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AMERICAN SMELTING AND REFINING COMPANY
Tucson Arizona

T

Mr. J. J. Collins

Director of Exploration . (ﬂ;%;::j:;ﬁ:j
New York Office <jkr5?(1dv" o

Dear Sir:

| 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 the Annual Exploration Meeting held at Palm Springs. | 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 | 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.
| 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.

| 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. Collins -2 - February 18, 1972

All biotite concentrates will be képt so that, if ever warranted, additional

analyses may be made at some future date.
Very truly yours, - A
Cblz/

W. L. Kurtz

WLK:1ad
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.

Ce
WL
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TABLE 4

TYRONE

QUARTZ

MONZONITE

pg ! of 2

BIOTITE CONCENTRATE ppm WHOLE ROCK COMP ppm JONE ROCK RATIOS %wmp_

Sample Cu Pb Zn - Mo cy Bb 7n Mo Ag,a;ﬁ)fsci: c?y Cu / cu Cu / cu
Numbe: unclean| clean [unclean| clean [unclean| ¢lean junclean] clean Cu ppm clean unclean
TY-1 260 | 135 | 51| NA | 610 | NA | <1 | A l560 | NA | NA | NA 95 .7 .5 |

2 1500 |1210 | 420 670 1 900 200 1.4 1.7 1

3 1160 | 620 | 400 225 41 300 75 2.1 3.9

4 220 } 113 | 33 | 300 ¢ 168 -5 .7 1.3

5 840 | 480 | 104 485 ] Lok 85 1.2 2.1

6 1640 | 920 80 890 1 760 310 1.2 2.2

7 300 | 171 29 380 {1 28 10 6.1 10.7
8 100 | 58 20 285 <1 24 70 2.5 h.2

.9 600 | 700 47 130 60 60 NS 11.8 10

10 240 | 114 26 435 <1 28 -5 b1 8.6

11 20 8 22 Los 4] 8 -5 1 2.5

12 380 | 199 | 23 330 3 28 10 7.1 13.6

13 2000 (1080 23 550 <L I‘ 110 85 9.8 18.2

14 o | 6 21 505 41 18 -5 3 2.2

15 40 7 25 500 {1 . 6 NS 1.2 6.7

16 40 7 21 545 £ 66 ~5 o .6

17 2800 1S 160 175 1 312 NS IS 8.9




TABLE 4 " TYRONE QUARTZ MONZONITE pg 2 of 2
BIOTITE CONCENTRATE ppm WHOLE ROCK COMR ppm JONE ROCK |  RATIOS Briresk como.
Sample Cu Pb Zn Mo cu b | 7n Mo AFr;.ahlﬂgt'sés.; Ctiy Cu / cy Cu /CL_!
Numbe. unclean| clean {unclean| clean junclean| clean |unclean| clean Cu ppm clean unclean
TY-18 800 | 420 | 32 | na | 220 ma | ¢1 [ na | 700 ma | ma | ma 45 6 1.1
19 500 | 280 | 24 195 <1 560 200 .5 .9 . -
20 480 | 260 | 100 205 <1 400 75 .7 1.2
21 600 | 480 68 420 <1 560 120 .9 1.1
22 220 | 122 | 55 320 <1 .360 -5 3 .6
23 . 500 | 260 | 28 360 <1 400 45 .7 1.3




TABLE 1 RUBY STAR GRANODIORITE . | pg 1 of 2
BIOTITE CONCENTRATE ppm COMP. WHOLE ROCK ANALYSES| RATIOS Sipe
Cu Zn Pb Mo ppm ppb Cu / ¢y
Sample A '
Mumber uncleani clean [v.clean junclean| clean junclean| clean junclean| clean | Cu Zn Pb Mo | Hg unclean’ clean
_ Rs-1_ | 530 590 | na | 390 wA 50 NA_ 2 |.va 1190 12| 14 | 6.0 158 2.8 ' 3.1
2 |uso| mo| o] | 40| 5 570 | 23,12 | 9.7 | 130 A
3 | 200 180 470 ..,.-;.-_..70' 6 74| 13 | 12 | 2.4 | 120 2.6; 2.4
4 | 135 230 Is | oas S 76 | 27 | 1k | 6.7 1173 1.8 | 3.0
' s 20| 21 500 20 1 71| 26| 20 | <82 L33
6 70 | 180 Is. s| S 18| 14| 12 | 1.8 118 2 3‘—3~i~'—‘0
7 80| 59| . |75 40 I 35 270 8 | 1.8 11 2.3 1 1.7
8 560 | 590 450 20 | 2 77| 20| 6 | 6.0 163| 1 7.3] 7.6
9 790 {1350 420 30 (s | 102 30 13 | 6.7 12| 7.7 {13.3
10 |720 | 900 | 280 10 7 500 9| 12 |1h.5| 288 1.4 1.8
1 5 | 35 390 | 30 12 13 20| 7 1 1.8]171 3.1 2.8
12 |s60 | 580 240 28 in 260 18] 12 | 6] ma 2.0 2.2
13 1460 | 1530 3o | 24 6 1310 | 43| 8 |38.0 ' 1.1 | 1.6
] 14 1180 | 1200 400 32 2.8 610 42| 9 |10.0 1.0 1.0
I5 1040 | 1070 280 28 1.8 420 320 6 | 1.2 2.5| 2.5
16 |1290 | 1270 250 32 8.8 1450 | 39| 6 |28.6 91 .9
17 1000 1030 _ 300 i 32\. 5.6 880 39 7.152.0 .11 1.2




TABLE 1 ‘ RUBY STAR GRANODIORITE pg 2 of 2

BIOTITE  CONCENTRATE ppm COMP, WHOLE ROCK ANALYSES| RATIOS Home—zr
_ Cu Zn Pb Mo ppm ppb Cu 7 ey ‘
Sample T
Nurmnber Jncleant clean |v.clean junclean| clean junclean| clean |unclean| clean | Cu Zn Pb Mo Hg unclean! clean
Rs=18_ | wo | 16| 15 |y | sto | wa | 15| wa | <1 | 220 walwa | va | wa NS | .7
9 | wo| 2] 20 ) ss| | o al v L | @
_ 20 120 60| 60 670 | 15 1 oal : b2
21 | 360 200 | 225 650 22 o 40 5.6
22 40 | 2b | 23 535 23 <1 8 | 2.9
23 | 20 23 20 540 15 <1 8 4: 2.5
24 WA | 680 | 260 NA NA NA | 1880 _ | Ak




TABLE 3 THREE PEAKS STOCK pg 1 of 2
BIOTITE CONCENTRATES ppri "~ WHOLE ROCK ppm RATIOS
Sample From composite sample One hand sample Composite rock sample Single}\ I.’OCk‘ sample Biotite comp. | Biotite comp.
Whole rock Whole rock
Number Cu Zn Mo | Cu Zn Mo | Cu Pb Zn Mo | Cu Pb Zn Mo Cu Zn
TP- 1 78 | 244 | 2.4 L | a4y | 3.2 66 5 66 . 11 12 59 A 1.2 3.7 .
2 146 | 248 | 1.6 | 170 | 252 | 2.4 72 4 53 N 57 16 53 .5 2.0 k.7 ‘ _
3 76 | 348 | 2.4 94 | 352 | 2.4 15 5 48 51 12 14 55 .5 5.1 1.2
4 59 | 388 | 1.6 | 50| 3en |24 0 18| 5 | sul 05| o 13| w7l | 4.3 7.1
5 84 | 348 | 1.6 | 74| 360 | 2.4 |7 49 | .1 130 4] 45| .3 6.0 7:1
6 oh | 332 | 1.6 | 82|30 | 1.6 ] 13| 5 | su| .| 12| 13| 55| .3 7.9 6.1 '
7 88 | 376 | 2.4 74 | 392 | 2.4 14 L -1 sy 1 12 131 51 .3 6.3 6.9
8 126 | 232 | 2.4 | 82| 252 | 2.4} 86 | 6 | 65| 1| 35| 15| 0| .3 1.5 3.6
9 100 | 232 | 2.4 | 84| 256 | 2.4 | 65| 13 | 56| .2| 39| 18| 56| .b 1.5 5
10 110 | 284 | 1.6 | 120 | 280 | 2.4 | 86 | 12 531 1| 55] 150 53] .3 1.3 5.4
" 64 | 420 | 2.4 | 20| s08 3.2 F | 7 | s8] 2] | 16| wl| .2 5.8 8.7
12 52 | w2 | 2.4 N2k 368 [ 2488 0] 7 | w7 | ] 1| ] oug| .2 5.2 8.8
13 64 | 320 | 1.6 56 | 352 1.6‘ 13 3 36 . 13 13 35 .2 4,9 8.9
1 64 | 3320 2.4 | solses | 1.6 ) 10| 30 m | af 1wl 12| 38| 2| ¢4 8.1
15 74 | 340 | 1.6 | 721 368 | 1.6 5| 9 | us . 9| 13| 43| .2 8.2 7.4
i6 64 | 3601 1.2 80 | 352 | 2.4 9 5 45 .1 10 th | a5 -2 %.1 8.0
17 22 | 500 | 2.4 | 36 380 | 2.4 gl ' | 51| .4 8] 11| 331 .3 2. b 1.8

£y



TABLE 3

THREE PEAKS STOCK

pg 2 of 2
BIOTITE CONCENTRATE'S ppm WHOLE ROCK ppm RATIOS
Sample From composite samplel One hand sample | Composite roc‘k sample Single rock sample Biotite comp. | Biotite comp.
Whole rock Whole rock
- Number Cu Zn Mo | Cu Zn Mo | Cu Pb Zn Mo | Cu Pb Zn Mo Cu Zn
TP-18 78 1376 | 1.6] 32s2n | 2.4 26 | 22 | 47| | 15| 13| 48| .2 3.3 8
19 1280 576 39.21 2100| 456 43,61 230 NA NA NA | 460 NA NA NA 10.1 NS a
20 - 110 324 2_.14 821 332 2.4 16 NA NA NA 16 NA NA NA 6.9 NS




TABLE 2 | SCHULTZE GRANITE - - pg1 of 2
' ‘BIOTITE CONCENTRATE ppm WHOLE ROCK ANALYSES ppm | RATIOS %

Sample o 2 ‘ i v Fl% Cu Zn Pb Mo ";1 O] ey
Number unclean| clean Junclean| clean |unclean| clean Junclean| clean [unclean| clean | . unclean| clean
SG-1 30 | 23 | 480 [ NA | T0L | NA 6 | NA .NA NA 111 23 7 dJ 0 na (2.7 20

