chlorite 1185 
EL2 .. d o . .  382 
CL3 . .  d o . .  414 

2GM4V . . . .  Bib Biotite I t 0  
IBIA .. do.. O 

3 B I A  . .  d o . .  0 

3BIB . .  d o . .  0 

lC& Chlorite 915 ~ 
1CLA . .  d o . .  818 ~ 
3CL .. do.. I05 

2GMIA .... 2CL .. d o . .  324 
2CLA . .  do.. 275 
2CLB . .  do.. 311 

ELM .. do.. 1537 ~ 

Teapot Yt~'I . . . . . .  tCL Chlorite 1235 "~ 
Mounta/n 3CL .. do,. 1172 ~ 
Porphyry. CLM1 . .  d o . .  1086 ÷ 

1SP Spheric 145 
3SP . .  d o . .  124 

Hydro- 2P70-22. . .  1Bt Biotite 80 90 
thermal 2BI . .  d o . .  46 486 
biotite. T123R . . . .  gI1 Biotite 26 189 

Bt2 . .  d o . .  37 113 
B I 3  . .  d o . .  6¢ I 5 6  

B I 4  . .  d o . .  3 0  1 9 7  

B I 5  . .  d o . .  33 1 9 1  

÷Element not distributed homogeneousIy in the grain. Criterion 
used was whether standard deviation from mema of counts divided by 
the :-qum-e root of the average counts is >3  (Boyd, 1969). 

The copper reported for chlorite in tables i and 2 was 
probably not  smeared over the chlorite f rom other copper- 

bearing phases in the mounts  because (1) the distribution of  

copper in the chlorite (discussed next) precludes such a source, 
(2) the copper content  of the cldorite grains does not  reflect 

the proximity, size, or even presence of  copper sulfides in a 

W e n  slide (always < 2 0 0  p /m kncluding chatcopyfite), and (3) 

except for ~mple  246-99B (table 1), copper  was not found in 

other ~-~neo,us silicate, oxide, or phosphate phases in the 

samples in amounts equal to or greater than that found in 

chlorite. Contamination of  the chlorite Mth copper f rom 

chalcopyrite in veinlcts was avoided by using probe mounts  

that contain no veinlets. 

The amout|t  o f  copper in chlorite is highest near the 
chlodte-Liotite contact. Chlorite more titan 50/~m from the 

mineral contact  contains about 6 0 0 - 1 , 0 0 0  p/m Cu, biotite 
more than 50 #m from the contact  contains copper  in 

amounts just at or  below the detection level, and about  1.5 

percent Cu is found in the chlorite at the mineral contact  (fig. 
3A, samp|e 2GtM4V, grain I CL). The amount  o f  copper 

(about 1.5 percent) at the mineral contact  is probably low 

because the material excited by the beam and secondary 

radiation extends beyond the ~ i b l e  mineral contact .  Like- 

Mse, the broadness of the copper peak (fig. M) may be pardy 
the result of excitation of copper in the contact zone by 
secondary radiation from pohtts located in ddorite and biotite 
near the mineral contact. 

The concentration of  copper  in ehlorite along another  bic- 
rite-chlorite boundary, is shown as X-ray images photographed 
from art oscilloscope (fig. 4). The chlorite contains about  



BANKS 199 

Table 2.-Copper and sulfur in biotite and its alteration products from Ruby Star Cranodlodte 
near the Esperanza porphyry copper deposit. Arizona 

[Values in regatlar type denote element is present at or above detection level (about 90 p]m for Cu and 50 p/m for S). Values in italic type indicate 
real or fictitious element contents resulting from higher-than-background counts at the peak wavelength of the element. Copper and sulfur values 
are not si~fificant to three figures. Precision is lower in grains in which copper and sulfur are not homogeneously distributed] 

Sample Grain Mineral 
Copper Sulfur Chlorite in 

(p/m, +-10 (p/m, -+8 separate 
percent) percent) (percent) 

T454R . . . .  BT5 Biotite 63 106 0.1 
BTM1 . .  do . .  0 180 
BT5A . .  do . .  0 139 
BT5C . .  d o . .  0 138 
BT5C1 . . d o . .  0 125 
CL5 Chlorite 0 17 

T455R . . . .  BTI Biotite 21 141 3.5 
BT2 . .  d o . .  45 126 
BT3 . .  do . .  73 126 
BT4 . .  d o . .  6 160 
BT5 . .  do . .  200* 87 
CLM1 Chlorite 4758 ~" 68 
CLM2 ..  d o . .  161 0 
CLI .. do. - 2040* 6 

T465R . . . .  BT1 Biotite 0 69 0.7 
BT2 . .  do.. 145 119 
BT3 .. do .. 0 156 
BTM1 . .  do.. 0 140 
BTM2 . .  do . .  0 102 
BT-M3 . .  d o . .  0 125 
CL1 Chlorite 175 20 _ _ 
SP1 Sphene 255 56 

T-467R . . . .  BTI Biotite 654 ~ 172 11.2 
BT2 . .  do. .  51t* 140 
BTM1 . .  d o . .  28 275 
BTM2 . .  do . .  173 263 
BTM3 . .  do . .  43 232 

Sample Grain Mineral 
Copper Sulfur Chlorite in 

(p/m, -+10 (p/m, -+8 separate 
(percent) percent) (percent) 

T467R . . . . .  BTM4 Biotite 152 2,I3 
BTM5 . .  d o . .  0 197 
EL1 Chlorite 766* 0 
CL2 . .  do . .  3418" 0 
EL3 . .  d o . .  3 0 2 4 *  7 

CLM1 . .  do . .  1335 O 
CLM2 . .  d o . .  1060 14 

T468R . . . .  BT1 Biotite 49 201 
BT2 . .  d o . .  3 345 
BT3 . .  d o . .  O 239 
BT4 . .  d o . .  0 22I 
CL1 Chlorite 924* 0 
CL2 . .  do -. 9700* 96 
CL3 . .  d o . .  10,000" 36 
CL4 . .  d o . .  4500* 32 

TSR . . . . . .  BT1 Biotite 0 1 4 1  
BT2 .. do.. 616" 97 

BT3 . .  d o . .  0 167 
BT4 . .  d o . .  32 125 
BT5 . .  d o . .  129 109 
CL1 " Chlorite 403 0 
C L 2  . .  d o . .  3 2 3  ~ 1 6  

CL3 . .  d o . .  669 ~ 0 
CL4 . .  d o . .  1656" 30 
CL5 . .  d o . .  429 10 
SP1 Sphene 57 23 
SP2 .. d o . .  333 6 5  

SP4 . .  d o . .  0 49 

12.4 

1Z6 

SElement not distributed homogeneously in the grain. Criterion used was whether standard deviation from mean of counts divided by the square 
root of the average counts is >3 (Boyd, 1969). 

5,000 p/m Cu at the mineral contact and about 500 p /m (aver- 
age) away from it. Although sulfur counts were collected for 

longer times than the copper counts, corresponding sulfur 
counts (fig. 4C, F) are lacking where the copper is concentra- 
ted. B a e k ~ o u n d  sulfur in biotite (300 p/m) was no t  detected 

in figure 4C and F. 

Yigttre 3/3 shows a paucity of copper in eompositionally pure 

biotite, a high concentrat ion of copper in chlorite at the 

compositional ctdorite-blotite contact,  and a decrease in 

amount  of copper in chlorite as it becomes chemically purer 

(as demonstrated by loss of K). Thus, copper is both spatially 

and compositionally associated with the biotite-chlorite transi- 
tion, which implies that the copper was introduced in the 
fluids that destroyed the biotite and formed the chlorite. The 
fact that other elements knox,a~ to coexist in previously 

described copper minerals were no t  concentrated with the 
copper suggests that  the copper probably is present  in either 
lattice or more loosely attached sites in  the chlorite or other  
silicate minerals formed during transi t ion of the bioti te  t o  

chlorite. In the compositionally purer chlorite, tile copper may 
be partly in exchangeable sites and partly in latt ice sites. 

Dodge, Smith, and Mays ( 1 9 6 9 ) a n d  Parry and Naekowski 

( 1 9 6 3 )  point  out  that  the radius of  Cu +2 is appropriate for its 

camouflage in Fe +2 and M ~  2 (oetahedral) positions. In  the 

transitional material, the amoun t  of  copper present  and the 

fact that cold concentrated nitr ic acid leaches copper f rom the 

Esperanza biotite-chlorite grains exposed in a rock-slab surface 

(37. G. Lovering, oral eommun. ,  1972) might suggest a cation 
exchange position for part of  the copper. The nature  of  the 
at tachment of copper in this transitional material is discussed 
more fully in a later section. 
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F ' ~ x e  ~- -P lo ts  of  copper versus sulfur contents  of  igneous biotite (.4 and C) and chlorite (B and D )  derived f rom the  biotite f rom rocks 
near  the Ray and Esperanza copper deposits, Arizona. Note that different scales are used to plot copper in chlorite and c o p p e r i n  
biotite. Three points from the Rattler Granodiorite and one from the Tortilla Quartz Diorite plot at the origin of B.Some points are 
slightly offset for plotting purposes. Detection levels were established at three times the square root of  the average background 
counts (Birks, 1963). 

t 
oo 

C O N T A M I N A T I O N  O R I G I N  F O R  C O P P E R  I N  B I O T I T E  

The increase in copper content from parent biotite to 
(laughter chlorite is probably even more striking than F~ure 1 
shows because most biotite ~ains having detectable amounts 
of copper come from samples that contain chlorite having 
considerably more copper than the biotite. Thus part or all of 
the detectable copper reported for biotite may be copper from 
chlorite that has been smeared over the biotite during polish- 
ing. There is no simple relation between the degree of ahera- 
tion of biotite in a sample and the presence or number of 
copper-bearing biotite grains analyzed in a sample. This is not 
surprising because the amount of copper smeared over the 
biotite would depend upon the proximity of copper-bearing 
chlorite, the amount of copper in the chlorite, and the posi- 
tion of a biotite grain relative to a copper-bearing chlorite and 
the ~nal direction of polishing. However, the samples that 
have very little bio~bte alteration or that have no chlorite grains 
with detectable copper also have no biotite grains with detect- 
able copper. In addition, biotite precipitated from copper- 
bearing fluids (hydrothermal biotite, table 1) does not contain 

detectable copper except immediately adjacent to chalcopyrlte 
(these analyses were not  reported in table 1 because of likeli- 
hood of copper contamination from the sulfide). Therefore, it 
is likely that the igneous biotite (with the possible exception 
of sample 246-99B, grain 3BI) does not contain copper in 
amounts detectable by the probe and that the copper in all but 
one biotite reported in tables 1 and 2 may be best explained 
by autocontamination. The exception, sample 246-99B, grain 
3BI, is not easily explained by contamination with copper 
from chlorite because only the two grains of  chlorite, both 
completely chloritized with no biotite-chlorite contact, occur 
in the sample, and the biotite contains more copper than the 
chlorite (table 1). Copper in this biotite also is not  easily 
explained by contamination with copper from sulfides because 
no chalcopyrite occurs in the probe sample, and the pyrite 
contains less copper (300 p/m) than the biotite. Hornblende in 
the sample may contain copper (<95-percent confidence), but 
also in lesser amounts than the biotite. 

The sig-nificance of the presence of copper in biotite and its 
possible presence in hornblende in sample 246-99B is not 
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F~gure 3.-DLctri_bution of copper in biotite, chlorite, and transi~0nal 
material. Bars indicate range of potassium (K) counts that designates 
relatively pure chlorite (<0;1 percent K~ O)and biotite (K counts equa~ 
to the average of K counts for biotite grains with no ehloritization in ~e 
same mount). Cotmthag time is 200 % terminated on FLxed beam cur- 
rein. Detection level was established at three times the square roet of 
the average backgr0uad co~ts (Birks, 1963). A, Distribution of 
copper in biotite an~ chlorite relative to the optiC~ .mineral 
boundary. B, Distribution of copper in chlorite, biotite, and tran- 
sitional material relative to concentration of potassium. 

clear. The sample is from the most mafic facies (diorite) of the 
Rattler Granodiorite, a fact that might suggest that copper 
actuJ_ty is incorporated in biotite in marie bodies dtu'ing 
c~stallizatlon. However, biotite in equally mafic rock (Tortilta 
Qu~tz Diorite, table 1) and more mafic rock (diabase, unpub. 
data) does not contain deteetable copper. Thus no trend of 
increasing copper content of biotite with decreasing silica 
content of the host rock is established for the rocks of the Ray 
area.  

COPPER-RICH BLEACHED ZONES 1N BIOTITE 

Some biotite ~ains ia the Granite Mountain Porphyry and 
older Laramide i~trusive rocks have bleached (goNen colored) 
zor, es oriented parallel to the (00l) plane. The zones are 
sometimes offset along fractures that developed in the biotite 
prior to consolidation ~f the magma. Many of these zones are 

obvious extensions of chlottized layers, hut others do not 
grade into optically perceivable chlorite at either the middle of 
the bleached zone or the edge of the grain. Some of the 
bleached zones contain unexpectedly large amounts of copper 
.(table 3). A copper X-ray image of two such zones is shown in 
fi~m~re 5A. The wider zone is the one analyzed in mount 
3GMtG of table 3. 

As tile small amounts of sulfur in the copper-rich zones 
indicate (table 3 and fig. 5C), the copper is not present in the 
form of submicroscopic copper sulfide or sulfate inclufions. In 
addition, X-ray images of the following elements indicate that 
they are not present in more than parts per million amounts in 
the bleached zones: F, Na, P, Ct, Ca, S% V~ Cr, Co, Ni, Zn, Ga, 
Ge, As, Se, Br, Rb, St, Y, IN%, Mo, To, Ru, Rh, Pd, Ag, Cd, In, 
Sb, Te, I, Cs, Ba, La, HI, Ta, W, Re, Os, Ir~ Pt, A~  Hg, TI, Pb, 
Bi, Th; Pa, and U. 

Because of the carbon coating and lack of a suitable 
analyzing crystal, it could not be determined directly whether 
carbonates or nitrates account for the copper in the zones. 
However, the amount of silica in the zones su~ests that the 
copper is not explained by the presence of known carbonates 
and nitrates, or even known oxides and silicates. $@ifieantty 
less silica is present in such minerals thma in chlorite (0-2(1 
versus 26--27 percent). Therefore, if the zones were simply a 
mixture of knoa~ copper carbonates, nitrates, oxides, sili- 
cates, chlorite, and ~iotite, the amount of silica in the zones 
having appreclable amounts of copper (analyses G, O, P, Q, R, 
S, table 3) should be, but is not, measurably less than the 
amount of silica in chlorite. 

tt is not ~Sthin the scope of this report to determine the 
exact mineralo#c composition of the zones, hut some speeula- 

ti0n is warranted. The zones are assumed to represent ineipien~ 
cNoritlzation of biotite by fluids that may or may not carry 
copper, because chlorite occurs at ~ain edges along many of 
the zones and copper is concentrated at many optical 
biotite-chlorite boundaries (fi~. ~, 4). However, except for 
~02 and K20, the amounts of individua| constituents and 
structural formulas of the copper-rich zones (analyses B, E, G, 
H, K, L, O, t), Q, R, S, U, and V, table 3) are not uniformly 
intermediate between the amounts of individual constituents 
and structural formulas of the parent biotites (analyses A, D, 
F, J, N, and T, table 3) and those of chlorite along the same 
zone or in the same rock sample (analyses C, I, M, and W, table 
3)..~dthough an increase in density of the zones re|ative to 
chlorite and biotite resulting from replacement of K, Ti, Mg,- 
Fe, and Mn by Ca could account for some of the discrepancies 
in the nonuniform transition in chemistry between the zones 
and chlorite and biotite, the density shift is somewhat 
compensated by the amount of water required in the zones in 
order to arrive at reasonable totals of the constituents (the 
qualitative scans eli,finate s~nificant contribution to the 
totals of elements other than H and 0). Thus it is apparent 
that the material in the zones i½ more than a simple ~fixture of 
well-formed chlorite and biotite. In addition, the large amount 
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Figa~re 4 . -Photographs  of electron-beam scans of a biotite-chlorite grain in sample 46-11a. A, Scan for sample current of  biotite-chlorite grain. The 

fighter area repr~ents  cklorite (cl), and dark areas are biotite (hi). B ,  Scan for copper (same area asA) ,  showing its concentrat ion at  the mineral  
boundaries. Exposure time, 2 minutes. C, Scan for sulfur (same area as B). Note lack of sulh;r at  the mineral bonndaries. Exposure time, 8 
mL, lutes. D, Scan for sample current of area designated in A. E, Scan for copper in same area as D. Exposure time. 1 minute.  F,  Scan for s tdfur  in 
same area as E. Exposure time, 4 minuteS. 
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Table 3.-Microprobe ar~lyses and strugtural formulas for bloti~, cModte, 

3tount No . . . . . . .  