2 hso | 260 | 480 | . | 32 1.2 : e 29 |13 | 3.8 2.2 @
-3 81 by | 590 | 28 2.0 | 7 | 33 15 ] .17, 11.6 | 6.3
' 12 14 | 410 32 B 7 | 26 10 | <0 1.7 | 2.0
5 112 | 230 | 510 32 g 29 | 27 | 11 2 3.9 | 7.9
6 13 18 | 620 292 A \ - 71 29 10 . 2.6 | 2.6
7 123 54 1 230 LYy 1.8 30 | 17 7 .2 Lot | 1.8
8 31 98 | 550 32 .8 43 | 47 | 16 A 1.8 | 2.3
9 82 | 20 | 550 16 3.2 O - 91| 25 1 ! 9.1 | 2.2
10 21 14 | 570 | 32 .8 5| 22 g | .2 .2 | 2.8
11 132 99 | 500 NA 2.2 | 2.1h4) . b1 | 28 NA A4 1.330 3.2 2.4
12 iy 12 | &40 3.4 1.98 13 | b4 .2 |.480 § 3.1 .9
13 -} 23 7 | 500 1.6 2.14 8| 28 .2 |[.400 | 2.9 .9
1h 34 15 | 500 3.6 1.70 6| 30 .2 |.480 | 5.6 | 2.6
15 1k 14 | 560 .8 1.84 6| 28 3 1.510 §2.3 1 2.3
16 120 | 73| bLoo 3.3 1.98 120 | 28 2 1.550 F 1.0 | 1.6
17 27 27 | 820 .9 1.84 15 | &g .2 1.270 1.7 1 1.8




TABLE 2 SCHULTZE GRANITE pg 2 of 2
BIOTITE CONCENTRATE ppm WHOLE ROCK ANALYSES ppm |RATIOS S
Sample - zn i e T il zn| b Mo ‘;f; Sonl e
Number unclean| clean junclean| clean junclean| clean |unclean| clean lunclean| clean unclean| clean
SG-18 22 | 10 | 800 | NA | WA | NA V.4 NA [ 1700 NA 10 | Bh ) 3 |.bho Y 2.2 1.0
L 28 | 13 |680 1.4 1214 | 92 2 1380 20| .9 L,
20 | 700 | 700 | 240 1.4 2.48 660 26 3 l.hoo .1l 1
21 9 | 12 | 680 .6 2.48 11 26 2 |.460 § .81 1.1
22 12 16 | 600 .6 1.84 6 24 o 1420 1201 2.7
23 32 | 11 | 540 2.4 1.98 8 | 32 3 1.400 } 4.0 | 1.4
24 62 Ly | 320 1.5 2.14 S 64 20 .42 .660 .9 ' 7
25 16 | 18 |&co .6 2.32 6 | 16 2 |.h0o § 2.7 1 3.0
26 17 | 23 |7ho 1.3 1.59 7| 24 2 1.360 2,41 3.3
27 . | 46 | 28 |460 1.8 1.93 18 18 .2 1.350 } 2.6 | 1.5
28 20 | 11 | 266 1.4 1.93 9 | 16 2 1,380 } 2.2 1 1.2
29 120 |- 13 |380 8.3 1.84 9 | 22 2 |30 D3| 1
sG-DH-30 | 620 | 95 | 180 13.3 1.34 120 | 24 1.0 |.300 | 5.0 .8
SG-30 NA 13 NA NA NA : NA NA NA NA NA NA
31 6
32 16
33 10
- 34

122
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MEMORANDUM
hn R. Ki Date: October 19, 1971
To: John R. hing . o
American Smcltngg and Refining Co. projoct No. 311009
* From: Norman Bennett /7ﬂ . | )

Subject: Biotite separation of 23 samples

Introduction

7 x
In compliance with your request, 23 rock samples labelled. TYl;'l? (2)3h;f:§;
ushezi and biotite was concenirated from them by screen%ng and W ey
e The objective of this work was to obtain biotite con

liguid separations. .
trates from these samples for shipment to you.

COLORADO SCHOOL OF MINES RESEARCH INSTITUTE

€ . . John R, King 311009 Page 2 Qctober 19, 1971

Details of Investigation

Each sample was jaw crushed to minus 1/2 inch, roll crushed to minus 10
mesh, and Raymond milled to approximatcly minus 65 mesh. The Raymond
Mill fraction was screencd 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 sclected for
screening since a binocular microscope examination indicated this to be an
optimum grain size for biotite concentration.

The biotite in the plus 65 mesh fraction was then further concentrated by the
use of heavy liquids. Each sample was scparated into sink and float fractions

- . using Certigrav (specific gravity 2.90). The fraction with a specific gravity
greater than 2. 90 was further separated using Methylene Iodide (specific
gravity 3.3). The fraction with a spccific gravity greater than 2. 90 and less
than 3.3 containcd the biotite concentrate.

The biotite concentrates are being shipped to you under separate cover. If
{, you have any questions, pleasc contact me,

-~

-

Naj



JR K . ~ P.O. Box 112

GoOLDEN, CoLORADO 80401

COLORADOQCHOOL OF MINES RESEAR&INSTITUTE /
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MEMORANDUM

To: © Mr. Lloyd James ' March 30, 1971
Geophysical Division
American Smelting & Refining Co.

From: W. T. Caneer ' Project 301217

Subject: Electron Probe Studies of Copper in Biotite

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. 1In addition, similar
studies were made on biotite concentrates from samples RS-1 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 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 [CuC03.Cu(OH)2] or possibly azurite [2CuC0O3.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 occurrénce 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 Industrv Research



™

Mr. Lloyd James : Page 2 March 30, 1971

Electron probe examinations of biotite concentrates from samples
RS-1 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



™

.

ir. Lloyd James

2.

Page 3

Backscattered Electron Image

Copper Distribution

Figure 1
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RECEIVED
EXPLORATION SERVICES DIVISION FEB 141972
3422 SoUTH 700 WEST
S AL LAKE OITY. DTAT 84116 S. W. L. S. EXPL. DIV.
February 10, 1972 W. L. K
FEB 18 1972

Mr. We L. Kurtz
Tucson Office

Dear Bil¥%,

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). 1 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 mlnerallzatlon under adjacent post-mineral cover. It is to
be concluded that we have a new potentially valuable exploration tool.

o

\o J%W If it has not already been done it would certainly be worth con-
\Lv fyfﬁ/&2v~ sidering distributing copies of Mr. Klng s report to the other explora~-

Tathed QJO tion d1v131ons. 7 : .
T By TS .
;(Zl e it In view of the possible value of other elements in this type of -
g aNU%;} v tudy I plan to analyze various of the available biotite and composite
ii@ﬂa@ﬂ whole rock samples for Pb, Zn, Hg and Cl_ etc., in order to fill in

the gaps in our present - data. [t

Yours very truly,

LD T

L. D. JAMES

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




AMERICAN SMELTING AND REFINING COMPANY
Tucson Arizona

16l v 1330
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December 8, 1971

TO: W. L. Kurtz

FROM: J. R. King

Biotite Separation

On December 7th, Jim Link, Manager, Mining Division, Colorado School of
Mines Research Institute, visited ASARCO. During our conversation, he
expressed the opinion that costscould be significantly reduced if ASARCO
presented them with work on a more continuous basis.

The greatest cost reduction would come from incorporation of scientific
procedure developed by F. T. Graybeal into their separation program.
Also, lower salaried personnel could be used by CSMRI if they knew
enough. continuous work would be presented to them.

They seemed very interested in continuing 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.

o Rl

John R. King
JRK: 1ad

cc: FTGraybeal




A ot it Sttes
oL | C |
| { EXPLORATION SERVICES DIVISION | llﬁf GI Ny
3422 SOUTH 700 WEST ;l%;,-’, 'M

SALT LAKE CITY, UTAH 84119 6\
July 14, 1971 qgafb q;QSV\ .
4, \ Ca
) AH{E&E ss»‘ ,gﬁﬁar
JUL 7 9 9@“‘

LQ;,
MEMORANDUM to W. E. SAEGART:
SCHULTZE GRANITE,

PINAL COUNTY, 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. J. 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-
tites from the western extremity of the central portion of the Wwest 1limb
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-1A beneath
the Dacite Plateau. The analytical data sheets will be sent to you as
soon as they are complete,

L. D. T,

L. D. JAMES

cc:J.J

J.H |

L e Aol Lol Aofe
QOﬂﬂ /M;LQ

W &S
I
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incitlade - Staff WL

GEOPHYSICAL DIVISION g‘\,w
8422 SOUTH 700 WEST a@ '
SALT LAKE CITY, UTAH 84119 0'\'31\
May 19, 1971 | wal 2 O
9.
A B
YaY 27 195,

MEMORANDUM to W. E. SAEGART:

RUBY STAR GRANODIORITE
“SIERRITA M@U@TAINS ARIZONA--
BIOTITE GEOGHEMISTRY
\\..___,___‘___‘__ S S
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.

LD Tames

L. D. JAMES
LDJ:db
Encl,

J.J.Collins w/encl.
J.H.Courtright w/encl.
J.R.,King w/encl,

ccC:
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AMERICAN SMELTING AND REFINING COMPANY 161 d3s

Tucson Arizona .
1M
September 1, 1971

T0: 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. | am not aware

of the exact nature of studies we have, or are conducting, nor am | 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. lInevitably 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. | 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. ‘ ' L

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). | 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, propylitically
altered rock comes within 2000' of the pit.

The number of deposits and tength 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»torthe\Explora;ion Services Division or hire
someone specifically to conduct this and/or related studies. The importance

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 pre-determined, random
sampled or selected on a spot basis. With a pre-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 aliow for multiple runs deleting certain
values to determine necessary and valuable sample taking intervals.

Hoosg X Ronn

George S. Barnett

GSB:1lad
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Exploration Department

TELECOPIER

DATE: 8/31/92

TO:
NAME : Kristine Carroll-Porczynski

LOCATION: €92l Dept., New York Office

FROM: Mary E. Kavanagh

MESSAGE:

%MYQ’ Fre. 3z e
CFAXS

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 will X will not be confirmed by mail.

ASARCO Incorporated PO. Box 5747 Tucson, Az 85703
1150 North 7th Avenue FAX (602) 792-3934 Phone (602) 792-3010



Exploration Department

TELECOPIER

DATE : 9/31/92

TO:
NAME : F.T. Graybeal

LOCATION: Exploration Dept., New York

FROM: W.L. Kurtz

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 will X will not be confirmed by mail.

ASARCO Incorporated PO. Box 5747 Tucson, Az 85703
1150 North 7th Avenue FAX{602) 792-3934 Phone {602) 792-3010
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Tucson Arizona v~
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June 8, 1972

@

Mr. Ernie Phillips
ASARCO
Salt Lake City Office

Dear Ernie:

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

a) RS-24 thru RS-47
b) JF-1 thru JF-5
c) MFB-1

d) CS-1 thru CS-27
e) TC-1 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 vial. Thanks.

Sincerely yours,
George J. Stathis
GJS:lad

cc: FTGraybeal
WLKurtz o5



April 7, 1972

.o

Mr. Bill Reid

Colorado Schogl of Mines Research Institute
P. 0. Box 112

Golden, Colofado 804901

Dear B111:

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

a) RS-24 thru RS-47
b) JF-1 thru JF-5

c) MFG-1

d) CS~1 thru £5-27
e} TC~1 thru TC-33

We would like biotlte separations to be made on these samples. Please
save about a 200 gram split of each sample after first crushing and before
the blotite separation. Samples with low biotite content, such as the

JF series, we would probably want 400 grams or so saved. Return the

200 gram splits to the Tucson offlce and send the biotite concentrates

to Mr. Lloyd James of our Salt Lake City office.

| mentioned over the phone this morning to Mr. T. Caneer that we had sent
the samples to vou.

Sincerely yours,

George J. Stathis

Geologist
GJS:lad
cc: LDJames
FTGraybeal
SRDavis
JRKing

WTCaneer, Asst. Mgr.

Mining Division
Col. School of Mines Research Inst.



AMERJCAN SMELTING AWD REFINING CGOMPANY
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, 1972
concerning biotite separation.
Very truly yours,
CL/,Z-iii;f‘?>
W. L. Kurtz

WLK: lad
Enc.

cc: FTGraybeal



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. | assume the sample is dried before heavy
liquid separation and | 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 | 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-
ingstage 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
0.10 SG less than the biotite (thus 2.84-2.94)., Thus, | 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.

If a rock contains magnetite, hornblende, pyronene, or epidote,
the biotites may have to be floated. Undoubtedly some hornblende will be
received in the sedimentation stage and an even greater amount will occur
as unliberated biotite~hornblende aggregates. |If these minerals occur,
the biotite can easily be cleaned by floating at about 3.05. However, this
involves use of methylene iodide which is considerably more expensive and
toxic than bromoform. Franz separation would be adequate for magnetite
but useless for removal of hornblende, pyronene, epidote, or chlorite from
the biotite. The need for floating the biotite can be anticipated by an



W. L. Kurtz -2- April 5, 1972

examination of the Focks éé'the9 are,cgijectea and recommended after inspec-
tion of the concentrate. Perhaps the methytene iodide separations could be
accomplished in Lloyd James' laboratories for specific samples as needed.

It is important to remember that no two rocks will respond alike
to a mineral separation flowsheet regardless of their chemical or miner=-
alogical similarities. Thus, an examination of each concentrate should
be made before the analysis is performed.

7 72/?

F. T. Graybeal.
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CoLorADO ScHOOL OF MINES RESEARCH INSTITUTERECEIVED

P.O. Box 112
GOLDEN, CoLORAPO 80401 APR: 31970
March 31, 1972 | S W. U. 8. ExpL pyy,
W. L. K.
Mr. Lloyd D. James | APR 31872

American Smelting & Refining Company
Geophysical Division

3422 South 700 West :

Salt Lake City UT 84119

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 .as possible.

The feed for the first flotation test was obtained from simply screening out
the coarse material (the Original sample was essentially all minus 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
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 1) 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 2.71, would then be used to effect the separation of

’
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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 $10 to $12 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,
s /"‘

Project Manager
Metallurgical Division

MED /psk
Attachment

cc: Mr. W, L., Kurtz
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AMERICAN SMELTING AND REFINING COMPANY
Tucson Arizona

March 20, 1972

MEMORANDUM TO STAFF:

Biotite Program

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.

W. L. Kurtz
WLK: tad
cc: JJCollins

JHCourtright
LDJames



‘ RECEI‘VE‘ -
AMERICAN SMELTING AND REFINING COMPANY
EXPLORATION SERVICES DIVISION 14!’-? J oy
3422 SOUTH 700 WEST S ~ 1972
R.J. LACY SALT LAKE CITY,.UTAH 84119 Wy, ey,
SUPERVISOR ) - Ul

March 13, 1972

Mr. M. E. Defoe

Colorado School of Mines Research Institute
P. O, Box 112

Golden, Colorado 80401

Dear Mr. Defoe:

In your letter of March 9 you outline a program
designed to determine the feasibility of using flotation
to effect biotite separation from 3 or 4 rock samples pro-
vided by the Southwestern U.S, Division of Asarco's Ex-
ploration Department. You are hereby authorized to pro-
'ceed with this project on the understanding costs will not
exceed $500, 00, No expenditures beyond this amount
should be assumed without prior consultation with this
office. ’
'  We look forward to receiving the results of this
study. o

Yours very truly,

L. D). Trwmes

LDJ:am L. D. JAMES

~cc: W. L Kurtz/
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CorLorap0O ScHooL OF MINES RESEARCH INSTITUTE
P.O. Box 112

GoLDEN, CoLorRADO 80401 ) ,
& MAR 13 1972

RECEIVEL

March 9, 1972 v Q@}\ S. W. U. S. EXPL. DIV.
K |
N
@2\ REFER TO

620317

Mr, Lloyd D. James

American Smelting & Refining Co.
Geophysical Division

3422 South 700 West

Salt Lake City, Utah 84119

Dear Mpr. James:

Bill Reid has informed me of your interest in pursuing the bictite~
chlorite method for examining porphyry deposits for copper, and
has suggested flotation as a method for recovering biotite-chlorite
from the field sample.

A cursory investigation, on three samples, to determine the

‘ feasibility of using flotation is estimated at $500. The procedure

D would involve grinding a representative portion of each sample to

‘roughly minus 65 mesh, desliming at 325 mesh, and floating the

" plus 325 mesh fraction at conditions normally suitable for mica
flotation. A more comprehensive program will be required, however,
should there be minerals present which have flotation characteristics

~gimilar to mica., ‘

" We sh&&fba pleas‘ed to perform this service for you and need only
your authorization to proceed with the work.

| ‘Si‘mg ely, |
M. E. Defbe

Projeet Mansger
Metallurgical Division

/1aj L
ee: W, L. Kurtz/f

M inerdl Industry Research



o~ AMERICAN SMELTING AND REFINING COMPANY
[HﬂEﬁKK) ' ATION DIVI
RE~ SOUTHWESTERN EXPLOR 10 IVISION

P. O. BOX 5747, TUCSON, ARIZONA 85703

H50 NORTH 7TH AVENUE
TELEPHONE 402-792-3010

March 9, 1972

Mr. Bill Ried
Colorado School of Mines Research Institute
Golden, Colorado 80401

Samples for Research on
Biotite Separation

Dear Mr. Ried:

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 should be sent
to Mr. James.

Very truly‘yours; -~

W. L. Kurtz
Manager of Exploration

WLK:1ad

cc: LDJames
ASARCO
3422 S. 700 West
Salt Lake City, Utah 84119
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MESSAGE Three samples, Nos. 18, 19 and 20, have been run once for

biotite separation. The fourth sample is from Arnett Creek near Superior

and it is still in rock chip form.

| hope these will do for your purposes.

SIGNED

llEﬂ'lﬂf

; :%mmwzmm% g

RN

SEND PARTS 1 AND 3 WITH CARBON INTACT - PART 3 Wlll BE RETURNED WITH REPLY

Rodiffrm"@ 4S5 472



AMERICAN SMELT!NG’AND REFINING COMPANY
Tucson Arizona

February 29, 1972

Mr. L. D. James
Salt Lake City Office

Biotite Separation

Dear Lloyd:

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 methoed in the
amount of $300.00. | would recommend that Asarco spend this money, if
you believe Ried has a usable method.

| 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 truly yours,
&
. /

L. Kurtz

WLK: 1ad



AMERICAN SMELTING AND REFINING COMPANY
Tucson Arizona

February 22, 1972

CONFIDENTIAL

Mr. S. A. Anzalone
Vancouver 0ffice

Dear Sal:

The enclosed report ‘Copper in Biotite as a Guide to Porphyry Copper
Deposits' is being sent to you at the request of Mr. Collins. The data
contained in this report Is confidential and should not be Xeroxed. Also,
| request that none of your staff discuss the fact that Asarco is using
biotite as a guide to ore.

OQur sampling procedure and analytical procedure will be sent to you if
you start a copper-in-blotite program.

Very truly yours,

W. L. Kurtz

WLK:1ad
Enc.



AMERICAN SMELTING AND REFINING COMPANY
Tucson Arizona

February 22, 1972

CONFIDENTIAL

Mr. Kelth Whiting
Spokane Office

Dear Keith:

The enclosed report ‘Copper in Biotlte as a Guide to Porphyry Copper
Deposits’’ Is being sent to you at the request of Hr, Collins. The data
contained In this report is confidential and should not be Xeroxed. Also,
| request that none of vour staff discuss the fact that Asarco is using
biotite as a guide to ore.

Our sampling procedure and analytical procedure will be sent to you if
you start a copper-in-biotite program.

Very truly vyours,

W. L. Kurtz

WLK: lad
Enc.



AMERECAN SMELTING AND REFIMING COMPANY
Tucson Arizona

February 22, 1972

CONFIDENTIAL

Mr. R, K. Kirkpatrick
Denver Office

Dear Roger:

The enclosed report ''Copper in Biotite as a Guide to Porphyry Copper
Deposits'’ is being sent to you at the request of Mr. Collins. The data
contained in this report Is confidential and should not be Xeroxed. Also,
| request that none of your staff discuss the fact that Asarco [s using
biotite as a gulide to ore,

Our sampling procedure and analytical procedure will be seat to you if
you start a copper-in-biotite program,

Very truly yours,

W, L. Kurtz

WLK: lad
Enc.



COPPER IN BIOTITE AS A GUIDE TO PORPHYRY COPPER DEPOSITS

F. T. Graybeal

INTRODUCT ION

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.



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 10,000 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 anomaly 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 1. 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 1 has been verified by field
work from several different intrusions associated with porphyry copper
deposits.

The Tocations 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 Tyrone 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 10 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/whol: 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. )



Ruby Star Granodiorite

The Ruby Star granodiorite is medium grained with 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 10 (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 10000 ppm Cu reported by Lovering et al (1963). However, the
Lovering samples were impure and | regard Mr. King's results as more
accurate.

A well-defined copper in whole rock anomaly is shown on Figure
11. The 500 ppm contour extends outward 1-2 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 1-2 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 10 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'with the three phases elon-
gate parallel to the long axis of the pluton. The  rocks are alil 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.



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 1 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 theélgot zone of a porphyry copper deposit.

The copper content of biotite in the Cornelia pluton 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 1. 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 prophyritic 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 1

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

Rock type ppm Cu
granodiorite 66
equigranular quartz monzonite 70

transitional porphyritic micro-
quartz monzonite 170

porphyritic micro-quartz monzonite 7

Patagonia granodiorite

The central portion of this pluton is an equigranular 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 volatiles 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. T e



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

Texture ppm Cu
equigranular 1029
weakly porphyritic 338
moderately porphyritic =« L6

CONCLUSION

Data from the Cornelia and Patagonia intrusions clearly demon-
strate that the rocks most closely related to ore deposition contain bio-
tites 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 coaling 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 of copper 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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1.) 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 1 per square mile.

A similar procedure would be recommended for any new work, but should be
modified as follows:

1) 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 consideisd in the en-
tire program, this cost-is not considered excessive.