Gr~in No . . . . . . .  

Area a n Z y z e d . . .  

3~ner~J . . . . . .  

Letter  reference 

in tex~ . . . . . . .  

BtA 

Biotite 

A 

2GM4V GM6G 

BI 

Copper-rich zone  

B 

CL BIA 

Chlorite Biotite 

c 

Microprobe analysis (percent )  

BI BIA 

Copper-rich zone  Biot i te  

E F 

AI: 03 . . . . . . . . .  

FeO ~ " P ' ' # # , * t 6 ;  

. . . . . . . . . .  i 
~ 0  . . . . . . . . . . . .  

3haO ° ' ' ° ' ' ° * ' ' i  

CuO . . . . . . . . . . .  

T/O= . . . . . . . . . .  ! 

K 2 _  0 . . . . . . . . . .  ; 

C 1  . . . . . . . . . . . .  

F 

x . . . . . . . . . . .  9 6 1  

Less @-~CI+F . . . . .  .3 

. . . . . . . . . . . .  95.8±0.4 

37.6_+0.2 

15.5-+0.1 

17.4±0.2 

11.4±0.1 

(:) 

32=7+-1.2 

15.6-+0.5 

19.4+-0.7 

1¢.4~0.4 

27.4---0.3 

16..8_+0.2 

24.3-+0.2 

16,2±0.1 

a ¢ . ~ . ° . °  

.46±0.01 

ND 3 

3.2-+0.1 

9.7-+0.t 

.02-+0.004 

.77-*0.06 

.32-+0.03 

1.1~0.2 

=74~0.41 

2 .3 -0 .07  

18±0 . 17  

. . . . . .  . o .  

86.7 

.I  

86.6~-I.7 

=64*0.02 

.11.+-0.02 

.09±0.010 

.09'-+0.018 

N D  

16+-0,03 

• .  85 .8  

.1 

85.7-+0.4 

Structural formulas 4 

Anions. per 

formula . . . . .  

. . . . . .  o . o  

Al IV 

.~d v7 

T~* 4 . . . . . . . .  ° o  

.M.~ +: 

Cu ÷~ . . . . . .  . . . ,  

~ e  ÷ 2  

-Mn += . . . . . . . . . .  

K+t 

5.68 ! 
8.00 

2.32 

.45l 
i 

2.57 1' 

5.64 
~ o * . o  i 

2.21) t 

.06 1 

1.87 

22 

5.35 ! 
,8.00 

2.65 I 

.37 

.09 ! 

3.51 
68O = ' 

13 [ 

2.66 1 

.04 t 

.48 

28 

6.82" 
,8 .00 

1.18 

2.65" 

.12 

4.47 

.17 .11.46 

3.38 

.06 

.61 

28 

5.91 
.8.00 

2.09 

2.183 

.01 I 

5.21 1 

.02 Fll.94 

't38 I 

.12 I 

.021 

' Toga ~. Fe calcu]ated as FeO. 

38.1+-0.3 

14.5-+0.I 

17.6-@1 

12.4-'0.1 

.42-+0.02 

ND 

3.4±0.03 

9.9±0~1 

.03±0.006 

.86±0.04 

. . . . . .  ~ ° .  

97.2 

.4 

96.8-+0.4 

37.2~0.4 

15.0-+0.2 

I7.6±0J 

1L5,_0.05 

.42_+0.02 

1.4±o;4 

3.5±0.t 

9.0-+0.5 

.03-+0.008 

.81-~0.05 

96.5 

.3 

96.2±0.8 

36.5±.03 

15.6-+0.1 

18.4 0.2 

11.4--0.1 

.59-*0.05 

ND 

2.5-,.0.1 

9.5±0~ 

.02±0.006 

.66±0.06 

.Ol_+O.001 

95.2 :1 

.3 

94.9±0.5 

22 

5.7I 8.00 
,2.29 

.27 1 

.38 ! 

2.77 1 
°5.68 

© - * o  t 

2.21 1 

.O5 ! 

1.89 

22 

5.64 ! 
2.36.f 8.00 

.32" 

.40 

2.6O 

. t6  5.76 

2.23i 
! 

.05J 
1.74 

28 

7.177 
,8.00 

.83 

2,58" 

" . 5 1  

.20 "11.72 

2.84 

.07 

2.291. 

22 

5.60 
• 8.00 

2.40 

.43" 

.29 

2.61 

o t * o  

2.36 

.08 

1.86 

Blattks indicate no analysis was made fo r  Ll3.e componen t .  

5.77 
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GM6G-( :ontinued 

3-Continued 4 

Cul ] Cu3 

Copper-rich zone 

G H 

CLA 

Chlorite 

BIA Cul Cu3 

Biotite Copper-rich zone 

J K L 

Microprobe analysis (percent)--Continued 

32.9-*2.4 

13.5+_0.7 

15.3±0.9 

9.5±1.3 

o , . . . ° o  

.46±0.05 

13.5+0.9 

3.5-*0.7 

4.6+_1.9 

ND 

.70+_0.13 

.01±0.001 

94.0 

.4 

93.6+_3.7 

34.9+_2.3 

14.3_+0.7 

17.0+_0.7 

11.3+_0.7 

. . . . , o o  

.51+_0.05 

4.6_+0.9 

4.8-*3.8 

7.7±1.9 

ND 

.79-.0.17 

.01+_0.00I 

95.9 

.3 

95.6-'5.1 

26.6+0.4 

17.3+-0.2 

24.2+-0.2 

16.4+-0.1 

. . °  . . . .  

.86+_0.03 

.43+_0.04 

.08±0.02 

.09+-0.03 

ND 

.09+_0.08 

ND - 

86.1 

86.1+_0.5 

37.0+_0.4 

14.7±0.2 

17.6-.0.1 

11.9+_0.1 

• . . . .  o o  

.56-.0.01 

ND 

3.8-.0.1 

9.4+_0.1 

.03±0.006 

.69+_0.04 

.02~0.002 

95 .7  

.3 

95.4*-0.5 

33.4+_2.9 

13.5±1.3 

16.2+_0.3 

10.6-.0.2 

o . o . . o °  

.46+-0.03 

1.0±O.6 

3.0±0.6 

5.5+_0.7 

.06-*0.03 

.86+-0.14 

.02±0.002 
J 

84.6 

.4 

84.~3.4  

36.3+_0.7 

14.0±0.3 

17.4+_0.4 

1L4_+0.5 

o o ° . . . .  

.05+-0.028 . 

5.3+0.8 

3.5±0.1 

8.1+_1.2 

.04-*0.007 

.73+_0.09 

.02+_0.002 
i 

96.8 

.3 

96.5+1.8 

Structural formulas 4-continued 

22 28 

"I 6.80" 5.69 8.00 
2.31 1.20 

.40 1 2.09 
138 .54 

2.69 2.92 

.13 >-5.98 2.10 

2.31 I 2.65 

.07 I .08 

1.19 1.21 

.8.00 

-11.59 

22 

5.40 
- 8.00 

2.60 

.01 

.56 

2.61 

.54 5 .99  

2.20 

.07 

1.52 

28 

6.87" 

1.13 

2.19 • 

.71 

3.32 

.68 

2.80 

.09 

1.93 

• 8.00 

-11.72 

28 

5.74 

2.26 

2.14 

.01 

5.28 

.07 

4.37 

.16 

.02. 

- 8.00 

"12.05 

22 

5.63 

2.37 

.26 

.43 

2.70 

2.24 

.07 

1.82 

b 22 

5.69 " 
8.00 ~ 8.00 

r 2.31 

1 1 .38 

2.69 

5.70 .13 ~- 5.98 

! 2 . 3 1  / / 

~ .o7 j 

1.19 

28 

7.24 "~ 

.76 

2.69" 

.49 

3.42 

.16 

2.94 

.08 

1.52 

- 8 . 0 0  

1.30 

22 28 

5.57 ] 7.097 
2.43 ]" 8.00 .91 

.10 I 2.31" 

.40 / .51 

2.6~ 3.32 
.61 i ~6-02 .78 

2.23 ! 2.84 

.07 | . 0 1  

1.59 2.02 

- 8.00 

-11.79 

aND means component not detected at the following amounts: 0.01 
percent CuO, 0.03 percent TiO 2, 0.005 percent S, 0.01 percent CI, 
0.04 percent F. 

4Structural formula calculated on an anhydrous basis using computer 
pro~am of Jackson and others (1967). Formulas exclude Ca, S, CI, 
and F. 
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Mounl _No . . . . . . . . . . .  

Grain No . . . . . . . . . . .  

Area analyzed . . . . . .  

.X[iner£ . . . . . . . . . . .  

Letter reference 

in text . . . . . . . . . . .  

COPPER IN BIOTITE AND BIOTITE ALTERATION PRODUCTS, ARIZONA 

Table 3 . - - M i c r o p r o b e  analyses and structural f o r m u ~  for Motite, chlorite, 

GM6G-Ctm. 

4-Con. 

CLA 

Chlorite 

3GM6G 

G 

Biotite 

* i c 1 D 
, , ,,, 

Copper-rich zone 

M N O~ Q 

Microprobe analysis {percent)-Continued 

~iO: . . . . . . . . . . . . . .  

.M:O~ . . . . . . . . . . . .  

FeO' 

CaO . . . . . . . . . . . . .  

M n O  . . . . . . . . . . . . .  

CuO . . . . . . . . . . . . .  

TiO: . . . . . . . . . . . . .  

K.O . . . . . . . . . . . . .  

CI . . . . . . . . . . . . . . .  

F 

S . ° . . , . ° ° . o ° . o , .  

%- 
* * ° t l o w o , = . , °  

Le~ 0--~1 "-F . . . . . . .  

26.6+-0.2 

19.2+-0.2 

22.5+-0.3 

16.4+-0.2 

° ° °  . . . .  

.96±0.07 

.01-+0.001 

.16-+0.03 

.11±0.03 

ND 

.16~0.03 

NO 

85.9 
.1 

8.5.8-+0.5 

37.4+-0.2 [ 

14.9-+.0.2 

18.5_~0-2 

12.3-+0.1 I 

ND 

.50-+0.0~ 

3.9-+0.1 

9.6-+0.3 

. . ° o . = .  

97.1÷ " " 

97.1-0.5 [ 

31.1,0.9 

14.5+-0-1 

14.5-+8.3 

10.3-+0.2 

.34-+0.07 

.32_+&02 

12.6-+0.6 

3.0-+0.1 

2.2-+0.5 

* * . , . . .  

, . . , . o o  

i 

88.9 
. ° ° ° . ° .  

88.9-+t.3 

30.4,---0.2 

14.4_+0.1 

13.9-+0.2 

9.8-+0.1 

.-94-+0.05 

.3t_+0.02 

12.1±0.4 

3.B_+&I 

1.8-+0.2 

° o o = . . ~  

a m = = . . *  

t 1 I 

86.0 

86 .~0 .6  

30.8+-0.8 

14.1±0.6 

13.5_+0.6 

9.7±0.4 

.15~&03 

.28±0.02 

14.4--,-0.8 

3.0±0.1 

1.9-'0.4 

o ° ° ° . . o  

t " : , ' : "  
87.8 

87.8,'1.2 

Structural formulas ¢ -Continued 

:Lnions per 

fo.--m'Ma . . . . . . . . .  

Si ~ . . . . . . . . . . . . . .  

AI I v  
A] vI  

Ti +¢ . . . . . . . . . . . . .  

Mg ÷ :  . . . . . . . . . . . . .  

: C L I  ÷ ~  . . . . . . . . . . . . .  

F e +  2 . . . . . . . . . . . . .  

. ~ I t t  " . . . . . . . . . . . . .  

28 

5.66 

2.34 

2 .48  

.03  

5.20i  

4 . 0 1 1  

. 1 7 1  

.03 J 

I TotM Fe calculated a~ FeO. 

8 .00  

11.92 

22 

5.58 ! 
~a.o0 

2.42 I 

.21 | 

.44 I 

2.74 P 
• 5.76 

. . . .  q 

2.31 I 

.O5 P 

1.83 

22 

5.22 
"8.00 

2.78 

.093 

.38 1 

2.58:1 
• 6.75 

1.60 I 

2.0.41: 

.06 1 

.47 

28 

6.65 
8.00 

1.35 

2.30" 

.48 

3.28 

2'.03 -11.34 

2.59 

.06 

.60 

22 

5.25 
"8.00 

2.75 

.17 

.39 

9-.52 
-6.71 

1.58 

2.01 

.04 

.40 

28 

6.68" ,- 8.00 
1 . 3 2  

2.40" 

.SO 

2.01 t l . 21  

2.55 

.04 

.50. 

22 

152 80o 
2.Tsj 

.08 | 

.3BI 

9-46 [ 
-6.73 

L85 I 

1.92 t 

.04 I 

.41 

28 

6.68" 
- 8.0( 

1.32 

2._'28" 

.49 

3-14 

2.36 - l L3{ 

2.45 

.05 

.53 

= Blanks indicate no analysis was made for the eomponenL 
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3GM6G-Continued GM12 

1--Continued 2 

E F BIB 

Copper-rich-zone-Continued 

R S 

BIX 

Biotite 

BIA 

Copper-rich zone 

T U 

Microprobe analysis (pereent)-Continued 

V 

30.7-+0.6 

14.6+-0.2 

15.1-+0.5 

9.8-+0.3 

.25±0.24 

.30±0.02 

15.320.7 

3.1+-0.1 

2.6±0.1 

° . . . . . .  

. . . .  o . .  

91.8 

91.8-1.1 

31.4-+0.7 

15.1+-0.2 

14.8+-0.3 

10.2+_0.3 

.17+-0.02 

.35-+0.04 

10.1-+1.5 

3.3-+0.1 

4.2+-0.5 

. . ° . o . .  

° o . ~ ° . °  

. . . o ~ . .  

89.6... 

89.6+-1.8 

37.1-+0.1 

14.4+_0.4 

18.0_+0.1 

11.8_+0,1 

.69+_0.05 

ND 

4.1+_0.1 

9.4+-0.1 

.03+_0.01 

.69-+0.05 

.02-+0.002 

96.2 

,3 

95,9-+0.5 

37.0+_0.5 

13.5_+0.4 

14.9-+0.5 

13.1-+0.4 

. . . .  ° . o  

.46-+0.2 

.19-+0.04 

3.2-+0.1 

7.3+_0.2 

.03+_-0.02 

.90+-0.13 

.01 +-0.00.1 

90.6 

.4. 

90.2-*0.9 

37.3-+0.8 

13.4+_0.3 

14.9±0.3 

13.3±0.4 

.45_+0.03 

.19+0.04 

3.3+-0.1 

7.6±0.1 

.01+-0.007 

.91+-0.12 

.01+-0.001 

91.4 

.4 

9L0-+l.0 

3 

CL 

Chlorite 

W 

27.4+-0.2 

17.9+-0.3 

22.9+0.2 

17.2+-0.1 

o o ° . . o .  

.93+-0.03 

.09±0.01 

.05+0.009 

.18+--0.03 

ND 

.14+0.02 

86.8 

.1 

86.7-+0.4 

Structural formulas 4-Continued 

E 22 

5"09~7 95 

2 .86J  " 

• 391 

:iJ 
. 0 . 2 1 "  

28 

6.48 ' 
8.00 

1.52 

2.15 

.49 

3.08 

2.44 -11.53 

2.66 

.05 

.7O. 

22 28 

5.21 " 6.63" 
~- 8.00 

2.79 1.37 

.16 1 2.39 

.41 ] .52 

2.52 3.21 
I. 6.45 

1.27 I 1.61 
2.05 2.62 

.04 .06 

.89 1.13 

8.00 

-11.54 

22 

5.63 " 
8.00 

2.37 

.20 

.47 I 

2.67 I 
"5.71 

. . . .  | 

2.28 I 

.09 i 

1.82 

3 ND means component not detected at the following amounts: 0.0l 

percent CuO, 0.03 percent Ti02,0.005 percent S, 0.01 percent C1, 

0.04 percent F. 

22 

5.82 

2.18 

.32 

.38 

3.07 ~ 

.02!  

1.96 

.06 

1.46 

8.00 

5.81 

28 

7.41 
~- 8.00 

.59 

2.59 : 

.48 

3.91 

.03 -11.44 

2.49 

.08 

1 .86  

22 28 

5.82 " 7.41" 
~. 8 .00  

2.18 .59 

.29 ~ 2.55" 

,39 ~ .49 

3.10 5 .01  3.94 

.02 / .03 
! 