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. 1| estimate that one pluton could be mapped and
sampled in approximately 2-3 weeks in Arizona. The total cost per pluton
is estimated to be $1000-$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 Stollery 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, | believe that ASARCO has significant lead in the under-
standing of the complexities involved. However, S. A. Anzalone informed
me that Noranda considered work of this type adjacent to their Brenda
deposit, and | have learned from Continental 0il that they are invest-
igating the method for possible use in Arizona.
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AMER I CAN SMELTING AND REFINING COMPANY
Tucson - Arizona

July 11, 1972

Memorandum to: W. L. Kurtz
From: F. T. Graybeal

Continuation of the Biotite
Sampling Program

SUMMARY AND RECOMMENDAT |ONS

Continuation of the blOtlte sampllng 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 using this method are listed in Table 1.
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 genérally 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.

| therefore recommend that the biotite program be continued. Procedures
to be used in the future should be similar to those followed in the past.
Particular attentlon 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 presence of high water concentrations and, thus, a phase
in which base metals might be collected and tranSported

it does not appear necessary ‘to sample the entire pluton. Rather,
samples should be collected along the edge of post-mineral cover. It is
probable that enough of these samples will be sufficiently low to define a
background value without excessive work beihg done in the barren central
portion of the pluton. |If all samples along the post-mineral contact are
high, then further sampling away from this area may be necessary. The




W. L. Kurtz -2 - ' July 11, 1972

density of samples necessary is hard toie§timate, although | would guess
that spacing should not exceed 3/4 mile. '

Table 1 lists the plutons recommended for sampling during the second
phase of the biotite program and their locations are shown on Figure 1. 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, additional work was suggested at the south end of
the Ruby Star to clarify 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 isolated highs in the Stronghold granite.

_ The ten areas listed in Table 1 involve 98 miles of contact with post-

mineral cover as estimated from an examination of the Geologic Map of Arizona.
This results in a total of 147 samples assuming a 3/4 mile spacing. The cost
of biotite separation during the first 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 field 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.

FTG:lad
Attachs.




Table 1: INTRUSIONS PROPOSED" FOR BIOTITE SAMPLING

Miles of Contact With .

Area : “- Post-Mineral Cover Remarks
1) Tombstone - 20 All ocutliers in the Charleston-
’ Fairbanks area shquld be-examined.
2} Gleeson 3 Jurassic-Triassié age.
3) Silver Bell 5 v Both the granodiorite.West of

Ragged Top and the granite porphyry
in the West Silver Bell Mtns.

4) Comobabi Mtns. 15 North and south portiéhs.

5) Brownell Mtns. ' H 3 “ |

6) Saﬁfa,Rosa Mtns. | ' 7 Two separate plutons.

7) Cimarron Mtns. 6

8) Santa Teresa 20 12 miles at norfh égd are on the

San Carlos Reservation.

9) Tortilla Mtns. ' 6 West side of Grayback granodiorite,

exact length of post-mineral contact
unknown.

10) Granite Wash Mtns. -8
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May 24, 1971

TO: W, E, Saegart

FROM: J., R, King

Re: BIOTITE PROJECT

In referrence to L, D, James' memorandum of 19 May 1971, | wish
to point out that | telieve the new data on the Rudy Star in-
trusive not only cenfirms the picture obtained from the oriainal
U,5,G,S, and ASARCO data, but delineates a working model to be
applied to exploration, As now can be seen, a 500 ppm Cu anomaly
surrounds the Sierrita Esperanza mines for a distance of one to
three miles,

| have reviewed most of the literature on Cu content in ferro-
maguesium minerals over the past several months and | now be-
lieve the following statements are valid conclusions resulting
from this investigation,

It is statistically probable that Cu will be anomalously concen-
trated in biotites with proximity to hydrothermal copper mineral=-
ization, The more significant the mineralization is, the greater .

is the probability that a geochemically observabie '""Cu in biotite"
halo will exist several miles away from the mineralization,
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January 15, 1973

TO: W. L. Kurtz

FROM: J. R. King

Texas Canyon Stock
Biotite Program
(personal evaluation)

The accompanying map shows the Texas Canyon stock and the preliminary
results of the biotite sampling program conducted by Steve Davis. The
contouring is my interpretation of the data. | know little about the
geology of this area and am relying strictly on Steve Davis' mapping
for interpretation of the sample results.

Briefly, | believe this data shows exactly what we hoped to see by using the
biotite program:

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

2. a general trend of contours pointing in the direction of most
favorable exploration potential; and

3. (as an added bonus) a discernible increase in alteration along with
the copper in biotite anomaly at the edge of cover.

This data, when interpreted in light of ASARCO's research, is delineating a
permissible target area of high priority. |If the data is real, then the
acquisition of available State land sections lying to the SW and the
compilation of a land status map for this area (for eventual drilling by the
geologic drill) is advisable.

Above all else, | feel that this data shows that the biotite program is
extremely useful in basic porphyry copper exploration and should be actively
used while we still have the jump on the competition.

ﬁm b

R. King

JRK:1b
Attach.
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AMERICAN SMELTING AND REFINING COMPANY Fobe s g
Tucson Arizona

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). | 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.

nl// Mr. King concludes, also incorrectly (para. 3), that the data demonstrate

&iﬁ%d

....'"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. | 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. | 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, | present a list of approximate background and threshold
values obtained from an inspection of maps of previous sampling results:



-ewc‘w fo T Se

-

v’

W. L. Kurtz -2 - , January 22, 1973
Cu content of biotite in ppm threshold
background "~ threshold background contrast

Tyrone 7 ‘ 100 14

Schultze (FTG) 10 . 200 20

Schultze (JRK) 20(7?) 100-200(7) LO=28 -

Ruby ‘Star 35 200 6

Patagonia 200(?) - 1000-3000(?) 5-15

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 Towered to 5-7 times if other favorable criteria were present.

Mr. King and | 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 1) 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 upon 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 group of rock chip samples indicates that rock chip sampling doesn't

work.
4T
F. T. Graybeal
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AMERICAN SMELTING AND REFINING COMPANY
Tucson Arizona

February 5, 1973

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 stock, | wish to state that after talking to Fred | still am
encouraged by the biotite data from the Texas Canyon.

| stand by my previous statements with the exception of the usage of
"high' priority. Fred and | disagree on the definition of anomaly and

on the relative potential of a hidden porphyry copper zone lying to the
southwest as indicated (or not) by the biotite data.

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

:{J s

John R. King

JRK:1b
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Eéﬁ%ﬁﬁ AMERICAN SM COMPANY
"_\:\:/,_ EXPLORATION DEPARTMENT
P.O.BOX 5747, TUCSON, ARIZONA B5703

J. H. COURTRIGHT .
CHIEF GEOLOGIST June 8, 1972 1150 NORTH 7TH AVENUE
TELEPHONE 4602~-792~3010

WL 5
Mr. Eric Swanson _ quV
Asarco 12 ]972 .

Canada - Buchans Unit
Buchans, Newfoundland

CHLORITE
Dear Mr. Swanson:

Enclosed is a memo by Mr. Graybeal on the poss?b!e 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 bnrefrzngence either in oil emer-
sions or thin sect;on.

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,

/% TS

J.H. Courtright

JHC:kre

Encl: as noted

cc: J.J. Collins w/encl.
F.T. Graybeal w/o encl,
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AMERICAN SHELTING AND REFINING COMPANY
Tucson Arizona

June 7, 1972

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
this association as an ore guide.

The first 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 (1934). He noted that the Fe/Mg ratio changed
in a reqular way with distance from ore and was able to recognize these
differences petrographically, 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
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 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 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 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 district in Hew Brunswick, the
Boliden district 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 simplicity and low cost of this
technique suggest possible applications to the search for addltnons to the
rapidly diminishing ore reserves at the Buchans Unit.

AT

F. T. Graybeal
FTG: lad

cc: JHCourtrightv
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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 intrusives:

Stathis - Juniper Flat (Bisbee)
North end Sierrita Granite

Davis - Texas Canyon Stock
Stronghold Granite

Whaley - Gunsight Hills Granite
Quijotoa Granite
Tucson Mtn. Granite

WLK:sg

cc: FTGraybeal
JCBalla



Ao - o7z

Jour, Reseaxch 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 the chlorites analyzed, is concentrated at the
“optical and chemical boundary of chlorite and biotite, and is not
associated with sulfur. Most unaltered igneous and hydrothcrmal
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 detectablc 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 chloritization of biotite ncar 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—11 km {from the deposit,
consist of 2 orc specimens and 21 igncous 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 ki north of Tucson, Ariz. The intrusive
rocks temporally associated with the deposit range in composi-
tion and texturc from hornblende diorite (andesite) Lo quartz
monzonite (quartz latite) (Cornwall and others, 1971; Banks
and others, 1972). Intrusion began about 70 n.y. ago and
continued td about 60—61 m.y. ago—the Laramide age of the
youngest intrusive body (Granite Mountain Porphyry) within
the commereial limits of the deposit (Creasey and Kistler,
1962; Banks and.others, 1972; Banks and Stuckless, 1973).
Sulfide mineralization followed, and the deposit cooled below

100°C about 60 m.y. 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
from the center of mining activity at Esperanza.

ANALYTICAL METHODS

Extreme care was taken to eliminate contamination of
copper by external sources. Rock'chips (Ray samples) and
mineral grains (Esperanza samples), plastic mounted onto glass
slides and cut to 40- to 50-um 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 agitated in an ultrasonic cleaner, then
positioned so that the direction of polishing was 90° from the
previous direction. Finally, the slides were polished four inore
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 grains in the slides polished on the lead-bronze lap (not
on well-polished nonlayer silicates) but was not detected on
the same grains after the alumina polishing. Thus, sample
contamination by copper sources external to the samnple is
believed to have been eliminated by this polishing.

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

The copper and sulfur analyses were made with an ARL
(Applicd Rescarch Lab.) model EMX-SM electron microprobe

195
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using a LiF crystal for copper and an ADP crystal for sulfur,
an excitation voltage of 20 kV, a sample current of 3x10-% A
on brass, and chaleocite (Cu,S) as a standard. Integration
times of 200+2 s were obtained by termination of counting on
fixed-beam current. For most analyses the electron beam was
fully foeused. 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
pm. If the shape of the grain did not permit sweeping of areas
of at least 5 by 4 um, a defocused beam (2-3 pum 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
2-40 (usually 6—8) observations on each grain. Initially,
correction of the raw intensity data was done by computer
and included drift, background, and matrix corrcctions (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 required 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 mincral 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 igncous biotite and its alteration
products from the Ruby Star Granodiorite near the Esperanza
deposit are presented in table 2,

Cllorite formed by alteration of biotite near both the Ray

and Esperanza deposits contains significantly more copper
than the unaltered igneous biotite analyzed (fig. 1). Most of
the biotite grains (80 percent of the Ray and 75 percent of the-
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 comresponding inereases 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
chalcocite; these ratios are not found (fig. 2). In addition,
several quantitative analyses for Mo, Zn, Pb, Mn, Cl, and F (by
microprobe) indicate that the copper in the grains 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
check 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 approximately 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 obscrved 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.
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Table 1.—Copper and sulfur in biotite and its aiteration products from the intrusives near the Ray porphyry copper depasit, Arizona

[Values in regular type denotc 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 rcal 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 homogeneousty distributed]