1.95 ! 2,48 
! 

.06 j .O8 

1.51 1.93 

8.00 

-11.50 

28  

5.80 

2.20 

2.27 

.01 

5.43 

.01 

4.06 

.17 

.05. 

. a.oo 

12.00 

4 Structural formula calculated on an anhydrous basis using computer 

pro~am of Jackson and others (1967). Formulas exclude Ca, S, C1, and 

F. 
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of copper in the transitional material is not easily explained by 
either substitution or attachment of copper in well-formed 
chlorite and biotite in view o£ the relatively low amount of 
copper in welt-formed chlorite and biotite (fig. 3; tables 1 and 
2). 

Whether the material is partly destroyed biotite, poorly 
formed chlorite, another welt or poorly formed sheet silicate, 
or a mixture of these cannot be determined from existing data. 
However, the data do restrict the type or amount of possible 
sheet ~ieates that could make up the material in the bleached 
zones. The silica content of the zones, being less titan biotite, 
indicates that if no chlorite is present in the zones and biotite 
.either is or is not present, the sheet silicates that could make 
up the zones are septech/orite, clintonite, xanthophyllite, 
raargarite, silica-p0or montm0ri~lonite, or vermiculite. The 
small amount of caldum in the zones (analyses O, P, Q, R, and 
S, table 3) indicates that of these, margarite, clintonite, and 
xanthophyllite probably are not present. On the basis of the 
color of the zones, their refractive index, birefringence, the 
leachability in acid of copper in biotite-chlorite grains (men. 
fioned earIier), and the number of exchange sites available, 
vermiculite or montraoriltonite seem to be more l ike ly  
alternatives to septeehlorite, if indeed another sheet silicate is 
present in the zones. Montmorillonite Js possibly le~s likely 
than vermieu/ite because smaller amounts of alumina are 

expected in silica-poor montmorillonite. Alternatively, if 
cMorite composes part of the zones, the data do not negate 
the presence of a sheet silicate having more silica than biotite; 
however, the amount of such a silieat¢ that could be present is 
limited by the amount of chlorite required to dilute the higher 
amounts of ~ c a  in these minerals to tho~ observed in the 
zones. Thus if most of the copper were present in a high-silica 
silicate, the amount required is much more than that required 
in vermiculite. 

The zones often include apatite grains and are ~ d e r  around 
them. tn addition, the zones commonly contain or are near 
swarms of suboptical-sized apatite as determined by electron. 

 eam scum of the zones for calcium and for phosphorus (fig. 
5B). Thus it is su@ected that the bleached zones 6~hieh range 
in thickness from <I  to 20 #m) extend completdy through 
3-ram-sized biotite grains and in places are offset along 
fractures that developed prior to consolidation of the magma 
because of favorable permeabiIity conditions in the biotite 
resulting from the deformation and expansion of the grains by 
the apatlte inclusions. 

Figure 5.-Photographs of  etectron-beam scar~ of copper-rich zones in 
mount sample 3GMrG.A,  Scan for copper. Exposltre time, 1 minute.  
B, Scan for phosphorus of same area as A-. Exposure time, 1 minute. 
C, Scan for sulfur of  same area as A. Exposure time, I 0  minutes. 
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COMPARISON OF MAJOR-ELEMENT CHEMISTRY OF THE 
COPPER-RICH AND COPPER-POOR CHLORITES 

The presence or absence of copper in chlorite could possibly 
be attributed to its formation at different times or from 
different fluids; hence, the resulting chlorites ,night be 
differentiated on the basis of chemistry. However, preliminary 
data indicate that except for the presence of copper, chlorite 
that contains copper is sinfilar ha chemistry to chlorite that 
does not contain copper (fig. 6). In fact, the composition of 
chlorite appears dependent in larger part on the composition 
of  the parent biotite than on the copper-depositlng character- 
istics of the altering fluid (fig. 7). Preliminary observations also 
revealed no optical dissimilarity between copper-bearing and 
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copper-poor chlorite. Thus it could not be established whether 
chlorite formed in the rocks at two different times from two 
fluids. 

V A L U E  O F  T H E  C O P P E R  C O N T E N T  O F  C H L O R I T E  

A S  A N  I N D I C A T O R  O F  O R E  

The occurrence of copper-bearing chlorite derived from 
i~eous  biotite ,,ear two ore deposits suggests that the amount 
of copper in chlorite nfight ser~e as a geochemical indicator for 
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a ncar',y copper ore deposit. However, copper in chlorite does 
not seem to show a simple positive reIation with the proximity 
of the sample to a pr~ently recogrdzed deposit (fig. 8). This 
lack uf correlation may result from inadetluate data or from 
the i,o~ibili~ that the copper cor~tent of chlorite depends on 
factors other than, or in addition to, the distance of the 
chlorite aTain from a nfinab|e deposit. 

hmdequacy in the data is suggested by the extreme variation 
in the amount of copper in ch/orite both between grains in the 
same probe mount (thin section~ 1-in. diam) and Mthin 
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Figure 8 . - P ! o t  o f  average a m o u n t  o f  copper  in chlorite in a given 
sample  in re la t ion to  d is tance  o f  t he  sample  f rom the  neares t  
recognized commercia l  deposit .  

indi~bdua! ~ains (figs. 3, 4; tables 1, 2). Thus determination of 
the true average abundance of copper in chlorite in each rock 
sample is too expensive to refine with microprobe analyses 
becau~ a prohibitive number of grains must be analyzed in a 
prohibitive number of mounts. The alternative method of 
determining the true abundance of copper in chlorite by 
conventional analyses of separates may also be limited by the 
various typ~ of b~as that are bul/t into mineral separations 
(m%~etic, electrostatic, specific ga~ity, and optieal)-the 
resulting separation may be 100 percent chlorite, but in view 
of the irreg-olar distribution of copper in chlorite and of the 
fact that much copper r~ides in the more poorly crystallized 
chlorite, the mineral separate is likely to contain copper in an 
amount ~,~ot representative of the average. 

These aberrations do not rule out the potential use of 
copper abundance in chlorite as a geochemical indicator. If 
standardized separation techniques are used, it is still possible 
that the content of either leachable or totaI copper in mica or 
chlorite separates may correlate roughly with proximity of the 
sample to a deposit. Additionally, the copper content of 
chlotte may be of limited usefulness as a broader indicator of 
ore; that is, it might point out potential copper-producing 

provinces. For example, the copper content of chlorite from 

S[,:rra .Nevada rocks (Dodge, 1973) with no known associated 

porphyry-type deposits ks much tess than that of dflorites 
reported here. However, this again may reflect mineral 
separation problems because Dodge analyzed clean mineral 
separates that probably were relatively free of poorly crystal- 
lized chlorite. 

Finally, assuming that the true average abundance of copper 
in chlorite (or an abunda,ee determined by analysis of 
concentrates separated in a standardized way) could he 
determined, caution should be used in its application as a 
geochemical indicator of ore because there is reason to suspect 
that this abundance could be influenced by factors other than 
the distance of the sample from a ruinable copper deposit. 
These factors include the rate of chlorithation, percentage of 
partial chloritizatlon, number and size of #'ains chloritized, 
the number of potential fluid conduits (fractures) per unit 
volume of rock, the proximity of the chlorite to a fracture, 
and the concentration of copper in the fluid immediately 
adjacent to the biotite; the first three factors would control 
the number of sites suitable for copper capture, and the latter 
three are measures of the availability of the chlorite to the 

, .? I ' f f l ~  . 1  
copper m me supp ymo nu]0. 

C O N C L U S I O N S  

Copper occurs in chlorite derived from ig-aeous biotite in 
Laramlde intrusions around two Arizona porphyry copper 
deposits and, further, is concentrated at the boundary between 
parent biotite and chlorite. However, the copper content of 
ig, aeous and hydrothermat Motite near these deposits was 
found to be much tess than that of ehlorit:e anti was not 
detected in most of the grains analyzed. In view of the 
difficulty in cleaning chlorite from biotite separates, these 
observations suggest that caution should be used in speeula- 
tlons about what the abundance of copper in biotite derived 
from bulk-analyzed mineral separates might mean with respect 
to the genesis or proximity of ore deposits and Mth respect to 
the behavior of copper in a differentiating magma. Addi- 
tionally, because a potentially large part of the copper in a 
whole-rock sample of "~anitie" rock may be in. alteration 
products of biotite and thereby conceivably have had its 
source outside the analyzed sample, caution shotdd be applied 
to petrologic and genetic interpretations o~ whole-rock copper 
abundance data. 
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COPPER 
AS AN 

IN ~ F R O M  IGNEOUS 
ORE INDICATOR 

ROCKS IN SOUTHERN ARIZONA 

By T. G. LOVERING, J. R. COOPER, HARALD DREWES, 
and G. C. CONE, Denver, Colo. 

Ab s t ra c t . - - I n  the Sierrita and Santa Rite ~fountains of 
southern Arizona, rocks from igneous intrusive bodies that are 
genetically associated with copper deposits contain as much as 
0.03 percent copper; however, biotite separated from these 
rocks contains as much as 1 percent copper. Rocks from igneous 
intrusives in the same area that are not associated with copper 
deposits contain from a few parts to a few tens of parts per 
million of copper, and the biotites separated from them contain 
at most 200 ppm copper. The large composite stock on the east 
side of the Sierrita Mountains shows a well-defined increase in 
the copper content of biotite, from a few parts per million in 
the northern part to as much as 1 percent near the copper 
deposits at its southern end. Copper anomalies in biotite in the 
rocks in this area provide a more sensitive and extensive indi- 
cation of associated copper mineralization than do those in the 
whole-rock samples. 

Biotite has been separated from samples of four 
kinds of intrusive rocks, of Precambrian to Paleoeene 
age, in the Santa Rite and Sierrita ~Iountains of 
southern Arizona. These separates were analyzed spec- 
trographically to investigate compositional variation 
among biotite samples from (1) different intrusives 
of similar ages, (2) similar intrusives of different ages, 
and (3) a single large ore-related stock. 

The greatest variation in trace-element content was 
found in the copper of these biotites. Copper content 
ranges from a few parts per million to 1 percent, and 
the highest copper values are in biotite from rocks 
that are genetically and spatially related to copper ore 

deposits. The ore-related biotites consistently contain 
from one thousand to several thousand parts per mil- 
lion of copper, in contrast to biotites from "barren" in- 
trusives, whose copper content is generally only a few 
tens of parts per million. 

All the biotite samples in which lnolybdemlm was 
detected (>_ 10 ppm) also contain > 500 ppm (parts 
per million) copper; however, many of the samples 
that contain high copper concentrations show no de- 

tectable molybdenum. None of the other minor elements 
in the biotite show any consistent relationship to the 
copper content. 

The ability of copper to substitute for iron and mag- 
nesium in the biotite lattice and the relatively high 
concentration of copper in biotites from quartz monzo- 
nite stocks in Utah and l~Tevada that are genetically 
related to copper ore deposits have been discussed by 
Parry  and Nackowsld (1963, p. 1127, 1137, 1140-1141). 
Putman and Burnham (1963) also reported sporadic, 
but locally high, concentrations of copper in ferromag- 
nesian mineral concentrates, which consist largely of 
primary biotite, from their Boriana Granodiorite in 
the Hualapai Mountains south at Kingman, Ariz. 
These biotites with high copper content are associated 
with minor primary chalcopyrite and come from an 
area that  shows copper and molybdenum mineraliza- 
tion (Putman and Burnham, 1963, p. 60, 72, 78-79, 82, 
9"2). However, Bradshaw (1967, p. 143-144) found that  
the copper content of biotite from ore-related granitic 
rocks in Cornwall and Wales is consistently less than 
50 ppm and that  it  does not differ significantly from 
that  of biotite from barren granitic intrusives else- 
where in Great Britain. 

The biotite in many of the older intrusives of the 
Santa Rita 5{ountains shows strong chloritic altera- 
tion. Copper analyses are reported here only on those 
minerM separates that  were optically determined to 
consist of more than 80 percent biotite. 

Spectrographic copper analyses had previously been 
made on some whole-rock samples of the same rocks 
from which biotite separates had been made. The cop- 
per content of ore-associated intrusive rocks is higher 
than that  of barren rocks, but it  is more than an order 
of magnitude lower than the copper content of t h e  
biotite. 

Samples of the freshest rock obtainable were taken 
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for biotite separates; the biotite is a primary mineral 
in all but one of them (a Precambrian granodiorite 
from the Santa Rita Monntains which contains second- 
ary biotite of Paleocene age). Many of the pre-Ter- 
tiary stocks in the Santa Rita Mountains are not repre- 
sented in this study because of the intense chloritic 
alteration of their biotite. 

Thirteen biotites were analyzed from the Santa Rita 
Mountains, and twenty-two from the Sierrita ~ioun- 
tains. Samples from the Santa Rita ~iountains com- 
prise three from a large Precambrian stock, two from 
an Upper Cretaceous stock, four from small barren 
Pa]eocene stocks, and four from ore-related l~aleocene 
plugs (fig. 1). All the samples from the Sierrita ]~ioun- 
rains were taken from a large composite Paleocene 
stock that is related to the Esperanza and Sierrita cop- 
per deposits of the Pima mining district (fig. 2). 

GEOLOGIC SETTING 

The Santa Rita and  Sierrita Mountains contain plu- 
tonic and closely related hypabyssal rocks. In  the 
Santa Rita Mountains these rocks are of Precambrian, 
Triassic, Jurassic, Late Cretaceous, Paleocene, and late 
O]igocene ages. In  the Sierrita Mountains they are of 
Precambrian, Triassic, Jurassic, and Pa]eocene ages. 
The larger stocks in both areas are composite bodies 
whose main phases commonly range in composition 
from granodiorite to quartz monzonite. The Santa Rita 
Mountains also are intruded by numerous small homo- 
geneous stocks of granodiorite and quartz monzonite 
and plugs of quartz latite porphyry. Only the intru- 
sive bodies from which biotite' samples were taken for 
this study are shown on figure 1. 

The copper deposits of the Helvetia, Rosemont, and 
Greaterville mining districts in the Santa Rita Moun- 
tains are associated with Paleocene quartz latite por- 
phyry plugs. Those of the Pima mining district in the 
Sierrita Mountains are related to Paleocene quartz 
monzonite porphyry which occurs as plugs and as a 
facies of Paleocene granodiorite stocks. 

METHOD OF MINERAL SEPARATION AND ANALYSIS 

Rock samples were crushed, ground, and sieved. The 
60- to 150-mesh fraction was used for separation and 
analysis. The ground sample was then placed in bromo- 
form to float quartz, feldspar, and other light minerals. 
The heavy-mineral concentrate from the bromoform, 
including the biotite, was washed, dried, and placed 
in a methylene iodide solution to float the biotite and 
sink all heavy minerals of specific gravity greater than 
3.3. The biotite concentrate was again washed and 
dried and was then run through a Frantz magnetic 
separator at different settings to obtain as pure a bio- 
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tire fraction as possible. Mineral impurities other than 
chlorite were estimated to constitute less than 5 percent 
of this fraction. Chlorite, which cammt be l~moved 
mechanically by this method of mineral separation, 
ranged from 1 percent to at ]east 50 percent. All biotite 
concentrates were examined optically, and only the 
analyses of those in which chlorite was less than 20 
percent are reported in this paper. 

Both whole-rock samples and biotite concentrates 
were analyzed by a six-step semiquantitative spectro- 
graphic method which is similar to the three-step 
method of :~fyers, Havens, and Dunton (1961). Results 
from the six-step method identify geometric intervals 
that have the boundaries 1.2, 0.83, 0.56, 0.38, 0.96, 0.18, 
0.12, 0.083, and so forth, and are reported as midpoints 
of these intervals by the numbers 1, 0.7, 0.5, 0.3, 0.9, 
0.15, 0.1, and so forth. The interval identified by the 
reported midpoint contains the analyst's best estimate 
of the concentration present. The precision of a ro- 
ported value is approximately plus or minus one in- 
terval at 68-percent confidence, or two intervals at 95- 
percent confidence. 

SANTA RITA MOUNTAINS " :  

Petrography 

Rocks sampled in the Santa Rita l~ountains include 
the Precambrian Continental Granodiorite; the Upper  
Cretaceous Madera Canyon Granodiorite; the "barren" 
Paleocene stocks of the ttelvetia mining district; and 
the ore-associated Paleocene plugs of the Greater ville, 
Rosemont, and Helvetia mining districts (fig. 1). 
These rocks, mapped by Drewes (1970a, b), are briefly 
described here; more complete descriptions are 
planned for future publication. 