Rock type  Sample Grain Mineral Copper  Sulfur | Rock type Sample Grain Mineral Copper  Sulfur
(p/m 10 (p/m £10 (p/m £10 (p/m £10
percent) percent) percent) Ppercent)
Tortilla 2171 ..... 1BI Biotite 0 5CL ..do.. 0 0
Quartz 2BI ..do.. 0 1EP Epidote 0 0
Diorite. 3BI ..do.. 0 138 : 4EP ..do.. 0 0
5BI ..do.. 0 161 Rattler 260-113D .. 2BI Biotite 0 189
2CL Chlorite 0 - Grano- 3BI ..do.. 0 256
4CL ..do.. 42 20 diorite—Con. 4BI ..do.. 0 190
* 5CL ..do.. 16 0 5BI ..do.. 0 254
6CL ..do.. 0 0 3CL Chlorite 0 0
7CL ..do.. 24 23 4CL ..do.. 0 0
6EP Epidote 42 52 3M Hydrogarnet? 0 0
7EP ..do.. 0 0 1EP Epidote 0 0
217-28 .... 1BI Biotite 386% 167 SEP ..do.. 0 15
3BI ..do.. 39 199 246-11A... 1Bl Biotite 256*
4Bl ..do.. 52 1BIA ..do.. 245
5BI ..do.. 109 281 ..do.. 0 A313
BTM1 ..do.. 21 199 4BI ..do.. 405*
1CL Chlorite 206% 59 5BI ..do.. T 57 294
2CL ..do.. 244% SBIA ..do.. 119*
4CL ..do.. 149 86* BIM1 ..do.. 496* 280
SCL ..do.. 120 45 BIM2 ..do.. .0 282
M Hydrogarnet? 151% 79 1CL Chlorite 2218% 21
3EP Epidote 40 28 1ICLA ..do.. 1368
248-29.... 2CL Chlorite 60 3CL ..do.. 460 14
: 3CL ..do.. 190 3CLA ..do.. 2000* 10
Rattler 246-99B .. 3BI Biotite 697 172 4CL ..do.. 405
Grano- 1CL - Chlorite 569 74 4CLA  ..do.. 3138%
diorite. 2CL ..do.. 432 50 . 4CLB ..do.. 617
' 46-11G .. BI Biotite 0 SCLA ..do.. 2397*
CL Chlorite 2237 5CLB ..do.. 4118*
EP Epidote - - 2000% S5CLC ..do.. 8340%
246-11G ... 1BI Biotite 26 CLM1 ..do.. 1432% 20
3Bl ..do.. 28 199 CLM2 ..do.. 9842% 0
4BI ..do.. 0 181 260-96A... 1BI Biotite 52 214
7Bl ..do.. 110 146 3BI ..do.. 0 191
BIM1 ..do.. 0 197 4BI ..do.. 0 220
1CL Chlorite 626 5BI ..do.. 0 185
5CL ..do.. 51 1 2CL Chlorite 754%* 254
6CL ..do.. 105 0 2CLA ..do.. 416 262%
CLM1 ..do.. 0 10 3CL ..do.. 1160* 54
CLM2 ..do.. 0 6 6CL ..do.. 674% 112*
2EP Epidote 10 41 1EP Epidote 608* 2z
6SP Sphene 33 82% 6SP Sphene 94 0
61-25 .... BIGM Biotite 0 Rhyodacite 2GM100... 1BI Biotite 51 290
BI1 ..do.. 0 dike 2BI ..do.. 36 243
BI2 ..do.. 0 3BI ..do.. 15 274
CL2 Chlorite 291 2CL Chlorite 0 14
. EP2 Epidote 157 4CL ..do.. 102 105
-261-25 .... 1BIA Biotite 0 209 5CL ..do.. 66 117
1BIB ..do.. 0 283 . 4EP Epidote 0 g
3BI ..do.. 0 184 SEP ..do.. 130% 0
5Bl ..do.. 0 156 48p Sphene 0 0
2CLA  Chlorite 0 0 55p ..do.. 0 0
2CLB  ..do.. 0 0 | Granite . GM14..... BI Biotite 0
4CL ..do.. 0 5 Mountain CL1 Chlorite 0

Porphyry.
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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—Continued

Copper  Sulfur

Copper Sulfur

Rock type  Sample Grain Mineral (p/m10 (p/m=10 | Rock type Sample Grain Mineral (p/m=10 (p/mt10
percent) pereent) . percent) percent)
Granile GMi4 .... CL2 ..do.. 582 Granite 2GM6GR. .. 4BIM .do.. 0
Mountain CL3 ..do.> 34 Mountain 3CIM1 Chlorite 261
Porphyry— Ep Epidote 0. Porphyry— 3CLIM2 ..do.. 442
. Con. - SP6  Sphene 0 Con. 4CLM  ..do.. 125
2GM14.... 1Bl Biotite 20 311 3GM6G. ... BIl Biotite 0
2B1 ..do.. 0 BI2 ..do.. 0
2BIA ..do.. 0 202 BI3 ..do.. (/]
3BI ..do.. 198 273 CL1 Chlorite 385
4BI ..do.. 0 237 CL2 ..do.. 382
6BI ..do.. 0 CL3 ..do.. 414
BTM1 ..do.. 0 - 158 2GM4V.... BIB Biotite 110
2CL Chlorite 110 0 1BIA ..do.. 0
5CL. " ..do.. 42 11 3BIA* ..do.. 0
6CL ..do.. 5 68 3BIB ..do.. 0
. CLM1 ..do.. 79 75 1CL Chlorite 915*
GM12R. ... 2BIX Biotite /] 208 1CLA ..do.. 818*
3Bt ..do.. 111 . 237 . 3CL ..do.. 105
3BIA ..do.. 144 180 2GM1A.... 2CL ..do.. 324
4BI ..do.. 110 156 2CLA ..do.. . 275
5BI ..do.. 125 152 2CLB ..do.. 311
3CL Chlorite 699 26 CLM ..do.. 1537%
3CLA ..do.. 294 26. | Teapot TTM...... ICL Chlorite 1235%
4CL ..do.. 297 44 Mountain 3CL ..do.. 1172%
5CL ..do.. 527 - 98 Porphyry. CIM1 ..do.. 1006%
GM6GR ... BI1 Biotite 0 1Sp Sphene 145
BIA ..do.. 0 3sp ..do..~ 124
3BIA ..do.. 0 120 Hydro- 2P70-22 ... 1Bl Biotite 80 90
4BIA ..do.. 0 190 thermal 2BI ..do.. 46 486
3CLA  Chlorite 3440% 0 biotite. =~ TI123R .... BIl Biotite - 26 189
ACLA  ..do.. 80 0 Bi2 ..do.. 37 113
CLA ..do.. 266 BI3 ..do.. 64 156
2GM6GR .. 2BIM Biotite 0 190 BI4 ..do.. 30 - 197
3BIM ..do.. 0 BIS ..do.. 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 reported for chlorite in tables 1 and 2 was
probably not smeared over the chlorite from other copper-
bearing phases in the mounts because (1) the distribution of
copper in the ehlorite (discussed next) precludes such a source,
(2) the copper content of the chlorite grains does not reflect
the proximity, size, or even presence of copper sulfides in a
given slide (always <200 p/m including chalcopyritc), and (3)
except for samplc 246-99B (table 1), copper was not found in
other igneous silicate, oxide, or phosphate phases in the
samples in amounts equal to or greater than that found in

__chlorite. Contamination of the chlorite with copper from
chalcopyrite in veinlets was avoided by using probe mounts
that contain no veinlets. -

The amount of copper in chlorite is highest necar the
chlorite-biotite contact. Chlorite more than 50 pum from the

mineral contact contains about 600—1,000 p/m Cu, biotite
more than 50 um 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, sample 2GM4V, grain 1 CL). The amount of copper
(about 1.5 percent) at the mineral contact is probably low
because the material excited by the bcam and secondary
radiation extends beyond the visible mineral contact. Like—
wise, the broadness of the copper peak (fig. 34) may be partly
the result of excitation of copper in the contact zone by
secondary radiation from points located in chlorite and biotite-
near the mineral contact.

The concentration of copper in chlorite along another bio-
tite-chlorite boundary is shown as X-ray images photographed
from an oscilloscope (fig. 4). The chlorite 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, Arizona )

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

. Copper Sulfur Chlorite in Copper Sulfur Chlorite in
Sample Grain Mineral (pfm, 10 (p/m, +8 separate | Sample Grain Mineral (pfm,+10 (p/m, 8 separate
percent)  percent) (percent) - (percent) percent) .  (percent)
T454R.... BTS Biotite 63 106 0.1 T467R .. ... BTM4  Biotite 152 243
BTM1 ..do-. 0 180 BTM5 ..do.. 0 197
BT5A ..do.. 0 139 CL1 Chlorite 766% 0
BT5C ..do-. 0 138 CL2 ..do.. 3418* 0
BTSC1 ..do.. 0 125 CL3 ..do..  3024* 7
- CLS Chlorite 0 17 CLM1 ..do.. 1335 0
T455R .... BT1 Biotite _ 21 141 3.5 CLM2 ..do.. 1060 14
BT2 ..do.. 45 126 T468R .... BTl Biotite 49 201 12.4
BT3 ..do.. 73 126 BT2 ..do.. 3 345
BT4 .do.. 6 160 BT3 ..do.. 0 239
BT5 .do. 200* 87 BT4 ..do.. 0 221
CLM1 Chlorlte 4758%* 68 CL1 Chlorite 924% 0
CLM2 ..do.-. 161 0 CL2 ..do.. 9700* 96
CL1 ..do.. 2040* 6 CL3 ..do.. 10,000% 36
- T465R .... BT1 Biotite 0 69 0.7 CL4 ..do.. 4500% 32
: BT2 ..do.. 145 119 T8R...... BT1 Biotite 0 141 17.6
“BI3  ..do.. 0 156 BT2 ..do.. 616* 97
BIM1 ..do.. 0 140 BT3 ..do.. 0 167
BTM2 .do.. 1] 102 BT4 “.do.. 32 125
BTM3. .do. 0 125 BT5 ..do.. 129 109
CL1 Chlorlte 175 20 CL1 Chlorite 403 0
SP1 Sphene 255 56 CL2 ..do.. 323% 16
T467R.... BT1 Biotite 654% 172 11.2 CL3 ..do.. 669* 0
BT2 ..do.. 511* 140 CL4 ..do.. 1656% 30
BTM1 ..do.. 28 275 CL5 ..do.. 429 10
BTM2 ..do.. 173 263 SP1 Sphene 57 23
BTM3 ..do.. 43 232 Sp2 ..do.. 333 65
: SP4 ..do.. 0 49

*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 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 coneentra-
ted. Background sulfur in biotite (300 p/m) was not detected
in figure 4C and F.

Figure 3B shows a paucity of copper in compositionally pure
biotite, a high econcentration of copper in chlorite at the
compositional chlorite-biotite 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 implics that the copper was introduced in the
fluids that destroyed the biotite and formed the chlorite. The
Tact that other clements known to coexist in previously

described copper minerals were not 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 transition of the biotite to
chlorite. In the compositionally purer chlorite, the copper may
be partly in exchangeable sites and partly in lattice sites.
Dodge, Smith, and Mays (1969) and Parry and Nackowski
(1963) point out that the radius of Cu*? s appropriate for its
camouflage in Fe*? and Mg"? (octahedral) positions. In the
transitional material, the amount of copper present and the
fact that cold concentrated nitric acid leaches copper from the
Esperanza biotite-chlorite grains exposed in a rock-slab surface
(T. G. Lovering, oral commun., 1972) might suggest a cation
exchange position for part of the copper. The nature of the
attachment of copper in this transitional material is discussed
more fully in a later section.
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Figure 1.—Frequency histograms showing eopper contents of biotite (4 and D), chlorite (B and E), epidote, sphene, and hydrogarnet?
(C), and Sphene (F) from Laramide intrusive rocks ncar the Ray and Esperanza copper deposits, Arizona. Detection levels
established at three times the square root of the average background counts (Birks, 1963). :
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Figure 2.—Plots of copper versus sulfur contents of igneous biotite (4 and C) and chlorite (B and D) derived from the biotite from rocks
near the Ray and Esperanza copper deposits, Arizona. Note that different scales are used to plot copper in chiorite and copper in
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).