The Continental Granodiorite forms a large com- 
posite stock in the northern part  of the Santa Rita 
hiountains. I t  is exposed in an eastward-tilted struc- 
tural block of Precambrian rock that is unconformably 
overlain by Paleozoic and Mesozoic sedimentary rocks 
and that is intruded by Paleocene stocks and plugs. 
The main phase of the stock is a medium-gray to d a r k -  
gray very coarse grained porphyritic biotite grano- 
diorite that grades to a quartz monzonite. Mafic min- 
erals, chiefly biotite and chlorite, form a meshwork 
pattern around the felsic minerals. Phenocrysts .of 
light-pinkish-gray microcline or orthoclase as much as 
4 cm long constitute 5-10 percent of the rock. A mode 
of typical Continental Granodiorite contains, to the 
nearest percent, quartz, 28; plagioclase, 42; orthoclase, 
18; biotite, 9; and accessory i]menitic magnetite, ap~- 
tire, sphene, and zircon, 3. This rock is isotopically 
dated as Precambrian (Drewes, 1968). 
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The ~Iadera Canyon Granodiorite is the northern- 
most of a swarm of stocks of Late Cretaceous age in 
the southern part of the Santa Rita ~ountains. 
Samples were obtained from a light-gray phase of this 
rock, which also exhibits porphyritic and melanocratic 
phases (Drewes, 1970a, b). The light-gray phase is 

extensively exposed along Mader.~ Canyon, where it 
has a medimn- to coarse-grained hypidiomorphic gran- 
ular texture. A representative sample contains, to the 
nearest percent, quartz, 92; orthoclase, 26; plagioclase, 
42; hornblende, 5; biotite, 4; and accessory sphene, 
ilmenitic magnetite, apatite, and zircon, 1. Tlfis rock 
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has been dated as about 68 m.y. (million years) (P. E. 
Damon, written commun., 196'4; Drewes, 1968, p. C13). 

Six small elliptical stocks of Paleocene age, which 
consist largely of light-gray granodiorit% intrude the 
structurally complex rocks near Helvetia (Drewes, 
1970b). Four of them were sampled for this study (fig. 
1). The composition of these stocks is variable, rang- 
ing from granodiorite to quartz monzonite. Their in- 
homogeneity ~s exemplified by a stock in which the bio- 
tite content ranges from i to 10 percent, The rocks of 
these stocks are distinguishable fronl the Continental 
Granodiorite by  their fresher appearance, the absence 
of phenocrysts, and the habit of their biotite, which 
forms discrete books. Modes of these rocks vary 
widely; that of the sample from the northermnost 
stock shown on figure 1, which is fairly representative 
of the granodiorite, is, to the nearest percent, quartz, 
30; plagioc]ase, 45; microcline, 13; biotite, 10; and 
accessory ilmenitic magnetite, apatite, zircon, and 
sphene, 1. The stocks of I-Ielvetia are not associated 
with the mineralization of the district. They have been 
isotopically dated as about 53 m.y. (Drewes and Fin- 
nell, 1968, p. 323 ; 1%. F. Marvin, written commun., 1968), 
but geologic field relations indicate that they may be 
slightly older. 

Quartz ]afire porphyry, locally referred to as the 
"ore porphyry," forms six small irregular plugs and 
many dikes in the Greaterville, 1Rosemont, and Hel- 
vetia mining districts. The four plugs sampled are 
shown on figure 1. The plugs are surrounded by aure- 
oles of low-grade metamorphosed and mineralized rock. 
Copper, lead, zinc, and silver are the principal metals 
Produced in these districts, but other metals are also 
present (Schrader 1915; Creasey and Quick, 1955; 
Drewes, 1970c). The porphyry is typically a grayish- 
orange-pink, closely fractured rock with a saccharoidal 
groundmass. I t  contains abundant bipyramidal quartz 
phenocrysts, sparse small biotite phenoerysts, and 
traces of disseminated sulfides, i~[odes of the porphyry 
are very uniform; the average of the modes of seven 
specimens, to the nearest percent, is quartz, 26; plagio- 
clase, 45; potassium feldspar (largely sanidine), 25; 
biotite, 3; and accessory sphene, apatite, magnetite, 
zircon, and sulfides, 1. Biotite from three of these plugs 
has been isotopically dated as about 56 m.y. (R.F .  Mar- 
vin, written commun., 1967). 

The quartz latite porphyry appears to have been 
emplaced at a higher temperature than that at which 
the barren intrusives were emplaced, as indicated by 
its bypyramidal quartz and sanidine. The extremely 
irregular shapes of these plugs also suggest that the 
parent magma of the plugs was highly fluid, a condi- 
tion that would be favored both by high temperature 
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and by high volatile content. A high metal content of 
this magma is also indicated by the genetically related 
ore deposits. 

Biotite concentrates and their copper content 

Biotite from tile Precambrian Continental Grano- 
diorite is olive green and contains less than 5 percent 
mineral impurities, which are chiefly chlorite. 

Biotite from the Cretaceous hfadera Canyon Grano- 
diorite is moderate brown and contains about 10 per- 
cent ihnenite and sphene as poikilitic inclusions. Ap- 
proximately 10 percent each of hornblende and chlorite 
is present in the mineral concentrates as discrete grains. 

Biotite from the Paleocene granodiorite and quartz 
monzonite porphyry stocks that have no known copper 
deposits associated with them is dark yellowish brown 
and contains about 5 percent hematite, apatite, and 
zircon as inclusions. About 5-10 percent chlorite and 
minor amounts of sphene and plagioclase are present 
as accessory minerals in the concentrates. 

Four samples were collected from the quartz latite 
porphyry plugs, which are closely related to copper .  
deposits. These plugs are nearly the same age as the 
barren monzonite porphyry. Biotite from this "ore 
porphyry" ranges from light brown to moderate 
brown, and contains about 5 percent apatite, futile, and 
ihnenite as inclusions and 5-10 percent chlorite and 
sphene as accessory minerals in the concentrate. 

Copper concentrations in the biotites of the four 
rock types in the Santa Rita Mountains that were 
sampled are smmnarized in table 1. This table illus- 
trates the marked increase in copper content of biotite 
samples from the "ore porphyry" relative to such 
samples from both the unmineralized older granodior- 
ite and the quartz monzonite stocks of approximately 
the same age as the mineralized quartz ]atite porphyry 
plugs. 

Copper also increases slightly in whole-rock samples 
of the ore porphy~w, but the copper in biotite separates 

TABLE 1.--Copper content of biotite samples from selected igneous 
rocks of the Santa Rita Mountains 

IX. L. Finley, analyst] 

Copper content 
Reck type Number ef (ppm) " 

samples 
Range NIean 

P r e c a m b r l a n  granodior i te  a n d  3 30-70 50 
qua r t z  monzoni te .  

Cre taceous  granodior i te  . . . . . . . . . .  2 100-200 150 
B a r r e n  Pa leocene  qua r t z  4 70-150 90 

monzoni te .  
P r o d u c t i v e  Paleoeene qua r t z  4 700-7, 000 3, 400 

la t i t e  po rphyry .  
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TABLE 2.--Comparison of copper content of whole rock and biotite 
in selected samples from the Santa Rita Mountains 

Copper content 
Rock type (ppm) 

Whola Biotite 
rockt 

P r e c a m b r i a n  g r a n o d i o r i t e _  ~ . . . . . . . . . . . . . . . .  10 70 
C r e t a c e o u s  g r a n o d i o r i t e  . . . . . . . . . . . . . . . . . . . .  20 200 
P a l e o e e n e  q u a r t z  m o n z o n i t e  ................ i0 70 
P a l e o c e n e  q u a r t z  l a t i t e  p o r p h y r y  . . . . . . . . . . .  50 5, 000 

Y. L. Harris, analyst• 
25. L. Finley, analyst. 

from these samples shows a far greater increase (table 
2). 

PIMA MINING DISTRICT, SIERRITA MOUNTAINS 

Petrography 
All biotite samples from the Pima mining district 

came from a large composite stock of PMeocene age, 
which is genetically related to the Esperanza and Sier- 
rita porphyry copper deposits (fig. 2). This stock and 
several smaller ones, which are described and shown on 
a preliminary geologic map by Cooper (1960, pl. 1), ~ 
are mainly granodiorite. The large granodiorite body 
in the western part of the Pima mining district was 
named Ruby Star Granodiorite for the Ruby Star 
Ranch by Livingston, Mauger, and Damon (1968), 
a name which is here formally adopted. The type area 
is in parts of Tps. 17 and 18 S., Rs. 12 and 13 E. The 
granodiorite intrudes intensely deformed rocks of Pre- 
cambrian to Late Cretaceous age and is overlain tin- 
conformably by Quaternary alluvium. The Esperanza 
and Sierrita ore deposits are near the south end of the 
large stock, where part of the roof of the stock is ex- 
posed. 

The composite stock consists of two granodiorite 
facies and, near the ore deposits, of several quartz mon- 
zonite facies not distinguished from one another on 
figure 2. ~lodal analyses of four specimens from which 
the analyzed biotites were obtained are shown in table 
3. 

The equigranular, border-phase granodiorite (table 
3, analysis 1) is a light-gray medium-grained rock, 
which is characterized in hand specimen by recogniz- 
able qnartz, twinned plagioclase, untwimled potassium 
feldspar, equidilnensional books of biotite, hornblende, 
and small honey-colored c17stals of sphene. This rock 

The "atypical granodiorite" of Cooper (1960, p. 70) shown in the  
southwest  corner of this  preliminary map is now known to be par t  of 
a Triassic or possibly Jurassic  intrusive. The granitic rock west of the 
San Xavier th rus t  shown near  the north edge of the map, which was 
provisionally assigned to the Precambrian by Cooper (1960, p. 68), is 
now believed to be slightly younger than  the adjacent  stock from which 
the biotite samples were obtained• 
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TABLE 3.--Modal analyses of rocks in and near the Pima mining 
district from which biotites -were obtalned 

[Leaders (..) indicate not present] 

GranodIorite Quartz monzonite 

1 2 3 4 

Q u a r t z  . . . . . . . . . . . . . . . . . .  25. 1 33. 2 27. 4 26. 4 
P o t a s s i u m  f e l d s p a r  a n d  

p e r t h i t e  . . . . . . . . . . . . . . .  20. 6 19. 2 35. 4 30. 1 
P l a g i o c l a s e  . . . . . . . . . . . . . .  45. 0 42. 8 33. 2 38. 3 
M y r m e k i t e  . . . . . . . . . . . . . .  T r a c e  . 3  . . . . . . . . . . . . . . . .  
B io t i t e  a n d  ch lo r i t e  . . . . . . .  5. 9 3. 4 2. 8 3. 7 
H o r n b l e n d e  . . . . . . . . . . . . . .  2. 0 . . . . . . . . . . . . . . . . . . . . . . . .  
O p a q u e  m i n e r a l s  . . . . . . . . . .  8 . 8  . 8  1. 0 
S p h e n e  . . . . . . . . . . . . . . . . . . .  4 . 2  . . . . . . . . .  1 
A p a t i t e  a n d  z i r con  . . . . . . . . .  2 . 1  . 2  Trace 
L e u c o x e n e ,  ep ido te ,  a n d  

r e d  i r o n  ox ide  . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 4  

Total  . . . . . . . . . . . . . . .  i00. 0 i00. 0 i00. 0 i00. 0 

1. E q u i g r a n u l a r  g r a n o d i o r i t e ,  a v e r a g e  of  t h r e e  s p e c i m e n s  f r o m  
e a s t e r n  b o r d e r  z o n e  of s t ock .  

2. P o r p h y r i t i c  g r a n o d i o r i t e ,  a v e r a g e  of t w o  s p e c i m e n s  f r o m  core  
of p l u t o n  2.3 mi l e s  n o r t h w e s t  of  E s p e r a n z a  m i n e .  

3. Q u a r t z  m o n z o n i t e  p o r p h y r y ,  " o r e  p o r p h y r y , "  a v e r a g e  of t h r e e  
• s p e c i m e n s  f r o m  t w o  m a s s e s  0 .5 -0 .7  mi l e  n o r t h  of E s p e r a n z a  

m i n e .  
4. Ap l i t i c  q u a r t z  m o n z o n i t e  0.5 m i l e  n o r t h  of E s p e r a n z a  m i n e .  

has gradational contacts with the porphyritic core- 
phase granodiorite. 

The porphyritic core phase (table 3, analysis 9.) is 
much like the border phase, but lacks hornblende and 
contains from 2 to 10 percent phenocrysts of potassium 
feldspar which are 1/~-3 inches long. I t  generally con- 
tains less biotite, more quartz, and plagioclase o f  a 
less calcic composition than the border phase. Two 
potasslum-argon age dates on the granodiorite facies 
are 60 m.y. (Creasey and Kistler, 1962) and 59 m.y. 
(Damon and l~auger, 1966). 

The quartz monzonitic part of the stock near the 
ore deposits (fig. 2) includes rocks distinguishable 
from the granodiorite only by their mineral propor- 
tions, and also finer grained quartz monzonite por- 
phyry and aplitic quartz monzonite phases. The quartz 
monzonite porphyry has sharp intrusive contacts with 
the granodiorite at a few places, but gradational con- 
tacts at others. The aplitic quartz monzonite phase was 
called biotite-bearing aplite by Anderson and Kupfer 
(1945, p. 5) and is shown as dacite porphyry on a map 
by Lynch (1966). I t  is an intrusive body approxi- 
mately 1,000 feet wide and 1,800 feet long which is 
emplaced in quartz monzonite porphyry and grano- 
diorite. I t  crops out half a mile north of the Esperanza 
mine, and also forms very small bodies closer to the 
mine. The quartz monzonite phases are not separately 
distinguished on figure 2. 

The quartz monzonite porphyry (table 3, analysis 8) 
is light gray to pinkish gray on fresh exposures. Pheno- 
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FIaURE 2. G e n e r a l i z e d  m a p  o f  c o m p o s i t e  s t o c k  a n d  a s s o c i a t e d  o r e  d e p o s i t s  i n  t h e  s o u t h w e s t e r n  p a r t  o f  t h e  P i m a  m i n i n g  
d i s t r i c t ,  e a s t  o~ t h e  S i e r r i t a  3 I o u n t a i n s ,  s h o w i n g  s a m p l e  l o c a l i t i e s  a n d  c o p p e r  c o n t e n t  o f  b io t i t e .  
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crysts of white plagioclase, gray quartz, pink potassimn 
feldspar, and biotite make up about half the rock. The 
remainder is a fine-grained granular ground-mass of 
quartz, potassium feldspar, and a little plagioclase. 
Primary accessory minerals include magnetite, apatite, 
and zircon. 

The aplitic quartz monzonite (table 3, analysis 4) is 
a light-gray aplitic rock whose groundmass consists 
largely of quartz, orthoclase, oligoclase, and biotite in 
grains less than half a millimeter in diameter. Zoned 
o]igoclase phenocrysts as much .as 5 mm long and bio- 
tite books 1-3 mm in diameter are fairly common, and 
quartz "eyes" as much as 3 nnn in diameter have been 
observed but are much less abundant than in the adja- 
cent quartz lnonzonite porphyry. The accessory min- 
erals include magnetite~ apatite, zircon, and sphene. 

The quartz monzonite porphyry has been dated by 
Creasey and  Xistler (1962) by the potassium-argon 
method as 56 m.y. This age may be too yomlg, as the 
rock is mineralized in the Esperanza mine, and musco- 
vite from a muscovite-quartz-sulfide veinlet in this 
mine has a potassium-argon age of 61 m.y. (Damon 
and ltfauger, 1966)--very nearly the same age as the 
granodiorite. 

Biotite concen,trates and thelr copper content 

The sample localities of the rocks from which the 
~2 biotite separates were made and the copper contents 
of these separates are shown in figure R Two copper 
values shown for a single locality represent separate 
samples collected tens of feet apart to test the pos- 
sibility of sporadic local variation in trace-element 
content. 

The biotite concentrates contain some mineral im- 
purities, both as discrete grains of foreign minerals 
and as poikilitic inchsions of other minerals within the 
biotite flakes. The total content of such impurities in 
the various mineral concentrates ranges from less than 
5 percent to nearly 20 percent; however, none of the 
concentrates contain any visible copper minerals. 

The five samples from the equigranu]ar border facies 
of the granodiorite stock show no consistent features 
that distinguish them from the 12 samp'les of porphyrit- 
ic gTaamdiorite from bhe central part of the stock. 
Hornblende is present as an accessory mineral in two 
of the five concentrates from the border facies but does 
not appear in any of those from the porphyritic facies. 
Zircon forms inclusions in biotite in 5 of the 12 con- 
centrates from the porphyritic facies but not in any 
of the biotite from the equigranu]ar facies. 