CONTAMINATION ORIGIN FOR COPPER IN BIOTITE

The increase in copper content from parent biotite to
daughter chlorite is probably even more striking than figure 1
shows 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
cllorite 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-
bearing fluids (hydrothermal 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 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. Homblende 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 biotite and its
“possible presence in hornblende in sample 246-99B is not




COPPER IN BIOTITE AND BIOTITE ALTERATION PRODUCTS, ARIZONA

202
Sample 2GM4V, .
15000 grain 1 CL Inl 4 A
1
f
10.000} /1| N
I
I
3 [
3 soo0k- CHLORITE , LN BIOTITE _
= s AN
g / N ,
o P / . Detection level
w A e  — \ /
a i 1 ) | Mg } gl
it 150 100 50 0 50 100 150
E DISTANCE FROM OPTICAL 8IOTITE.-
a CHLORITE BOUNDARY, IN MICROMETERS
Z
=
z
E 20,000
zZ Sample 2GM4V, grain
3 1 CL (40 poiots) A B
16000k [ R
w - I
2 12,000 Biotite converted to >99 percent Iy ——
[®) o
o CHLORITE lf- \ >99 percent BIOTITE |
\
8,000 Approximate upper—-=| « %\ o
’ limit of Cu [ ~o
™~
| ~ B
4,000 /I \Detection
o ———— 7 . . Y level
- N ¥ 1 -t - 1 __._?x_-_g.s..-_.__._
100 1.000 10,000 100,000

POTASSIUM COUNTS

Figure 3.—Distribution of copper in biotite, chlorite, and transitional
material, Bars indicate range of potassium (K) counts that designates
refatively pure chlorite (<0.1 percent K, 0) and biotite (K counts equal
to the average of K counts for biotite grains with no chloritization in the
same mount). Counting time is 200 s, terminated on fixed beam cur-
rent. Detection level was established at three times the square root of
the average background counts (Birks, 1963). A, Distribution of
copper in biotite and chlorite relative to the optical 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
actually is incorporated in biotite in mafic bodies during
erystallization. However, biotite in equally mafic rock (Tortilla
Quartz Diorite, table 1) and more mafic 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
area.

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 paraliel to the (001) plane. The zones are
sometimes offset along fractures that developed in the biotite
prior to consolidation of the magma. Many of these zones are

obvious cxtensions of ehloritized layers, but others do not
grade into optically perceivable chlorite at cither the middle of
the bleached zone or the edge of the grain. Some of the
bleached zones contain uncxpectedly large amounts of copper
(table 3). A copper X-ray image of two such zones is shown in
figurc 5A4. The wider zone is lhe one dnalyzed 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, Cl, Ca, Sc, V, Cr, Co, Ni, Zn, Ga,
Ge, As, Se, Br, Rb, Sr, Y, Nb, Mo, Te, Ru, Rh, Pd, Ag, Cd, In,
Sb, Te, I, Cs, Ba, La, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, T, Pb,
Bi, Th, Pa, and U.

Because of the carbon coating and lack of a suitable
analyzing erystal, it could not be detcrmmed dlrectly whether
carbonates or nitrates account for the copper in the zones.
However, the amount of silica in the zones suggests that the
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 silica in chlorite.

It is not within the scope of this report to determine the
exact mineralogic composition of the zones, but some specula-
tion is warranted. The zones are assumed to represent incipient
chloritization of biotite by fluids that may or may not carry
copper, because chlorite occurs at grain edges along many of
the zones and copper is concentrated at many optical
biotite-chlorite boundaries (figs. 3, 4). However, except for
Si0, and K, 0, the amounts of individual constituents and
structural formulas of the copper-rich zones (analyses B, E, G,
H, K, L 0,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 those 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 biotitc, the density shift is somewhat
compensated by the amount of water required in the zones in
order to arrive at rcasonable totals of the constituents (the
qualitative scans ecliminate significant contribution to the
totals of elements other than H and 0). 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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Figure 4.—Photographs of dectron-beam seans of a biotite-chlorite grain in sample 46-11a. A, Scan for sample current of biolite-chlorite grain. The

lighter arca represents chlorite (el), and dark areas are biotite (bi). B, Scan for copper (same area as A), showing its concentration at the mincral
boundarics. Exposure lime, 2 minutes. €, Scan for sulfur (same arca as B). Nole lack of sulfur at the mineral boundaries, Exposure time, 8
minutes, D, Scan for sample current of area designated in A, E, Scan for copper in same area as D. Exposure time, 1 minute. F, Sean for sulfur in
same afea as I5. Exposure time, 4 minutes.
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Table 3.—Microprobe analyses and structural formulas for biotite, chlorite,

Mount No....... 2GM4V GM6G
Grain No. ...... 1 3
Area analyzed . .. BIA BI CL BIA BI BIA
Mineral ...... Biotite Copper-rich zone Chlorite Biotite Coppér-rich zone Biotite
Letter reference

intext ....... A B C . D E F

Microprobe analysis (percent)

Si0,...0unn.... 37.6:0.2 32.7:1.2 27.420.3 38.120.3 37.2:0.4 36.5+.03
ALO, .. ... ... 15.5:0.1 15.6:0.5 16.80.2 14.5:0.1 15.0:0.2 15.6+0.1
FeO* . ........ 17.4+0.2 19.4:0.7 24.3:0.2 17.60.1 17.6:0.1 18.40.2
MgO ,......... 11.40.1 14.420.4 16.2:0.1 12.4:0.1 11.5+0.05 11.420.1
CO,.......... £ e S I T S
MnO ,......... .4620.01 .32:0.03 64+0.02 142:0.02 .42+0.02 .59+0.05
Culd .. ...... ND? 1.1:0.2 .11£0.02 | ND 1.420.4 ND
Ti0, .......... 3.2:0.1 74:0.41 09:0.010 | 3.420.03 3.5:0.1 2.5:0.1
K,0 .......... 9.70.1 2,3+0.07 090,018 | 9.9:0.1 9.0+0.5 9.5:0.2
L .02:0.004 ND ND .03:0.006 .03+0.008 .02+0.006
F ... .77£0.06 .18+0.17 .16:0.03 .86:0.04 .8110.05 66+0.06
O T R B R O [ .01+0.001

o 96.1 86.7 858 97.2 96.5 95.2
Less O=Cl+F .3 1 1 4 3 3

T i, 95.8:0.4 86.6+1.7 85.7+0.4 96.8+0.4 96.2+0.8 94.9+0.5

Structural formulas®

Anions per

formula _ ., 22 22 28 28 22 22 28 22
St L. 5.68} 5.35} 6.82} 5917 5.71 5.64 717 5.60

v 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
AT L 2.32 2.65 1.18 2.09JL 2.29} 2.36} .83} 2.40}
avt 457 .37 2.65) 2.18) 27) 327 2.58) 43
e . .36 .09 12 .01 .38 40 51 .29
Mg** ... 2,57 3.51 4.47 5.21 2.77 2.60 3.31 2.61
cu® B BT A cTY CTPY R bnoal . [P 16757 soluze| 570
Fet ... 2.20 2.66 3.38 4.38 2.21 2.23 2.84 2.36
Mn*?* L. 06 | 04 .06 12 05 05 07 .08 |
K¥ 1.87 48 61 .02 1.89 1.74 2.21 ) 1.86

! Total Fe calculated as FeQ,

? Blanks indicate no analysis was made for the component,
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GM6G—Continued

3—Continucd 4
Cul . Cud CLA BIA Cul
Copper-rich zone Chlorite Biotite Copper-rich zone
G H | J K
Microprobe analysis (percent)—Continued
32.9:2.4 34.9:2.3 26.6:0.4 | 37.0:0.4 33.4:2.9 36.3:0.7
13.520.7 14.3+0.7 17.3:0.2 14.7:0.2 13.5:1.3 14.0:0.3
15.3+0.9 17.0:0.7 24.2:0.2 17.60.1 16.2:0.3 17.4:0.4
95:1.3 11.3:0.7 16.4:0.1 11.9:0.1 10.6:0.2 11.4:0.5
4620.05 .51£0.05 86:0.03 56+0.01 4610.03 050,028 .
13.5:0.9 4.6:0.9 43:0.04 | ND 1.0:0.6 5.3+0.8
3.5+0.7 4.8+3.8 .080.02 3.8+0.1 3.0:0.6 3.5+0.1
4.6£1.9 7,719 00:0.03 | 9.420.1 5.540.7 8.1:1.2
ND ND ND .030.006 .06:0.03 040,007
,70£0.13 .79+0.17 .09:0.08 .69:0.04 .86:0.14 .7320.09
.0120.001 .01£0.001 ND .02:0.002 02+0.002 .02:0.002
94.0 95.9 86.1 95.7 84.6 96.8
4 ) 3 o 3 4 3
93.6:3.7 95.625.1 86.1:0.5 95.4:0.5 84.2:3.4 96.5:1.8
Structural formulas* —Continued
22 28 22 28 28 22 22 28 22
5'69}3_00 6'80}8.00 540 }3.00 6'87} 8.00 574 } 8.00 563 }8.00 5.69 }3.00 7'24} 8.00 5‘57} 8.00 7'09} 8.00
2.31 1.20 2.60 1.13 2.26 2.37 2.31 76 243 91
401 2.09) 01 ) 219) 214 ) 26 ) 40 | 2.69) 10
38 54 56 71 01 A3 38 A9 A0
969 2.92 2.61 3.32 5.28 2.70 2.69 3.42 2.61
13 $5082.10 T11.59 54 £599 68 r11.72 07 12.05 ~5.70 | 13 598 .16 +11.30] .61 [ 6.0 £11.79
2.31 2.65 2.20 2.80 4.37 2.24 231 2.94 2.23
07 .08 07 | .09 16 07 | 07 | .08 07)
L19 1.21 | 1.52 1.93 02 1.82 119 1.52 | 1.59 2.02