There is a suggestion of a color change in the biotite 
of both rock types from north to south in this stock. 
i%iost samples near the southern end of the pluton are 
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moderate brown to dark brown; those from about a 
mile to about 3 miles north of the southern end tend 
to be somewhat lighter brown, and those from locali- 
ties more than 3 miles to the north are olive brown or 
mixed olive brown and shades of light brown. 

Biotite from the porphyritic granodiorite contains a 
maximum of about 5 percent apatite, rutile, ilmenite,. 
hematite, sphene, and zircon as inclusions. Chlorite, 
the most common accessory mineral in the concentrates, 
ranges from 0 to about 10 percent of the sample, l%~inor 
amounts of feldspar, hornblende, and sphene are also 
present as accessory minerals in a few of the concen- 
trates. 

Biotite from the quartz monzonite porphyry and 
ap]itic quartz monzonite is moderate brown to dark 
brown' and contains as much as 10 percent of inclusions 
of apatlte, ihnenite, hematite, rutile, and zircon. Chlor- 
ite constitutes as much as 10 percent of the mineral 
concentrate, and minor amounts of sphene occur in 
two of the samples. 

As shown in figure 2, the copper content of the bio- 
tires displays a zonal pattern around the copper de- 
posits. The highest copper concentrations are in the 
biotite nearest the deposits, and anomalous concentra- 
tions extend outward for as much as 21/~ miles. These 
very cupriferous biotites are mostly from quartz mon- 
zonite porphyry and aplitic quartz monzonit% but they 
include biotites from both the porphyritic and the 
equigranular granodiorite. The lithologic diversity of 
the samples high in copper content suggests that part 
or all of this copper may have been introduced by 
hydrothermal solutions at the time of mineralization, 
or conceivably could have been introduced by later 
circulating ground water. However, coarse hydrother- 
mal biotite from veinlets in diorite above the Sierrita 
ore body contains only 30 ppm copper. This biotite has 
a potassium-argon age of 60 m.y. (S. S. Goldich, writ- 
ten commun., 1964), the same age as that of the hydro- 
thermal mica from the Esperanza mine. 

The zonal pattern of copper concentration in the 
biotite is also shown by the copper concentration in 
whole-rock samples, but it is less impressive (table 4). 
The copper content of whole-rock samples from which 
biotite was separated for this study is given in table 4. 

CONCLUSIONS 

The copper content of primary biotite in several rock 
types from southern Arizona ranges from a few parts 
per million to 1 percent. The concentration of copper 
in biotite from two different bodies of the same k i n d  
of rock differs by more than an order of magnitude~ 
and it varies by three orders of magnitude within a 
single large ore-related stock of granodiorite in the 
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T,~BL~. 4.--Comparison of copper content of'whole rock and 

biotite in selected samples from the Pima mining district 

Rock type and sample locality 

PETROLOGY AND PETROGRAPR'~Y 

Percentage o[ 
copper (ppm) copper in whole 

rock that is 
Wholerockl Biotite2 concentrated in 

biotite 

Equigranular granodiorite, 2.7 7 5 ~ 5  
miles northeast of Esperanza 
mine. 

Porphyrit ic granodiorite, 2.9 150 700 15 
miles northwest of Esperanza 
mine. 

Quartz monzonite porphyry, 0.5 300 5, 000 50 
mile northwest of Esperanza 
mine. 

l N.M. Conklin, analyst. 
2 R. H. Heidel, analyst. 

Pima mining district. Copper anomalies in the rock 
a r e  m a g n i f i e d  i n  t h e  b i o t i t e  f r o m  t h a t  rock ,  a l t h o u g h  

rocks  t h a t  a r e  l ow in  c o p p e r  c o n t e n t  c o n t a i n  b i o t i t e  
w i t h  e q u a l l y  l ow c o p p e r  c o n c e n t r a t i o n s .  I g n e o u s - r o c k  
b o d i e s  in  t h e  S a n t a  R i t a  M o u n t a i n s  t h a t  a r e  g e n e t i c -  
a l l y  r e l a t e d  to  c o p p e r  d e p o s i t s  c o n t a i n  p r i m a r y  b i o t i t e  
w i t h  c o p p e r  c o n c e n t r a t i o n s  a t  l e a s t  a n  o r d e r  o f  m a g n i -  
t u d e  h i g h e r  t h a n  those  in  b i o t i t e  f r o m  r o c k s  t h a t  a r e  
n o t  r e l a t e d  to  c o p p e r  depos i t s .  T h e  c o p p e r  a n o m a l y  i n  
b i o t i t e  f r o m  t h e  l a r g e  s tock  i n  t h e  P i m a  d i s t r i c t  is  cen-  
t e r e d  ove r  t h e  m i n e r a l i z e d  a r e a  a n d  e x t e n d s  f o r  m o r e  

t h a n  a m i l e  b e y o n d  i t .  
T h e  c o p p e r  c o n t e n t  o f  b i o t i t e  m a y  be  u s e f u l  i n  r ecog -  

n i z i n g  p l u t o n s  t h a t  a r e  g e n e t i c a l l y  r e l a t e d  to  c o p p e r  
m i n e r a l i z a t i o n  a n d  as  a g e o c h e m i c a l  g u i d e  to  c o p p e r  

o re  d e p o s i t s  in  such  p l u t o n s .  
A l t h o u g h  a l l  b u t  one  of  t h e  b i o t i t e  s a m p l e s  a n a l y z e d  

a r e  p r i m a r y ,  i t  c a n n o t  be  c o n c l u s i v e l y  d e m o n s t r a t e d  
t h a t  t h e  c o p p e r  in  t h e m  is a l so  p r i m a r y .  T h e  l i t h o l o g i c  
d i v e r s i t y  o f  r o c k s  w i t h  h i g h  c o p p e r  c o n t e n t  s u g g e s t s  a 

hydrothermal source; however, a sample of hydro- 
thermal b i o t i t e  f r o m  t h e  m i n e r a l i z e d  a r e a  o f  t h e  P i m a  

m i n i n g  d i s t r i c t  c o n t a i n s  o n l y  30 p p m  Cu. P u t m a n  a n d  

B u r n h a m  (1963, p.  72~ 82) c o n c l u d e d  t h a t  t h e  c o p p e r ,  
p r e s e n t  in  h i g h  c o n c e n t r a t i o n s  in  s a m p l e s  o f  b i o t i t e  

f r o m  t h e i r  B o r i a n a  G r a n o d i o r i t e  p l u t o n ,  is  a p r i m a r y  
c o n s t i t u e n t  a n d  w a s  n o t  i n t r o d u c e d  b y  l a t e r  h y d r o -  
t h e r m a l  a c t i v i t y .  

O n l y  t h e  c o p p e r  c o n t e n t  o f  b i o t i t e  i n  t h e  i g n e o u s  
rocks  o f  t h i s  a r e a  was  i n v e s t i g a t e d  b y  t h e  a u t h o r s ,  
s ince  b i o t i t e  is  t h e  o n l y  maf ic  m i n e r a l  p r e s e n t  i n  con-  
c e n t r a t a b l e  amo~mts  in  a l l  t he se  rocks .  I f  o t h e r  p r i -  
m a r y  maf ic  m i n e r a l s  a r e  p r e s e n t  in  a n  o r e - r e l a t e d  
i g n e o u s  rock ,  t h e y  m a y  also c o n c e n t r a t e  c o p p e r .  T w o  
s a m p l e s  o f  h o r n b l e n d e  f r o m  t h e  M a d e r a  C a n y o n  
G r a n o d i o r i t e  c o n t a i n  a b o u t  t h e  s a m e  a m o u n t  o f  c o p p e r  

as  t h e  b i o t i t e  s a m p l e s  f r o m  t h i s  rock .  
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ASARCO 

AMERICAN SMELTING A N D  R E F I N I N G  COMPANY 

S O U T H W E S T E R N  E X P L O R A T I O N  D I V I S I O N  

P. O. BOX 5747, TUCSON,  A R I Z O N A  8.5703 

January 21, 1974 

1150 NORTH 7TH A V E N U E  

TELEPHONE 602-792-3010 

Mr..Bill Reed 
Colorado School of Mines 

Research Institute 
P.O. Box ll2 
Golden, Colorado 80401 

Dear Bill: 

Seven rock samples (AJI thru 7) were sent to you today, prepaid, 
via Continental Trailways Bus. Shipment is in two separate 
burlap bags. 

Please prepare biotite concentrates from these samples and forward 
the concentrates to our lab in Salt Lake, to the attention of 
Mr. Ernie Phillips. Also, save about a 200-gram split of each sample 
from the first grind and return these splits to me here in Tucson. 

Thanks. 

Sincere ly ,  

George J. Stathis//~- 

GJS:lb 
.J 

cc: WLKurtz ~/~ 
E H.P,h i l ] i ps 
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Ameri~an:,:Smei't~ng & Re£~ning  COmpany, 
P , O .  ~ox  5~7, ~ 
Tu=son, ~rlzona 85703. 

 AU.G i 1 1972 

8 A~g/72 

~ 

• Yukon Territory o/ 
Whitehorse Mining Divisie~ 115-I 
Minto Cu . P r o S P e ~ t .  

This "will aCknOWledge receipt of 'your memo dated ~ Aug/72 re the title 
subject. Your summary O~ the geologleal aspects of the Minto Prospect 
Is very good, Bob Gale. and I have ~Etle to add, or comment upon~ 
except to brlng you up-to-date on a number of recent developments at 
the property, 

Tren~h~n~ to thewest"of~the area that you and John Co111ns examined 
continues to e~eounter mineralization similar to that previously 
dlSC~OSed° Some o f  ~ t  is surprlz~ng high grade, b u t  as y o u  hav~ des- 
c ribed~ it is d~scont~nuouSo We do not as yet have the assay results 
Erom the two diamond dril~l holes drilled to the east of the better 
mineral~zatlon n~e~ aroun'd Dr~ll ~oies 2 and II. However, the 
miner.allzatlon, is dese,r~bed as-~sp0tty". 

My~primary reason for wrltlng r~lates to the last sentence in the 
5rd paragraph of your memorandum~ wherein you refer t o  the sizeable 
area of geoehemi~ally anomalous' copper exceeding 2000 ppm Cu. As 
you are aware, this is a surprlzingly large geoehem anomaly considering 
its streng~h~ and it was assume~ from data acquired at the Williams 
Creek ?rospect, that the geo~hem anomaly generally reflected bedrock 
Conditions, Much of the trenchin~ in areas of + 2000 ppm Cu revealed 
rocks of granitic or granite gnei~ss composition with v~rtually no 
visible copper minerals. Nev~rtheless~ many o f  these apparently 
barren trenches assayed approximately 0,20~ Cu. 

You may recall that during Y0Ur visit, I collected a group of biotite- 
rich speclmenB in order to  have the Salt La~e City laboratory test 
for a copper toni'ant of- the secondary (?) biotite, I have Just 
received ~he resultS, of ~his -test work(see attached), and it appears 
that."the b~.oti~e does,~in fact, contain a very high proportion of 

:r .~ 

the copper noted in the granlt@e rocks. 

r • . 

. E" 

Salt Lake City reports that the 

.....2 

. , , • . • 

_ r 

..+ 

~i ~ • . 



& 

~t : t  

% 

"~t': 

.':4 

~ " S A A  : s m  
::~: " A~t- ach: 

i ' .  C C  : JJ~ 

J ~ C o u r t r ~ g h t  - 2 -  8 A u g ] 7 2  

intimately a~'s'ociated with the biotite crystals. The total rock 
sample assaye~ 790 ppm Cu (0,079Z Cu)~ wh~le"~e biotite alone ' 

assayed 2~00 ppm Cu (0.23% Cu). Sal~:La~e City reporte~ that this , , ,~.~ 
~ high ~opper in the biotite versus copper in the whole rock is somewhati°~%~ 

The abundance o ~  copper in ~hewldespread...biOtite maypar~ialiy 
explain the very large + 2000 ppm cppper geochem anomaly that was 
picked up a~ the Mints Prospect. The breakdown of the biotite 
(maflcs) and subsequent release of coppe~ioninto the developing 
soils, may have eontrlbuted to the sttong ~dopp@r anomaly observed 
in the "B '~ horizon samples ~ollected in the area. The underlying 
b~drock~ while in many places assaylng 0.20% Cu, did not appear to 
.contain anywhere nea~ that amount of copper visible either s.s oxides 
o r  sulfides~ " 

j " • 

hav~ g~ven some thought to having an X-raymi~roprob~e ' Study 
conducted on same of thls biotite £o dete'Emlne the true character 
of the"Black shiny mineral". I~ would~ however, be an academic 
exercise, and at t'hls ~uncture may not be ~ustlfled, 

• .- ] : _ - • 

As soon as addlti0ualda~a is rece"~ved £rom:the:Minto Prospec~ 
a summary of ~ these results will be forwarded to your office for your 
faylaw. " ' 

h, . ,. TI 
" YoUrs Very truly, 

O r i g i n a l  S i g n e d  by  

.• S , : A . : A N Z A L O N E  , . . . . .  ; •  
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GEe C H E LII CA L DATA 

Area 
Requested By 
No. Sainplcs 

Mlk~fO ]?ROSPEC% YUKON TERRITORY (BIOTITE) 

R, E. Gale, Vancouver Office 
Date August 3, 1972 

SAMPLE 
:I]UMBER 

3iotite 
Mineral 
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EXtnLE1RATIEIN SERVtBEB DIVISIEIN 
3422 SOUT;r 700 %VEST 

SALT L-.IKE CITY. UTA]I 84119 

August 3, 1972 

" "'~HuU 7 ) <,s'~. 

Mr. R. E. Gale 
~nerican Smelting and Refining Company 
504-535 Thurlow Street 
Vancouver 5, B.C., Canada 

Dear Mr. Gale 
BIOTITE SAMPLE 
MINTO PROSPECT, YUKON TERRITORY 
GEOCHDIICAL LABORATORY #542 

Transmitted herewith is the analytical report for the sample sent to 
the Laboratory for Biotite separation and analysis, reference your letter 

July 25, 1972o 

The Biotite was separated and cleaned by the use of a magnetic separa- 
tor and heavy liquid treatment° We were not able tQ remove all of the im- 
purities bu~ the ~otite was better thsn 95% pure. 

The "Pulp" is a prepared sample from the material as received from you 
crushed and ground only. All fractions were saved in the separation of the 
Biotite for your inspection if you desire. 

Molybdenum was checked but analysis showed less than one part per million. 

Yours very truly, 

~:-,.--,-~ . .. ~ ... / 

,/.- 

E. Ho PIIILLIPS" 
ElIP:db 
Encl. 

ce:S.A.Anzalone ~/encl. 
L°D.James w/encl. 
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AMERICAN SMELTING AND REFINING COMPANY 
Tucson Arizona 

June 7, 1972 

J 

FILE MEMORANDUM 

Variation of the Fe/Mg Ratio 
In Chlorite as an Ore Guide 

The association of chlorite with sulfide mineralization, particularly 
in the stratiform massive sulfide deposits in volcanic rocks, has been 
known for many years. However, the occurrence of chlorite in many different 
rocks, in many different chemical and structural forms, and as an 
ubiquituous constituent of greenstone, has apparently restricted use of 
thls association as an ore guide. 

The f i r s t  attempt to understand the spatial distribution and chemistry 
of chlorite associated with sulfide ores and to apply this knowledge to 
ore finding was made by Price (19)4). He noted that the Fe/Mg ratio changed 
in a regular way with distance from ore and was able to recognize these 
differences petrographicaIly, thus determining both association with and 
direction toward ore. Recent work of a very similar nature has been 
reported by Miller (1961), Eckstrand (1963), and in a more general way in 
the book edited by Tatsumi (1970). Eckstrand's work indicated that ore- 
associated changes in the Fe/Mg ratio of chlorite in the Chibougamau 
d is t r ic t  could be detected over 400 feet from the veins. 

Differences in the Fe/Mg ratio of the chlorites exert a strong control 
on the birefringence, or difference between the high and low indices of 
refraction (n). Quantitative estimates of the birefringence can be made 
from immersion mounts of grains in oi ls of different n (Eckstrand, 1963) 
and from thin sections by using a Berek compensator. In addition, quali- 
tative estimates of the Fe/Mg ratio can be made by measurement of the sign 
of elongation (Albee, 1962). These techniques can all be uti l ized with 
standard petrographic equipment. Other observations, including degree of 
crysta l l in i ty ,  grain size, and mixing of compositionally different types 
of chlorite, can also be shown to be related to distribution of ore. 

My own experience with this technique is limited to examination of a 
few samples from the Bathurst-Newcastle d is t r ic t  in New Brunswick, the 
Boliden d is t r ic t  in Sweden, and the United Verde and several porphyry copper 
mines in Arizona. This work indicates that a reasonable finesse can be 
acquired in a short time. The relative slmp|iclty and low cost of this 
technique suggest possible applications to the search for additions to the 
rapidly diminishing ore reserves at the Buchans Unit. 