®*ND means component not dctected at the following amounts: 0.01
percent CuO, 0.03 percent TiO,, 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 others (1967). Formulas exclude Ca, S, Cl,

and F.
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Table 3.—-Microprobe analyses and structural formulas for biotite, chlorite,
MountNo........... GM6G-Con. 3GM6G
GrainNo............ 4-Con. 1
Area analyzed ....... CLA G A c D ]
Mineral ............ Chlorite . Biotite Copper-rich zone
Letter reference )
intext,.......... M N 0, . P Q
Microprobe analysis (percent)—Continued
Si0y..eiiiinnnn.. 26.6+0.2 37.420.2 31.120.9 30.420.2 30.8:0.8
ALO, ............ 19.2:0.2 14.9:0.2 14.520.1 14.4x0.1 14.1£0.6
FeO' ............ 22,5+0.3 18.5+0.2 14.5:0.3 13.9:0.2 13.5:0.6
MgO ... ..., 16.4£0.2 12.3x0.1 10.320.2 9.8+0.1 9.7:0.4
CaO ...l oeennn. ND .34+0.07 .24+0.05 .15£0.03
MnO ,............ .96:0.07 .5020.02 .32+0.02 .31:0.02 .28+0.02
Cud ............. .01:0.001 | ND 12.6x0.6 12.1:0.4 14.4:0.8
TiO, ...oiieenen .16x0.03 3.9£0.1 3.0£0.1 3.0:0.1 3.00.1
K,O ..., .1120.03 9.6:0.3 2.2+0.5 “ T 1.80.2 1.9:0.4
a .. 1 o O
F oo 26£0.03 | ... | el 0 e
S e 101 S H e e S A I
b >R 85.9 97.1 88.9 86.0 87.8
Less O=CI+F _ .. .... T N O
Eo . 85.8+0.5 97.1+0.5 88.9:1.3 86.0:0.6 87.811.2
Structural formulas* —Continued
Anions per
formula ......... 28 22 22 28 22 28 22 28
S 5.66} 5.58} '5.22} 6.65 } 5.25} 6.68} 5.25} 6.68}
W 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
AT 2.34 2.42 2.78 1.35 2.75 1.32 2.75 1.32
av 2.48) an 09 230) 17) 2.40) .08) 2.28)
Tt o .03 44 .38 48 .39 .50 .38 49
Mg* oo, 5.20 A 274 2.58 3.28 2.52 3.21 2.46 3.14
Cu* o, - 11.92 137 | 160[ &7 2.8 hirae 158 [ 201 p1121| 1es [>T 236 b1130
Fet? ooiennennn.. 4.01 2.31 2.04 2.59 2.01 2.55 1.92 245|
Mn*2 . ............ 17 .06 06 | .06 04 .04 .04 .05
o n S 03] 1.83 47 60 40 .50 .41 .53)

! Total Fe calculated as FeO.

2 Blanks indicate no analysis was made for the component.
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and copper-rich zones in biotite from Granite Mountain Porphyry —Continued

3GM6G—Continued GM12
1—Continued 2 : -3
[ E F BIX BIA BIB CcL
Copper-rich-zone—Continued Biotite Copper-rich zone Chlorite
R S T U v w
Microprobe analysis (percent)—Continued
30.7:0.6 31.420.7 37.1:0.1 137.020.5 . 37.3x0.8 27.4x0.2
14.650.2 15.120.2 14.450.4 13.5:0.4 13.4:0.3 17.9:0.3
15.1:0.5 O 148:03 18.0:0.1 14.9:0.5 14.9:0.3 22.9+0.2
9.8:0.3 10.2:0.3 11.8:0.1 13.1:0.4 13.3:0.4 17.2:0.1
250.24 a7=002 |....... | ... 0 oo o
.3020.02 .3520.04 .69:0.05 46:0.2 45+0.03 .93+0.03
15.3£0.7 10.1:1.5 ND 19:0.04 .19:0.04 .090.01
3.120.1 3.320.1 4.120.1 3.2:0.1 3.3:0.1 .05£0.009
2.6:0.1 4.2:0.5 9.4:0.1 7.3:0.2 7.6:0.1 18+0.03
TR B .030.01 030,02 .01£0.007 ND
.............. .69+0.05 .90+0.13 .91+0.12 14+0.02
.............. .02£0.002 .01:0.001 .01:0.001 S,
91.8 89.6 96.2 90.6 91.4 86.8
.............. 3 A A 1
91.8+1.1 89.61.8 95.9:0.5 90.2+0.9 91.0+1.0 86.7+0.4
Structural formulas® —Continued
22 28 22 28 22 22 28 22 28 28
5.09} 6.48} 5.21 } 6.63 } 5.63 } 5.82 ) 7.41 5.82 7.41 5.80
7.95 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
2.86 1.52 2.79 1.37 2.37 2.18 J" 59 } 2.18 } .59 } 2.20 }
2.11) .16 ) 2,39 20 32) 2.59 ) 29 2.55 ) 2.27
.39 49 A1 52 A7 .38 A48 39 49 01
2.42 3.08 2.52 3.21 2.67 3.07 L 581 391 310 ; 581 3.94 5.43
191 begs 2aabiisahior [®% 161 bisa| . [37V| 02 03 b1naa| .02 03 H1.50 | .01 12,00
2.09 2.66 2.05 2.62 2.28 1.96 2.49 1.95 2.48 4.06 {
.04 05 04 06 .09 .06 .08 .06 .08 17 |
.55 .70J .89 1.13 ] 1.82 ) 1.46 1.86 | 1.51 1.93 J .osj

3ND means componeni not detected at the following amounts: 0.01

percent Cu0, 0.03 percent TiO,, 0.005 percent S, 0.01 pereent C1,

0.04 percent F.

4 Structural formula calculated on an anhydrous basis using compulter

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
cither subslitulion or atlachment of copper in well-formed
chlorite and biotile in view of the relatively low amount of
copper in well-formed chlorite and biotite (fig. 3; tables 1 and
2. -

Whether the material is partly destroyed biotite, poorly
formed chlorite, another well or poorly formed sheet silicate,
or a mixture of these cannot be determined from cxisting data.
However, the data do restrict the type or amount of possible
sheet silicates that could make up the malterial 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
cither 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 biotitc-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 another sheet silicate is
present in the zones. Montmorillonite is possibly less likely
than vermiculite because smaller amounts of alumina are
expected in silica-poor montmorillonite. 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
in vermiculite.

The zones often include apatite grains and are wider 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 um) extend completely through
3-mm-sized biotite grains and in places are offsct 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.-Photographs 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 arca as A. Exposure time, 1 minute,
C, Scan for sulfur of same area 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, chiorite
that contains copper is similar in chemistry to ehlorite 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-depositing character-
istics of the altering fluid (fig. 7). Preliminary ohservations also
revealed no optical dissimilarity between copper-bearing and
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Figure 6,—Graphs showing amounts of representative chemical com-
poncnts in chlorite in relation to amount of copper in chlorite. Some
points are offset glightly for plotting purposes. Four additional points
(three for Rattler Granodiorite and one for Tortilla Quartz Diorite)
plot near the origin of the F versus Cu diagram,
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copper-poor chloritc. 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

The occurrence of copper-bearing chlorite derived from
igicous biotite near two ore deposits suggests that the amount

of copper in chlorite might serve as a geochemieal indicator for



210 COPPER IN BIOTITE AND BIOTITE ALTERATION PRODUCTS, ARIZONA

a ncarby copper ore deposit. However, copper in chlorite does
not scem Lo 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 inadequate 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 minable 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, l-in. diam) and within
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DISTANCE FROM COPPER DEPOSIT, IN KILOMETERS

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 graius (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
detcrmining 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 Lo 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 geocheniical indicator. If
standardized separation techniques are used, it is still possible
that the content of cither leachable or Lotal 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; thal is, it might point out polential 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. Ilowever, this again way reflect mincral
scparation problems because Dodge analyzed clean mineral
separates that probably were relatively {ree of poorly crystal-
lized chlorite.

Finally, assuming that the truc average abundance of copper
in chloritc (or an abundance determined by analysis of
concentrates separated in a standardized way) could be
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 minable copper deposit.
These factors include the ratc of chloritization, 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 the coneentration 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.

CONCLUSIONS

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 conceivably 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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GEOCHEMISTRY BIOTITE

Dear Bill,

I have just come across a U,5.G.S5. 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.5.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. 1In his conclusions
the auther states:--

‘"Copper occurs in chlorite derived from igneous biatite 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 megn 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 [ B We 3
conceivably have had its source outside the analyzed sample, cau-—7. e hevre
tion should be applied to petrologic and genetic interpretations of stvlgt>‘
whole~ror ' copper abundance data'. w {Aev l).d{i&g

Ce,‘),s\’

Yours very truly,

[l T,

LDJ:db L. D. JAMES
Encl.

cc:T.C.0Osborne w/o ercl.
J.H.Courtright #/o encl.
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CEOCHEMESTRY BIOTITE

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). 1I 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 biatite 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. 1In
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, 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,

[l Tomes.

1LDJ:db L. D. JAMES
Encl,

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

Abstrect.—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 the chlorites analyzed, is concentrated at the

optical and chemieal 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 inereased amounts of chloritization of biotite near a deposit
coupled with difficulty in physically cleaning the biotite separates.
Additionally, previous speculations that (1) part of the copper in 2
deposit may come from altered biotite, and (2) copper in biotite
indicates how copper behaves in a differentiating imagma, are of
doubtiul 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) porpbyry 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 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. The intrusive
rocks temporally associated with the deposit range in composi-
tion and texture from hornblende diorite (andesite) to quartz
monzonite (quartz latite) (Cornwall and others, 1971; Banks
and others, 1972). Intrusion began about 70 m.y. ago and
continued to about 60—61 m.y. 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).

Sulfide mineralization followed, and the deposit cooled below

100°C about 60 my. 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
from the center of mining activity at Esperanza.

ANALYTICAL METHODS

Extreme care was taken to eliminate contamination of
copper by external sources. Rock chips (Ray samples) and
mineral grains (Esperanza samples), plastic mounted onto glass
dides and cut to0-40- to 50-um 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 agitated in an ultrasonic cleaner, 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, 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 grains in the slides polished on the lead-bronze lap (not
on well-polished nonlayer silicates) but was not detected on
the same grains after the alumina polishing. Thus, sample
contamination by copper sources 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
contamination does not alter the couclusions drawn here.

The copper and sulfur analyses were made with an ARL
(Applied Research Lab.) model EMX-SM electron microprobe
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using a LiF crystal for copper and an ADP erystal for sulfur,
an exciiation voltage of 20 kV, a sample current of 3x10-2 A
on brass, and chalcocite {Cu,S) as a standard. Integration
times of 200£2 s were obtained by termination of counting on
fixed-beam current. For most analyses the electron beam was
fullv focuzed. 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

pm. 1f the shape of the grain did not permit sweeping of areas

of at least 5 by 4 um, a defocused beam {2-3 pm diam) was
used, and the sample was moved under the bearm about once
every 20s.

X-ray intensity data (counts) were obtained by averaging
2-10 (usually 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 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 required 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 2020.5 and
40£1 5. 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 monitered as a

check on the pusity of the mineral grains,

A homogeneous synthetic glass eontaining about 400 p/m Cu
and 320 p/m S was repeatedly analyzed under the above
operating conditions. The one standard deviation of error from
the averege amount of copper present in the glass was 10
percent {8 percent for S), and the maximum deviation was 20
pereent (15 percent for S). Detection levels were established at
three times the square root of the average background eounts
(Birks, 1963); thus, copper is cousidered 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 hiotite and its alteration
products from the Ruby Star Granodiorite near the Esperanza
deposit are presented in table 2.