F.T. G 

FTG:Iad 

cc: JHCourtright 
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# ~ c ~  J. i-~. C. 

G E O P H Y S I C A L  D I V I S I O N  FEB 2't971 
8 4 2 2  SOUTH 7 0 0  WEST 

SAY~T LA.KE CITY, U T A H  8 4 1 1 9  

January 28, 1971 R E C E I V E D  

FEB1 I971 R, J. L, 

s. w. u. s. ~L.  DIV. J~,;i 2 9 1971 

MEMORANDUM to R. J. LACY: ~ ~  ~dJ~ROJEC T 

/ 
We recently received the x-ray fluorescent analysis data for the 

biotite fractions separated by the Colorado School of Mines Research 
Institute from the rock samples collected by Mr. J. King in the general 
vicinity of the Esperanza Mine. The emisslo~ ~p~etr~g~ap~ data is due 
shortly, and our own atomic absorption analyses will be carried out as 
soon as we receive the samples back,from Golden, Colorado. 

I include plots of the Cu, Pb and Zn data. It would appear that 
the Cu data broadly substantiates that obtained by the U.S.G.S., but 
final conclusions had probably best await consideration of the emission 
spectrograph data and check analysis of the samples by the Geochemical 
Laboratory. .... 

( 

LDJ:db 
Encl. 

=c:J.R.King w/en~cl. 
W,E.Saegar~/~/encl.. 

L. D. JAMES 
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Location of Asarco rock samples and Cu content (ppm) of Biotite. 
( A n a l y s i s  b y  C o l o r a d o  S c h o o l  o f  . M i n e s  R e s e a r c h  I n s t i t u t e  u s i n g  

an X-ray fluorescence technique). \ i\ 
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Location of Asarco rock samplesand Pb content 
(Analyses by Colorado School of Mines Research 
an X-ray fluorescence technique.) 
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an X-ray fluorescence technique;)~ "\ 

i 



~, ~ -" I N T E R O F F I C E  M E M O  . _ r o y  k (_./~--~ 
' ~_j J ~ o J J " o / / ~ ' ,  , / ~  ~?oTf f -~  

From - t , , ~  { . S  + 

Subject 

MESSAGE £.e_. gi,~,"ii~;~ 1 ~ o ~ r  c o ~  ~ 7_r o~ L, E)..J~ ~.40.c(~..~ ~ro pc,; ,'~ 

d,~. ~o_,- - , ,~ D,~7-,7-~ ,,-, .¢,,~,.-,-,'¢c,_ ~-;,,._< b~__<-_~J ~,., ; "  ~ o ~ < . I o < ~ _ {  

,o'/- s-~H,c,;,..,. 'f #Ulx,,,a~ o f  .S'~I.gA~ Signed 
~ ,  • i f  . • , 

1: , .  1 , ~ . ~  ~<~-eo__c  s ~ . : k  ~ s  r S ~ - J ~ X  , ra;sl~_.~ , ~ , ~  ; ., 

c~  ' L u L  t(_ 

Date Signed 

SEND COPIES 1 AND 3 WiTH CARBON INTACT - RETURN COPY 3 WITH YOUR REPLY 
Form 2644 



GEOP] YSICAL DIVISlOIW 
3422 SO~T~ 700 WEST 
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MEMORANDUM to R. J. LACY: 

GEOCHEMISTRY OF IGNEOUS ROCKS 

AS AN ORE INDICATOR ' ~• 

Whilst in Tucson last week I discussedt shed da i' ! / • 
on the relationship between the geochemistry of igneous intrusives and 
their ore potential with Mr. Saegart. He~. suggested, and I agreed, that 
a useful preliminary step would be to~v4~if~some of the U°S.G.S. data. 
To this end one of his field staff will carry out a limited rock sampl- 
ing program in the Sierrita Mountains adjacent • to the Esperanza and 
Sierrita Mines. At each sample location a composite composed of rOc1( 
chips will be collected as well as a relatively large single speciman. 
The resultant analytical data will provide some indication of the homo- 
geneity of Cu distribution and Will enable an optimum sampling procedure 
to be developed. ~ (/_~ ~_~ 

The samples collected in the preliminary field study will be sent 
to the Geochemical Laboratory° A portion of each sample will be sub- 
jected to routine geochemical analysis whilst mineral (ioeo biotite) 

,f 
separation will be carrled out on the remainder° 

.TU- I 
• , . 

LDJ:db /I 

cc:J'.J.Collins 
J~H.Courtright 
W.EoSaegart 

;Lo Do JAIKES " 

C~u 
2 
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TO: W.L. Kurtz 

FROM: J. R. King 

AMERICAN SMEETING AND REFINING COMPANY 
Tucson Arizona 

January 28, 1972 

J. H. C. 

APR 1. "i 1972 

COPPER IN BIOTITE 

A New Approach to Porphyry Copper Exploration 

SUMMARY AND RECOMMENDATIONS 

This study establishes that analyses of copper in biotite can indicate 
favorable porphyry copper exploration targets at distances of one to over 
three miles beyond any other known method, be it geophysical, geochemical, 
or geologic. Furthermore, biotite analyses in conjunction with whole 
rock analyses delineate• a pathway which points directly towards centers 
of hydrothermal mineralization. It~is also shown that geologic control 
is extremely important in interpreting copper in biotite patterns. 

Sufficient research into techniques and applications has been accomplished 
to warrant a contro]led biotite sampling program. I, therefore, recommend 
an exploration program be established using biotite sampling in conjunc- 
tion with geologic mapping. This program should concentrate on those 
Laramide stocks which disappear under post-mineral cover. Such a target 
would have a good chance of being secondarily enriched. 

To my knowledge, ASARCO is the only company which understands and can 
utilize the biotite data; however, other companies are presently making 
inquiries into the feasibility of this program. It must be assumed that 
within two years ASARCO will no longer be the sole possessor of the biotite 
data and its exploration applications. Co,,~o (s I ~  I ~  ~ ~ , ~ , t , ~  Co~,~ 

DISCUSSION 

F. T. Graybeal established in his dissertation that magmatic biotite will 
have a copper content that is controlled by those magmatic conditions and 
processes which were operating at the time of crystallization. Lovering 
(1969) and Graybeal (1971) further proved that if a particular portion or 
phase of an intrusive is genetically associated with hydrothermal copper 
mineralization, the copper content of the biotites will reflect this associ- 
ation. For a detailed understanding of the behavior of copper (and selected 
other elements) one is referred to F. T. Graybeal's dissertation, "The 
Partition of Trace Elements Among Coexisting Minerals in Some Laramide In- 
trusive Rocks in Arizona" 
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ASARCO's work as presented in this report verifies that copper will be 
anomalously partitioned ~(either positively or negatively) in biotites with 
proximity to hydrothermal mineralization. It establishes that biotite 
analyses provide a better guide to porphyry copper deposits than whole 
rock analyses. The advantages of  b i o t i t e  analyses are:  ~ 

1) Anomalous copper in b i o t i t e  values extend from one to two mi les be- ~ ( ~  ~ 
yond v i s i b l e  a l t e ra t i on •  and anomalous whole rock v a l u e s . ~  _ t 5 ~ '  a 

2) The difference between background and anomalous values is greater for- L~ 'I~,~,~ 
• t-t L ~'~ ~ . .~ the copper content of biotite thanthe copper content, of whole rock. , ~ ~. " ~.~ 

Since the r a t i o s  of  copper in b i o t i t e  concentrates versus copper content  
o f  whole rock samples can a c t  as' a guide to m i n e r a l i z a t i o n ,  whole rock 
analyses are also necessary. ~. 

The close correlation between changes in biotite values and geologic I ~ ' ~  
features emphasize that a clear understanding of the geo~logy is necessary ~ <{,~-~ 
before the analytical data can be correctly interpreted. Petrographic I <li~'~ 

• . . ~ ~ , ~  , ~ ,  
work must be an in tegra l  par t  of  a geo log ic  examinat ion fo r  the proper ~n- ~ ,~,S~C ~o~" 
t e r p r e t a t i o n  o f  the vary ing i gneo~  tex tu res .  ~ t ~  ~ .  ~ r ~  ~ . ~  ~ ~  

An exp lo ra t i on  program using copper in b i o t i t e  analyses o f f e r s  a r e l a t i v e l y  
quick and inexpensive means by which a large number of  i n t rus ions  can be 
examined and the ore po ten t i a l  under post -minera l  cover determined. One 
or two qualified geologists could map and sample an intrusive in a week or ~i ~, 
two depending on accessibility. I predict that such a program in conjunc- 
tion with the geologic drill would~~orphyry co~per ore zone in (~" ~ 
12 to 18 months. " . . . . . . . . . .  ~( v>~ '  

In this report I have drawn freely from Graybeal's memo, "Copper in Biotite ~ .... ~, 
as a Guide to Porphyry Copper Deposits" which is an abridged version of ~ ,~c - 

" ,  ~ c ' - ~  f ~ , L ,  

his p resen ta t ion  at  the recent Annual Exp lora t ion  Meeting, His memo, when%~> ~ t o ~  
t h i s  r epo r t ,  i l l u s t r a t e s  the conciseness of  the data which in ~ c ~ .  compared to 

!i! i!'.iii'!ii :!i !]i i !]i iii i i i  a v : ? ; t 'nl °rcomYtl:ietd I . , 
e . , .>'> 

Pre l im ina ry  data on lead and e s p e c i a l l y  z inc p a r t i t i o n i n g  ind ica te  that  
these elements may a lso act  as f i n g e r  p r i n t s  of  d i s t a n t  hydrothermal miner-  
a l i z a t i o n .  Analyses of  o ther  elements such as c h l o r i n e  might a lso be 
f r u i t f u l  and research along these l ines  should be cont inued.  

It is important to note that this report is the result of the combined 
work of the geological staff. Special credit is due to F. T. Graybeal, 
John Balla and L. D. James. 
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SAMPLE PROCEDURE AND ANALYTICAL WORK 

The Ruby Star, Tyrone, Three Peaks and Schultze stocks were sampled on a 
random, non-grid basis which depended heavily on road access. The field 

sampling varied between one and two days depending on ~ time involved in 
the stock and accessibility. The emphasis in sampling was to obtain as , ~ 

a composite sample as feasible. Sample density averaged between ~: ~ T fresh 
one-half and one mile centers; however, part of the Schultze granite was ~ ~c)~ ~ 
tested on slightly less than one-quarter mile centers. The sampling of ~ ~ 
the Three Peaks stock was roughly preplanned so that the different intru- cU%~' b~ 
sive phases would have enough samples to permit statistical interpretations. ~-"~,~I,~ ~ 

average, 25 samples were taken per intrusive. ~'~ ~ On the 

The samples consisted of five to ten pounds of rock chips collected over ~i!i~ij ~O~\''~ 
an area of roughly 200 square feet. Within this area, random boulders 
were broken with a sledge hammer and then only those chips which showed 
to be the freshest and without weathered surfaces were collected. Two hand 
specimens were taken at each location, one for Salt Lake analysis and the 
other for thin sectioning. 

The Three Peaks rock samples were sent directly to Salt Lake for c~ushing 
and biotite separation. The composite rock samples from the Ruby Star, 
Tyrone and the Schultze stocks were shipped via commercial bus lines to 
the Colorado School of Mines Research Institute for crushing, screening ~c~. ~I~-,~T_. 
and heavy liquid separation. The details of CSMRI separation techn~.qg.es ~ c~tt~}~f~T ~-~ 
and procedures are attached in the appendix. The biotite concentrates 
and pulp splits were returned to Tucson for microscopic examination and 
then sent on to Salt Lake for analyses. CSMRI could normally perform the 
mineral separation within two weeks. 

At Salt Lake, the concentrates were analyzed by total digestion atomic 
absorption methods with the exception of the molybdenum analyses which 
were done by a colorimetric procedure. The biotite concentrates were 
then recleaned by magnetic and heavy liquid separations and re-analyzed. 
The time involved in separation and analyses at Salt Lake was at best two 
weeks per batch of samples. 

As reported by Salt Lake, "all of the elements analyzed with the exception 
of lead have a confidence level of 90% or better, with lead in low con- 
centrations of lO to 50 ppm about 60-85% confidence, 50 to lO0 ppm about 
85-90% confidence, and IO0-500 ppm about 90-95% confidence" 

Total time between sample collection and receipt of data is between four 
and six weeks depending mostly on Salt Lake's work load and staff availa- 
bility. It is predicted that with a continuing program, the analytical 
results would be received in Tucson between three to four weeks after 
initial mailing. ~ ,jI 

Petrographic examination of representative hand samples collected at each i~X~ J~, ~,~ 
biotite sample locality has not been accomplished. Such a study is absol-i~aJ ~** 
U~ssary both to provide the petrologic understanding of the sto--6-R I 
"a~--T~any visual changes are occuring within the biotites that I~ 

indicate internal chemical changes. ~.~i~_ ~{~ ~ may 
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COST SUMMARY 

The costs of separating and concentrating biotites at CSMRI are charged, 
for the most part, as direct salary payment of the persons who perform 
the work. In the past, a skilled scientist took an average of two hours 
to concentrate the biotites from a coarse rock chip sample. The cost of 
separating and concentrating, excluding other charges such as freight, 
averaged between 21 and 22 dollars per sample. Shipping charges ~ne way) 
to Denver via commercial bus lines averaged twenty cents per pound. ~,'~ 

It is roughly estimated that costs incurred by an ASARC0 geologist run at /~i,~, ~x~-~, 
about 100 dollars per day in the field. Salt Lake analytical charges are ~,~ 
guessed to be at about two and one-half dollars per sample. 

The total charges including field, freight, concentration and analytical 
costs average between 35 and 40 dollars per sample. 

,', .o- 

~ ~j.~•h I , 
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RUBY STAR GRANODIORITE 

The Ruby Star granodiorite is a composite stock consisting o~ several 
granodiorite and quartz monzonite phases. The two main phases are a por- 
phyritic granodiorite core and an equigranular granodiorite border. At 
the southern end of the Ruby Star stock is the Sierrita-Esperanza ore zone. 
The northern end of the Ruby Star stock disappears under post-mineral.cover. 

At the request of L. D. James and W. E. Saegart (November I~70), eleven 
composite chip samples (RS-I through RS-II) were collected by the author 
in an attempt to verify work by Lovering, et a l., (1970). These samples 
were sent to the Colorado School of Mines Research Institute for biotite 
separation, x-ray fluorescence and emission spectrographic analyses, and 
limited electron microprobe studies. Atomic absorption analyses were con- 
ducted by the Salt Lake Services Division. The results of this work were 
presented in a report by L. D. James, March l, 1971. The microprobe re- 
port is enclosed in the appendix of this report. Enough positive inform- 
ation was gained to warrant more sampling and further analytical studies. 
A total of 13 more samples (RS-12 through RS-24) were collected on two 
different occasions. 

The initial Salt Lake atomic absorption analyses as well as CSMRI spectro- 
graphic and x-ray fluorescence analyses were made from biotite concentrates 
that averaged less than 95% pure (referred to as "unclean" in Table l). 
Contaminants included magnetite, quartz, feldspar dust, sulfide grains and 
trap iron. All samples were cleaned up to over 98% purity (referred to 
as "clean" on Table I) at Salt Lake by magnetic and heavy liquid separation 
and re-analyzed. Following this, samples RS-18 through RS-24 were resub- 
jected to magnetic cleaning (referred to as "very clean" on Table l) and 
re-analyzed. Sample RS-21 was taken from an unaltered outcrop of grano- 
diorite, however, a small (lO0 sq. ft.) pod of alteration associated with 
a vein was found to be present less than 200 feet away from the sample 
site. Sample RS-24 was composited from several rocks taken while on tour 
at the Sierrita mine and probably contained hydroothermal biotites.~ ~v~,yk¢ f ~ ~ 

The copper content of b i o t i t e  ("clean and very clean" on Table 1) of the 
samples taken from the Ruby Star granod ior i te  is shown on Figure 1-A. A 
wel l -def ined copper in b i o t i t e  anomaly extends for  over 3 miles north from 
the Sierr i ta-Esperanza ore zone. This anomaly is developed from one to 
two miles beyond the l im i ts  of hydrothermal a l t e r a t i o n .  The anomaly appears 
to fo l low the p rophy r i t i c  core and may be ind icat ing a close genetic re- 
la t ion  between the porphyry and ore. 

Copper in whole rock is given on Figure I-B. A well-defined 500 ppm anomalyr~ ~.~ 
extends outward from one to two miles from the Sierrita-Esperanza ore zone. ~:~,.'~ 
The 500 ppm contour delineates the limits of identifiable alteration. 

The copper content of the biotites gb/es an additional one to ~two miles of i'll, ~ ~ ~o~ 
anomalous halo and provides guidance for exploration which would not be 
attainable through geologic mapping or whole rock geochemistry. ~c ~'~" 

, The ratios of copper in biotite versus copper "n whole rock are shown on 8 ~a~e~ 
Figure I-C. The values rise abruptly to over seven and then fall to ~ ~ 
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one or less as approaching the ore zone. This trend roughly defines the 
theorized curve F. T Graybeal predicts in his memorandum "Copper in Biotite 
as a Guide to Porphyry Copper Deposits". It should be noted that a slight 
increase in the ratios is indicated in the northern end of the pluton. 

Figure I-D summarily displays the percent difference between less than 95% 
pure biotite concentrates ("unclean") and greater than 98% pure biotite 
concentrates ("clean"). It is obvious that sample purity is extremely 
important. Background values Were decreased on an average of 40% with 
increasing biotite purity. Anomalous copper in biotite values found be- 
yond the limits of whole rock anomaly are increased on an average of 20%. 
It is important to note that the greater the purity of the biotite concen- 
trates, the more pronounced will be the anomaly relative to background. 

r 

The zinc content of the biotites (Figure I-E) apparently decreases as the 
ore zone is approached. Data on the zinc content is incomplete and 
samples that are "clean" are being contoured with'bnclea6' samples. Whole 
rock analyses for zinc (Figure l-F) show a very slight increase in values 
as the ore zone is approached but again the data is incomplete. Further 
analyses on the samples are necessary in order to prove the validity of 
the zinc anomalies. The ratio of zinc in biotite to that of whole rock is 
not meaningful at this time. 

The lead content of biotites and of whole rocks are shown on Figure l-G 
and l-H respectively. Again, the analyses are incomplete and the apparent 
~rends are not interpretable. Figure l-I shows the sample numbers. 

Partial data on molybdenite might suggest a regional rock chip and biotite 
anomaly is associated with the Sierrita-Esperanza ore zone; however, the 
data is incomplete and samples of different purity are being compared. As 
can be seen on Table l, all of the "unclean" biotite samples show a variable 
molybdenum content of greater than l ppm. On the other hand, all of the 
"clean" biotite samples show molybdenum content of less than l ppm. The 
most logical conclusion is that the variable molybdenum content of the "un- 
clean" concentrates is reflecting contamination rather than true molybdenum 
content of biotite. 

The mercury content (ppb) of single rock samples are listed on Table I. 
L. D. James reports that these values are anomalously high. Whether the 
whole intrusion is high in mercury or the high values are related to the 
ore zone is unknown at this time. 

As reported by L. D. James, (1971), the spectrographic and x-ray fluores- 
cence analyses were of little value and zirconium was the only element 
which may have displayed meaningful variations. It should be noted that 
these semi-quantitative analyses were made on unclean samples (RS-I through 
RS-ll) and any conclusions regarding the presence or absence of partition- 
ing would, therefore, not be valid. 

In summary, the ASARCO data verifies that: 
l) Copper is anomalously concentrated in biotites with proximity to the 

Sierrita-Esperanza center of hydrothermal alteration-mineralization, 
2) This halo e x t e n d s ~ o  two miles beyond the limits 

of alteration a n d ~  ~'~ 
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3) The ratio of background to anomaly is much greater in the case of bio- 
t i te  than in whole rock, and 

4) That biot i te  purity is extremely important in optimizing meaningful 
conclusions. 

r 

S ' ?  ~ : i ~ j ~ ,  

! i ~  ~ . .  

. , . . ,  

k 

j , .  
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9 SCHULTZE GRANITE 

The Schultze granite is a homogeneous coarse-grained quartz monzonite. 
Small bodies of granite porphyry were intruded along the northern edge 
and are the only mappable exceptions to the homogeneity of the Schultze 
granite. Major ore bodies (Castle Dome and Miami-lnspiration) are located 
at or near the northern edge of the Schultze pluton. 

The Schultze granite was chosen for biotite sampling following the pre- 
liminary analytical results on the Ruby Star stock. The original plans 
called for testing of other parameters such as sample density and ore 
potential of the western edge, in addition to verifying any copper in bio- 
tite anomaly associated with the allreadyknown porphyry copper deposits. 

Initial results on the first ten samples along with Clarey's and Graybeal's 
thesis work were collectively interpreted to indicate that copper concen- 
tration in biotite increased towards the western and northern edges of the 
Schultze (L. D. James, May 19, 1971). Further sampling on closer spaced 
centers did not change the initial interpretation (L. D. James, July 14, 
1971). It was then learned that all of the analyses were made on concen- 
trates that were at best 95% pure biotite (shown as "unclean", Table 2). 
Contaminants were magnetite, quartz, feldspar dust, su]fides and trap'i.ron. 
All samples were then recleaned by magnetic and heavy liquid separation 
to a greater than 98% purity and re-analyzed (shown as "clean", Table 2). 
The results showed that in over 80% of the samples, the Cu in biotite 
values decreased on an average of 40%. ~ ,, .~i~ ~ ~l[ 

Sample SG-DH-30 is from a porphyritic quartz monzonite block encountered "~, ~ ~a~'~i'~i~ 4, 
in the Superior East drill hole M-l at a depth of approximately 2930 feet.~ ~=~j~., 
This sample was composited from spl t core over a d lstance of 20 feet ~.j~.,~ ,~F,[I 

The copper values for "clean";,biotite concentrates are shown on Figure 2-A~ 
and, as can beseen, there are no interpretable patterns of copper dis- 
tribution. Two possible areas of high values, one along the western edge 
and the other near the north edge of the Schultze granite, were detected; 
however, since contouring does not give meaningful patterns, the sLqnifi-- ~ 
cance of the high values are not k n o w n . f - ~ U - ~  t h ~ s "  tha{~e~l~a~]~ ~'~ i ( - h ~ o  . , 
of systematic var ia t ions  of copper in b i o t i t e  may be due to the present 
level of  deep erosion of the Schultze gran i te .  Although th is  assumption 
lacks proof ,  i t  requires only simple log ic  to postu late that  deep erosion 
into a homogeneous coarse-grained in t rus ive  far  below any loci  of ore 
deposi t ion would give e r r a t i c ,  non-contourable resu l ts .  The presence of .~o_~.~i~ 
numerous faults (flat and otherwise) emphasize the possibility that the ~ ....... 
Miami-lnspiration ore bodies may have moved to their present position. , 

The copper content of the whole rock samples are given on Figure 2-B. Sev- ~,,,:.;:r~i#,~. 
eral high values are shown on the western edge of  the Schultze g ran i te ,  but 
again contouring does not give any in te rp re tab le  pat terns,  

The ratios of copper • in biotite versus copper in whole rock are shown on 
Figure 2-C. The ratios are erratic and do not demonstrate any systematic 
variation. 
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Lead, z inc,  f l uo r i ne  and molybdenum values for  both b i o t i t e s  and whole 
rock samples are l i s ted  on Table 2, but are not shown on the f igures.  The 
resu l ts  are incomplete, and the data present ly ava i lab le  shows e r r a t i c  
d i s t r i b u t i o n a l  patterns that  are un in terpretab le .  I t  should be noted that 
the lead, z inc,  f l uo r i ne ,  and molybdenum analyses were made from samples 
that  were less than 95~ pure b i o t i t e .  This lack of pu r i t y  has been demon- 
s t ra ted both in the Ruby Star samples and in the Schultze grani te  samples 
to be extremely important for  copper and molybdenum. I t  l og i ca l l y  fol lows 
that  lead, zinc and f l uo r i ne  should also require a high degree of b i o t i t e  
pu r i t y  i f  meaningful data is to be obtained. Further analyses are needed 
on the b i o t i t e  and whole rock samples to complete the p ic tu re .  Figure 2-D 
shows the sample numbers. 

To summarize, the sampling of the Schuitze grani te  indicates that  greater 
than 98~ b i o t i t e  pu r i t y  must be achieved before proper i n te rp re ta t ion  can 
be made and that  deta i led sampling is unnecessary. The Miami- Inspi rat ion 
and Castle Dome ore bodies do not show a copper in b i o t i t e  halo as does the 
S i e r r i t a  ore body in the Ruby Star granod ior i te .  The lack of anomaly is 
f e l t  to be the resu l t  of deep erosion into the Schultze p]uton and the 
presence of numerous f l a t  f au l t s .  

i, 
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Sample 
Number 

SG-I 

2 

3 

4 

5 

6 

7 

8 

9 

Io 

II 

12 

13 

14 

15 

16 

%) ~ £j--~e,~,.. ) 

TABLE 2_ 

, ,  i ,  ,, , 

Cu Zn Pb 
J l  i l l  i i  

unclean clean unclean clean unclean' clean 
. J i i 

30 23 480 NA 104 NA 

450 260 480 32 

81 44 590 28 

12 14 410 32 

I 12 230 
= 

e ~  ~ v:~L,,  S C H U L T Z E  
ii J ii . !  

• BIOTITE C O N C E N T R A T E  p p m  
i i i 

Mo 

unclean clean 

.6 ~!A 

1.2 

2.0 

.I 

510 32 .l 

G R A N I T E  

F I %  
, i  . J  

unclean clean 
i 

NA NA 

, , , , i ,  , , ,  i , i  i , i 

WHOLE ROCK ANALYSES ppm 

I • - o /O  ' 

Cu I Zn Pb Mo FI 

lU 

11 2' 7 .1 NA 

119 29 13 .I 

7 33 15 .1 

7 26 I0 <.I 

29 27 II .2 

pg~ of 2 

. . . . .  Biotite 
RATIOS Whole rock 

" I ' ' "  ' CU/cu cU/¢u 
~, m 

unclean clean 
ii 

2.7 2.1 

3.8 ,2.2 

11.6 6.3 

1.7 2.0 

3.9 7.9 

17 

18 18 620 
,i 

123 54 230 

81 98 550 

82 20 550 

21 14 57Q 

132 99 500 

41 12 440 

23 7 500 

34 15 500 

14 14 56O 
,i 

120 73 400 
i l l  

27 27 820 

292 

44 

32 

16 

32 

NA 

.4 

1.8 

.8 

3.2 

.8 

2.2 

3. I) 

1.6 

3.6 

.8 

3.3 

• 9 .... 

I 

2.14 

1.98 

2.14 

1.70 

1.84 
I I 

1.98 

1.84 

7 29 

]o 17 

43 47 

91 25 

5 22 

41 28 

13 44 

8 28 

6 3O 

6 28 

120 28 

.... 15 r~o, 

I0 

7 

16 

11 

9 

NA 

.I 2.6 2.6 

.2 4.1 1.8 

.I 1.8 2.3 

.4 9.1 2.2 

.2 4.2 2.8 

.4 .380 3.2 2.4 

.2 .480 3. I .9 

.2 .4OO 2.9 .9 

.2 .480 5.6 2.6 

• 3 .510 2.3 2.3 

.2 .540 ! .0 l .6 

i 
.2 .27o ].7 J 1.8 



TABLE 2 $ C H U L T Z E  
. i 

GRANITE 

BIOTITE CONCENTRATE ppm WHOLE ROCK ANALYSES ppm 

pg 2 of 2 

" Bbtife 
RATIOS ~.Vhole to'ok 

Sample 
Number 

SG-18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

SG-DH-30 

SG-30 

31 

32 

i , J,,,, i ,,, i , i 

C u Zn Pb Mo FI % 

unc lean  . . . . . . . . . . . . . . . . .  unclean clean clean unclean clean u~lean clean unclean clean 
i l l l | l  i i i ,  r ,  i i  i i  i 

22 l 0  800 NA NA NA 1 .4 HA 1.70 NA 

28 13 680 1.4 2.14 

700 700 240 1 . 4  2.48 

9 12 680 .6 2.!!.8 

Iz 16 Goo .G 1.34 

32 II 540 2.4 1.98 

62 44 320 1.5 2.14 

16 18 400 .6 2.32 

17 23 74o ..I.3 I159 

46 28 46o .. . . . .  1.8 1,98 

..20 I1 266 |.4 1.98 

120 13 38O 

620 95 180 

NA 13 NA 

IG 

8.3 1.84 

13.3 1.84 

NA NA .I 

v v 

lO 

' ' i ' " '  ' " '  

Cu Zn Pb Mo 

i 

I0 44 NA .3 

14 92 .2 

660 26 -3 

I I 26 .2 

6 2!~ ,4 

8 32 ,3 

" 6!t 20 .2 

6 16 .2 

7 24 J ,2 

18 18 .2 

9 16 .2 

9 22 .2 

1 20 24 1.. 0 

NA NA NA 

( ),, 

r 

% CU/cu CU/cu 
FI ,.. 

, lunclean clean 

.440 2.2 1.0 

.380 2.0 .9 

.400 j l.l I.I 
k 

I 

.460 i .8 [. l . l  . 
I 
42.0 2.7 
! 
l 

.40o i 4.0 1.4 
I 

! 

.660 . 9  .7 

.400 i 2 . 7  3.0 
i 

.360 _~ 2.4 ":{.~, 

.35o 2.6 1.5 

.38o 2.2 1.2 

.340 13.3 I .4 

.300 ' 5 .0  ,8 
i 

NA, i. NA NA 

34. 122 



E X P L O R A T I O N  S E R V I C E S  D I V I S I O N  
3 4 2 2  S O U T H  7 0 0  WEST 

S A L T  L A K E  CITY, U T A H  8 4 1 1 9  

Mr. John R. King 
Tucson Office 

April 19, 1 972 

Project 517 
S chultze Granite Samples 

Dear Mr. King:  

Transmitted herewith are the analytical determinations 
requested for the whole rock, Schultz granite samples submitted 
to the laboratory for analysis reference your letter dated March 
8, 1972, on samples #SG31, 32, 33 and 34. 

The samples were solubilized by first digesting the sample 

with hydroflouric acid for total solution and by routine atomic 

absorption methods for copper, lead, and zinc. Molybdenum was 

by a colorimetric procedure using thiocyanate on a Beckman DBG-T. 
All values are in ppm. 

Sample No. Elements Requested 
Cu Pb Zn Mo. 

SG-31 1 6 18 20 i. 6 
32 22 1 6 25 I. 5 
33 30 1 6 30 Z. 4 
34 1 50 18 9 2.7 

T h a n k  y o u .  

EHP:am 

Very truly yours, 

E. H. PHILI~I 'PS 
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W. L. Kurtz 

THREE PEAKS STOCK 

January 28, 1972 

The Three Peaks stock is a multl-phase, composite intrusive that is elongated 
in a northeasterly direction. Tbethree dominant phases, in order of de- 
creasing age; are: diorite, monzonite and quartz monzonite. The south- 
westerly projection of the long axis of the stock extends through the Santa 
Cruz deposit. 

The Three Peaks stock Was chosen for ~ biotite sampling in hopes of deter- 
mining the importance of internal geology with respect to interpretation 
of analytical results. The geologic and petrographic knowledge was gained 
through work done by John Balla. The samples were sent to Salt Lake for 
crushing, biotite concentration and analyses. On the first run, the bio- 
tite concentrates were never greater than 80~ pure. The concentrates were 
mailed back to Salt Lake for recleaning and analyses, but were lost in transit. 
Therefore, the analyses as c,rIis~ted on Table 3 are indications of approximate 
trends and do not qualify as~antitative measurements. Sample TP-19 was 
taken adjacent to a small altered and mineralized outcrop of quartz mon- 
zonite and is not considered to be a valid sample relative to the intrusive 
as a whole, 

The content of the biotite, as given on Figure 3-A, shows that copper is 
highest in the border diorite and lowest in the central quartz monzonite. ~-.Z~ ~ 
This variation may indicate a'depletion of copper in the magma with pro- ~"~': ~'~#i'~' • .~ = ~ ~, 

gressive differentiation. ..~ ~ ~ , ~:~:1 ~ ~.. 

,,; ~ . ~  
Figure 3-B shows the copper content of composite whole rock samples. Again, 
the quartz monzonite core is depleted in copper relative to the border 
diorite. This trend may in part be related to the higher biotite content 
of the diorite (I0-15%) as compared to the quartz monzonite ~-8%). How- 
eve~, I suspect that the variation may also be reflecting the slight copper 
impoverishment of the core phase. 

The ratios of copper in biotite versus copper in whole rock are plotted 
on Figure 3-C. The ratios are highest in the monzonitic phases. The inter- 
pretation of this trend is ambiguous; however, in the absence of any other 
information, the higher ratios of the core phases might be considered a 
favorable indication of ore association. 

The zinc content of the biotite samples is shown on Figure 3-D. Zinc in- 
creases progressively into the core phase. The zinc content of whole 
rock samples (Figure 3-E) slightly decreases towards the center of the stock 
and this trend is felt to be reflecting the lower biotite content of the 
monzonitic phases. The ratios of zinc in biotite to zinc in whole rock 
(see Figure 3-E) show, as in the case of copper, higher ratios in the core 
phases. In the case of zinc, however, the greater values of zinc in biotite 
are associated with the larger ratios. It is this trend that, in case of 
copper, is known to be indicative of favorable mineralization. Lead and 
molybdenum do not show a meaningful or interpretable distr~ibEtion and as 
such the analyses are only listed in Table 3. The sample numbers are plotted 
on Figure 3-G. 
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Even though the biotite analyses are not quantitatively applicable, the 
available data on the Three Peaks stock suggest that the copper and 
possibly the zinc content of biotite can be used as indicators of miner- 
alization. Also emphasized by this work is the importance of understanding 
the internal geology of the stock before correct interpretation of the bio- 
tite analyses can be made. ~_..-TL~ ~=r~J~ ~L~J~..~ ~ f~/~ ~/~r~ J~ 
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Figure 3-B 
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Figure J-C 
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Figure 3-D 
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Figure 3-F 
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Figure J-G 
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Sample 

Number 

TP- .1 

2 

3 

4 

5 

6 

7 

8 

9 

l0 

l l  

12 

13 

14 

15 

16 

17 

TABLE 3 T H R E E  PEAKS STOCK 
i 

BIOTITE CONCENTRATES pprr WHOLE 

From composite sample One hand sample Composite rock sample 
, , . , , , ,  

Cu Zn Mo Cu Zn M0 Cu Pb Zn No 

ROCK ppm 
• \ 

Single~rock sample 
, , , , ,  i = ,  r , , 

Cu Pb Zn Mo 
, = , , , ,  , , , ,  , , 

78 244 2.4 44 244 3.2 66 5 66 .l II 12 59 .4 

146 248 1.6 170 252 2.4 72 4 53 .l 
,, , , , 

76 348 2.4 94 .... 352 2.4 15 5 48 .15 

57 16 53 .5 

12 14 55 .5 

59 388 1.6 50 364 2.4 18 5 54 .05 

84 3~8 1.6 74 360 2.4 14 7 49 .l 

9 13 47 .4 

13 14 45 .3 

94 332 1.6 82 360 1.6 13 5 54 .l 12 13 55 .3 

88 376 2.4 74 392 2.4 14 4 54 .l IZ 13 51 .3 

126 232 2.4 82 252 2.4 86 @ 65 .l 

lO0 232 2.4 84 256 2.4 65 13 56 .2 

35 15 60 .3 

39 18 56 .4 

llO 284 1.6 120 280 2.4 86 12 53 .l 55 15 53 .3 

64 •420 . 2.4 20 508 ...... 3.2 l l  7 48 ,2 

52 412 2.4 ll2 368 2.4 lO 7 47 .I 

64 320 1.6• 56 352 1.6 13 3 36 .] 

II 16 46 .2 

II 14 48 .2 

13 13 35 .2 

64 332 2.4 50 364 ].6 lO 3 41 .l 10 12 38 .2 

74 340 1.6 72 368 1.6 9 9 46 .l 9 13 43 .2 

64 360 l .2 80 352 2.4 9 5 45 . l I0 14 
..... i ........ 

22 400 2,4 36 380 2.,4 ...... 9 14 51 .... .4 8 ]l 

45 

32 

.2 

.3 

pg 1 of 2 

RATIOS 
, , i 

Biotite comB. Biotite camp. 
Whole rock Whole rock 

Cu Zn 
, i 

1,2 3.7 

2.0 4.7 

5.1 

6,0 

7.2 

6.3 

1.5 

1.5 

].3 

5.2 

7.1 

7.1 

6.1 

6.9 

3.6 

4.1 

5.4 

8.7 

8.8 

8.9 4.9 

6.4 8,~ 

8.2 7.4 

7.1 

2,4 

8,O 

7.8 



Sample 

Number 

.TP-18 

19 

20 

TABLE 3 
i i 

T H R E E  

BIOTITE 
i 

CONCENTRATES ppm 

From composite sample One 

Cu Zn Mo Cu 
. i ,  i H .  

78 376 l. 6 32 

1280 576 39.2 2100 

I l 0 324 2.4 82 

hand sample 

Zn Mo Cu 

424 2.4 24 

456 43.6 230 

332 2.4 16 

J , 

P E A K S S T O C K  

W H O L E  

Composite rock sample 

ROCK ppm 
, ,  i 

Single rock sample 

Pb Zn Mo Cu Pb Zn Mo 

22 47 .4 15 13 48 .2 

NA NA NA 460 NA NA NA 

NA NA NA 16 NA NA NA 

i 
I 

, , . - ~  , 

I 

pg 2 of 2 
i i .  i i  i i i  

RATIOS 
, = i i 

B!o?,!te camp. Biotite com~. 
Whole rock 

Cu 
Whole rock 

Zn 
i , 

8 3,3 

I0.I NS 

6.9 NS 
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:;i O 

TYRONE QUARTZ MONZONITE 

The Tyrone quartz monzonite is an elongate stock or laccolith that has a 
porphyritic core running parallel to the long axis of the intrusion. The 
Tyrone ore body is located near the northeastern end of the intrusion in 
a zone of strong shearing. 

The Tyrone stock was chosen for biotite sampling in hopes of statistically 
establishing the applicability of "copper in biotite" to porphyry copper 
exploration. Twenty-three samples were collected and sent for biotite 
concentration at the CSMRI. Salt Lake analyzed, recleaned and re-analyzed 
the biotie concentrates. Sample number TY-17 did not have sufficient 
material left after initial analysis and recleaning for final analysis. 
From averaging the percent change in values of all the samples due to re- 
cleaning, I estimate that TY-17 would have a copper value of 1800 ppm and 
a ratio to whole rock copper value of 6.5. Sample TY-5 is from a premin- 
eral monzonite dike located within lO0 feet of sample TY-6 and is not 
plotted on the figures. 

The copper content of biotite from "clean" concentrates is shown on Figure 
4-A. A strong, well-defined anomaly of greater than I00 ppm copper extends 
from two to over three miles from the Tyrone ore zone. This copper in bio- 
tite halo is developed from one to two miles beyond the limits of visible . ~ 
hydrothermal alteration. The anomaly tends to follow the porphyritic core~r~ 
which may be an indication of a close genetic relation between the porphyry ~Z~k~ 
and Tyronemineralization. ~ t ~ - ~ Y ~ ' ~ f  6 

The composite whole rock copper content is given on Figure 4-B and a moder- 
ate anomaly is indicated near the southeast side of the pluton. This anomaly 
extends for on]y two miles beyond the Tyrone ore zone; however, it neither 
delineates the ore zone nor serves as an obvious pathfinder to the ore zone. 
Analyses on single rock samples (see Table 4) are significantly smaller than 
the composite samples by an average factor of 5. 

The ratios of copper in biotite versus copper in whole rock are plotted on 
Figure 4-C. The ratios increase towards the ore zone and again are strongly 
associated with the porphyry core. As in the case of copper in biotite, 
the anomalous ratios extend from one to two miles beyond any visible hydro- 
thermal alteration and provide an accurate guide pointing directly toward 
theorezone. ~,~j~ 

The lead and zinc values of "unclean" biotite concentrates are given on ~ ~  
Figures 4-D and 4-E respectively. Lead shows a weak but discernible increase in~- 

L" in value towards the ore zone. The 100 ppm lead contour delineates an ~J~ri~.~ ~ 
~" anomalthay~tends over 2.5 miles from the ore zone. Zinc shows a very ~ ~ T ~  
~%~" rough depletion tn ppm values as the ore zone is approached which is the 

same trend as seen in the Ruby Star. Molybdenite values for biotite are 
listed on Table 4 and do not show any distributional patterns. The whole 
rock samples were not analyzed for lead, zinc, and molybdenum. Figure 4-F 
shows the sample numbers. 
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To summarize, the data from the Tyrone quartz monzonite re-establ ishes and 
fur ther  del ineates the posi t ive appl icat ion copper in b i o t i t e  analyses may 
have in a successful porphyr i t ic  copper explorat ion program. The copper in 
b i o t i t e  ha]o is developed at distances ranging from two to over three miles 
from the Tyrone ore zone and from one to two miles beyond the l imi ts  of 
a l t e r a t i o n  and/or whole rock anomaly. 
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Figufa 4-B 
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Figure #-D 
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Figure 4-E 
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S~mple 

Numbe;  

TY-I 

2 

3 

4 

5 

6 

7 

8 

9 

lO 

11 

12 

13 

14 

15 

16 

1 

"I ABLE 4 TYRONE 
i . , 

BIOTITE CONCENTRATE ppm 

Cu Pb 

'oc u lean clean unclean clean 

260 135 51 NA 

1500 1210 420 

I 160 620 400 

220 l 13 33 

840 480 104 

1640 920 80 

300 171 29 

lO0 58 2O 

600 700 47 

240 l 14 26 

20 8 22 

380 199 23 

2000 080 23 

40 6 21 

40 7 25 

40 7 21 

2800 IS .. 1 60 

Zn 

unclean clean 
l .i 

610 NA 

67O 

225 

3O0 

485 

890 

38O 

285 

130 

435 

4O5 

33O 

550 

5O5 

5OO 

545 

175 

• Mo 
i 

Jnclean clean 

< 1 NA 560 

1 900 

< I 3oo 

< I .  168 

] 404 

l 7GO 

z, l 28 

z,l 24 

60 60 

<I 28 

<I 8 

z, 1 28 

,Z 1 I I0 

< l  .. 18 

z. 1 6 

/-,1 66 

.... I ...... 312 

QUARTZ MONZONITE 

WHOLE ROCK COMP. ppm 
i j i i l l  i i i i _ i . l . l . i  i 

Cu Pb Z n  Mo 

NA NA NA 

ONE ROCK 

Analysis by 
R. M. G. C. 
Cu pp rn 

Pg 1 of 2 
Biotite 

RATIOS ~ - ' ~ ,  rock comp. 

cu /¢ :u  

clean 
i i i  i i 

Cu / Gu 

unclean 
i I i . 

.5 95 .2 

200 l .4 l .7 

75 2.1 3 9 

-5 .7 1.3 

85 1.2 2. ] 

310 l .2 2.2 

lO 6.1 10.7 

70 2.5 4.2 

NS l] .8 I0 

-5 4.1 8.6 

-5 l 2.5 

I0 7.1 13.6 

85 9.8 18.2 

-5 3 2.2 

NS I .2 6.7 

-5 .I .6 

NS IS 8.9 



..\ 

Sample 

Numbe, 

TY-18 

19 

20 

21 

22 

23 

T A B L E  4 • T Y R O N E  Q U A R T Z  

BIOTITE CONCENTRATE ppm 

cu Pb Zn Mo 

unclean clean unclean clean unclean clean unclean clean 

800 420 32 NA 220 NA < I NA 

M O N Z O N H ' E  

WHOLE ROCK COlUlP. ppm ONE ROCK 

Cu Pb zn Mo 

700! NA NA . NA 

m 

pg 2 of 2 

B iotite 
RATIOS Whole rockcomp. 

Analysis by 
R.M.G.C. 
Cu ppm 

45 

2OO 

75 

120 

-5 

45 

v 

Cu /C~,  Cu /Gu 

clean unclean 
i 

.6 1 .I 

,5 ,9 

• 7 1,2 

• 9 l,l 

,3 ,6 

• 7 l .3 

500 280 24 195 <l 

480 260 100 205 < l 

600 480 68 420 <l 

220 122 55 320 <l 

500 260 28 360 ~l 

560 

400 

560 

360 

400 
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C O L O R A D O  S C H O O L  OF M I N E S  R E S E A R C H  

MEMORANDUIV[ 

I N S T I T U T E  J. K 

OCT 2 ! 1971 

To: John R. King 
American Smelting and Refining Co. 

From: Norman ]Bennett /2~/~ 

Subject: Biotite separation of Z3 samples 

Date: October 19, 1971 

Project No. 311009 

/ 

Introduction 

In compliance with your request, Z3 rock samples labelled TYI-TYZ3 were 

crushed and biotite was concentrated from them by screening and two heavy 
liquid separations. The objective of this work was to obtain biotite concen- 

trates from these samples for shipment to you. 

C O L O R A D O  S C H O O L  OF M I N E S  R E S E A R C H  N S T I T U T E  

IX,It. Jo!]}l R. King 311009 Page z October 19, 1971 

Details of Investigation 

Each sample was jaw crushed to minus I/2 inch, roll crushed to minus i0 
mesh, and Raymond milled to approximately minus 65 mesh. The Raymond 
i%,lill fraction was screened into plus 65 mesh, minus 65 plus 150 mesh, and 
minus 150 mesh fractions. The biotite was concentrated from the plus 65 
mesh fraction by screening. The plus 65 mesh fraction was selected for 
screening since a binocular microscope examination indicated this to be an 
optimum grain size for biotite concentration. 

The biotite h~ the plus 65 mesh fraction was then further concentrated by the 
use of heavy liquids. Each sample was separated into sink and float fractions 
using Certigrav (specific gravity Z. 90). The fraction with a speeific gravity 
greater than Z. 90 was further separated using Methylene Iodide (specific 
gravity 3.3). The fraction with a specific gravity greaterothan 2. 90 and less 
than 3.3 contained the biotite concentrate. 

The biotite concentrates are being shipped to you under separate cover. 
you have any questions, please contact me. 

/I 

•/laj 

If 



COLORADO SCHOOL OF MINES RESEARCH INSTITUTE 
d. R.K. P . o .  B o x  t12  

GOLDEN, COLORADO 80401 

APR . 9 1971 

To : 

From: 

Subject: 

MEMORANDUM 

Mr. Lloyd James March 30, 1971 
Geophysical Division 
American Smelting & Refining Co. 

W. T. Caneer Project 301217 

Electron Probe Studies of Copper in Biotite 

In compliance with your request we have madeelectron probe 
studies on two rock samples (RS-5 and RS-10) submitted by you. 
The purpose of these studies was to determine the nature of 
copper which is contained in the biotite. In addition, similar 
studies were made on biotite concentrates from samples RS-I and 
RS-8 which were previously obtained at the Research Institute. 
The authorization for work on the latter two samples was obtained 
from Mr. R. J. Lacy during a telephone conversation between Mr. 
Lacy and me on March 19, 1971. 

Electron probe studies were initially made on rock samples RS-5 
and RS-10. The results of these studies showed that the copper 
occurs in the biotite along planes parallel to the biotite 
cleavage. These planes vary up to only a few microns wide, but 
often extend across biotite grains which are a few millimeters 
in diameter. Figure 1 illustrates this occurrence. Photograph 
No. 1 is a backscattered electron image at 200x magnification 
across a biotite grain (in RS-10) which contains copper. Back- 
scattered electron images are similar to optical photomicrographs. 
However, backscattered electron images give additional information 
inasmuch as areas which contain heavier elements appear as whiter 
areas on the photoqraphs. Photograph No. 2 shows the copper distri- 
bution (white) across the same area as shown for the backscattered 
electron image. As may be seen, the copper occurs along two lines 
which extend diagonally across the photograph. The only other 
element detected with the copper was carbon. The copper and 
carbon were in approximately the proper proportions for the 
mineral malachite CCuCO3.Cu(OH)2] or possibly azurite [2CuCO3.Cu(OH) 2]. 
Since the electron probe is capable of analysis for all elements 
except the first four in the periodic table plus oxygen, the oxygen 
and hydrogen contents cannot be determined. 

The copper occurrence in the biotite in rock samples RS-5 was 
similar to that described for sample RS-10, but to a lesser extent 
than in RS-10. 

Except for a small amount of the malachite in the non-biotite 
portion of sample RS-10, all of the'copper observed in RS-5 
and RS-10 was associated with the biotite as described above. 

Mineral Industry Research 



Mr. Lloyd James Page 2 March 30, 1971 

Electron probe examinations of biotite concentrates from samples 
RS-I and RS-8 showed that the copper in these samples also 
occurs along very thin planes parallel to the biotite cleavage 
as described for rock samples RS-5 and RS-10. 

If we can be of further service to you, or, if you have any 
questions regarding this project please contact me. 

CC: Mr. R. J. Lacy 

i ̧ 
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I. Backscattered Electron Image 

2. Copper Distribution 

Fi@ure 1 

Backscattered electron image plus copper distribution 
across a copper-bearing biotite grain in sample RS-10, 200x 
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