Chlorite formed by alteration of hiotite near both the Ray

COPPER IN BIOTITE AND BIOTITE ALTERATION PRODUCTS, ARIZONA

and Esperanza deposits contains significantly more copper
than the unaltered igneous biotite analyzed {fig. 1}. Most of
the biotite grains {80 percent of the Ray and 75 percent of the
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.

. LOCATICN 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 exeeption {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 bictite or chlorite are not

accompanied by comresponding Increases in the amount of
sulfur (fig. 2). For example, the ratic of copper to sulfur
should be 1 to'1 if the copper were present in chaleopyrite
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, Cl, and F (by
microprobe) indicate that the copper in the grains 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
check 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 hecause the copper occurs in a silicon-oxygen matrix
{biotite and chlorite} having approximately 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, 5b, Te, 1, V, and P (the other elements occusring 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 Xay
images of its distribution can be observed on and photo-
graphed from an oscilloseope. Similarly, if Se, W, As, Sb, Te, I,
V, or P were present in 2mounts comparable to the copper,
they could be observed on the X-ray images; they were not.
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i Table 1.—Copper end sulfur in biotite and its alteration products from the intrusives near the Ray porphyry copper deposit, Arizona

[Values in regular 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 significant to three fizures. Precision is lower in grains in which copper and sulfur are not homogeneously distributed]}

Rock type  Sample Grain  Mineral Copper  Sulfur | Rock type  Sample Grain  Mineral Copper  Sulfur
(p/m 210 {pfm =10 (p/m £10 {p/m 10
percent) percent) percent) Ppercent)
Tortilla 2171 ..... 1BI Biotite 0 SCL ..do.. ] ]
Quartz 2B1 ..do.. 0 1EP Epidote 0 ¢
Diorite. 3BI ..do.. 0 138 : 4EP ..do.. 113 o
] SBI ..do.. 0 161 Ratiter 260-113D.. 2Bl Biotite ] 189
2CL Chlorite 0 Grano- 3Bl ..de.. 0 256
4CL ..do.. 42 20 diorite—Con. 4BI ' ..do.. [ 196
SCL ..do.. 16 ¢ 5Bl = ..do.. 0 254
6CL ..do.. 0 0 3CL Chlorite o 0
7CL ..do.. 24 23 4CL ..do.. 0 0
6EP Epidote 42 52 7 3M Hydrogarnet? 0 1/
7EP ..do.. 0 0 ’ ’ 1EP Epidote ] 0
217-28 .... 1Bl Biotite 386% 167 SEP ..do.. 0 15
. 3BI1 ..do.. 39 - 199 246-11A... 1BI Biotite 256%*
4Bl ‘..do.. 52 1BIA ..do.. 245
SBI ..do.. 109 2BI1 ..do.. ] A313
BTM1 ..do.. 21 199 i 4Bl ..do.. 405%
ICL Chlorite 206* 59 SBI  ..do.. 7 204
2CL ..do.. 244% SBIA ..do.. : 119=
4CL ..do.. 149 86* BIM1 ..do.. 496% 280 .
5CL ..do.. 120 45 - BIM2 ..do..” 0 282
4M Hydrogamnet? 151% 79 ICL. - Chlorite . 2218* . 21
3EP Epidote 40 28 o .. . 1CLA  ..do.. _-1368
248-29.... 2CL Chlorite 60 . 3CL ..do.. 460 - 14
3CL ..do.. 190 © 3CLA  ..do.. 2000* 10
Rattler ~ 246-99B.. 3BI Biotite 697 172 ) 4CL ..do.. . 403 .
Grano- 1CL Chlorite 569 74 S 4CLA  ..do.. 3138%
diorite. 2CL ..do.. 432 50 4CLB ..do.. 617
461G .. BI Biotite 0 SCLA ..do.. 2397*
CL Chlorite 2237 - 5CLB ..do.. 4118%*
EP Epidote 2000% 5CLC ..do.. 8340%
216-11G... 18I Biotite 26 CLM1 ..do.. 1432* 20
3BI ..do.. 28 199 . CLM2  ..de.. 9842% 2
4B1 ..do.. 1] 181 260-96A... 1BI Biotite 52 214
7Bl ..do.. 110 146 3BI ..do.. ¢ 191
BTM1 ..do.. 0 197 4Bl «.do.. o 220
1CL Chlorite 626 5BI ..do.. [/ 2 185
SCL ..do.. 51 1 . 2CL Chlorite 754% 254
6CL ..do.. - 1058 0 2CLA  ..do.. 416 262%
CLM1 ..do.. ‘ 0 10 ' 3CL ..do.. 1160* 54
CLM2 ..do.. 0 6 6CL -.do.. 674* 112*
2EP Epidote 10 41 : 1EP Epidote 608% | 22
6SP Sphene 53 82* 6SP Sphene S 92 0
61-25 .... BIGM Biotite 0 Rhyodacite 2GM106... 1BI Biotite 51 290
BI1 ..do.. 0 dike 2BI ..do.. 36 243
BI2 ..do.. 0 3BI ..do.. 15 274
CL2 Chlorite 291 : 2CL Chlorite ] 44
EP2 Epidote 157 4CL ..do.. 102 - 105
261-25 .... 1BIA  Biotite 0 209 ' 5CL ..do.. 66 17
1BIB ..do.. 0 283 ‘ 4EP Epidote 0 - -0
3BI ..do.. 0 184 . SEP ..do.. 130* L/
5BI ..do.. 0 156 ] 45p Sphene (1] 0
2CLA Chlorite 0 0 58P ..do.. o 0
2CLB ..do.. 0 0 | Granite GMl4..... BI Biotite o
4CL ..do.. 0 5 Mountain - Cl1 Chlorite o
i Porphyry.

»
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Table 1.—Copper and sulfur in biotite and its ulteration products from the intrusives near the Ray porphyry copper deposit, Arizona—Continued

Copper  Sulfur Copper  Sulfur
Rock type  Sarnple Crain hlineral {p/mzl0{pfmz10 | Rock type Sample Grain Mineral {pfm=10 {p/m=z10
pergent} percent} percent} percent)
Granite Gyid .... CL2 ..do.. 582 b Graanite 2GAxI6GR .. 4BIM ..do.. a
Mountain CL3 ..do.. 34 Mountain 3CLAII  Chlorite 261
Porphyty— EP Epidote & Porphyry— 3CLM2 ..do.. 442
Con. SP6 Sphene i) Con. 4CLM  ..do.. i25
aGMI4. ... 1BI Biotite 20 311 3GM6G.... BN Biotite &
2B ..do.. [ Bi2 ..do.. e}
2BIA ..do.. 0 202 BI3 ..do.. 14
3BI ..do.. 198 273 CL1 Chlorite 385
4BE ..do.. 0 237 CcL2 ..do.. 382
6Bl ..do.. 1 CcL3 ..do.. 414
BTA1 ..do.. o 158 2GM4V.... BIB Biotite 110
2CL Chlorite 118 o 1BIA ..do.. a
5CL ..do.. 42 17 3BIA ..do.. &
&CL ..do.. 5 68 3BIB w.do.. a
CLdM1 ..do.. 79 5 1CL Chlorite 915%
GMI2R.... 2BIX Biotite g 208 1CLA  ..do.. 818*
3BI ..do.. 111 237 3CL ..do.. 105
3BIA ..do.. 144 188 2GAIIA. ... 2CL ..do.. 324
4BI ..do.. 116 156 2CLA  ..do.. 275
3BI ..do.. 125 152 2CLB  ..do.. 311
3CL  Chlorite 699 26 CIM  ..do.. 1537#
3CLA  ..de.. 204 26 | Teapot ...... IcL {hlorite 1235%
4CL ..do.. 297 44 Mountain acL ..do.. 1172*
5CL ..do.. 527 28 Porphyry. ClMl  ..do.. 1066
GM6GR ... BlL Biotite 8 1Sy Sphene 145
BIA ..do.. g 35p ..d0.. 124 .
3RIA ..do.. 2 120 | Hydro- 2P70-22 ... 1B Biotite a0 a0
48IA ..do.. 4] 190 thermal . 2Bi ..do.. 46 485
3CLA Chlorite 3440* 1] biotite. TiZ23R .... Bli Biotite 26 189
4CLA ..da.. 80 g BiZ ..do.. 37 113
CLa ..do.. 266 BI3 ..do.. - 64 156
2GMAGR .. 2BIM Biotite g 1498 Bl4 ..do.. 30 197
3BIM ..do.. f Bis ..do.. 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 reported for chlorite in tables 1 and 2 was
probably not smeared over the chlorite from 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 chlorite grains does not reflect
the proximity, size, or even presence of copper sulfides in a
given slide (always <200 p/m including chaleopyrite), and (3)
except for sample 216-9B (table 1), copper was not found in
other izneous sificate, oxide, or phosphate phases in the
samples in amounts equal to or greater than that found in
chiorite. Contzmination of the chlorite with copper from
chalcopyrite in veinlets was avoided by using probe mounts
that contain no veinlets.

The amount of copper in chlorite is highest near the
chlorite-biotite contact. Chlorite more than 50 gm from the

123

mineral contact contains about 600-1,080 p/m Cu, bictite
more than 50 um from the contact contains copper in
amounts just at or below the detection level, and about 1.5
pereent Cu is found in the chlorite at the mineral contact (fig.
3A, sample 2GMA4V, grain 1 CL). The amount of copper
(about 1.5 percent) at the mineral contact is probably low
becanse the material excited by the beam and secondary
radiation extends beyond the visible mineral contact. Like-
wise, the broadness of the copper peak (fig. 34) may be partly
the result of excitation of copper in the contact zone by
secondary radiation from points located in chlorite and biotite
near the mineral contact.

The concentration of copper in chlorite along another bio-

tite-chlorite boundary is shown as X-ray images photographed
from an oscilloscope (fiz. 4). The chlorite 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, Arizona

[Values in regular type denote element is present at or above detection level (about 90 p/m for Cu and 5¢ 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}

Copper Sulfur Chlorite in Copper Sulfur Chlorite in
Sample Grain  Mineral (p/m,*10 (p/m, +8 separate | Sample Grain  Mineral (p/m,*10  (p/m, 8 separate
percent)  percent) (percent) (percent) percent) (percent)

Ti454R.... BTS Biotite 63 106 0.1 T467R ..... BTM4  Biotite -152 243

BTM1  ..do.. 0 130 BTM5 ..do.. 0 197

BT5A ..do.. 0 139 CL1 Chlorite 766% (1]

BT5C ..do.. 0 138 CL2 . ..do.. 3418% 0

BISC1 ..do.. 0 125 CL3 ..do.. 3024% 7

CL3 Chlorite 0 17 CLM1  ..do.. 1335 o
T455R .... BTl Biotite 21 141 3.5 CLM2 ..do.. 1060 14 :

BT2 ..do.. 45 126 T468R.... BTX Biotite 49 201 124

BT3 ..do.. 73 126 BT2 ..do.. 3 345

BT4 ..do.. 6 160 BT3 ..do.. 0 239

BTS ..do.. 200* 87 BT4 ..do.. 1] 221

CLM1  Chlorite  4758% 68 CL1 Chlorite 924% ¢

CLM2  ..do.. 161 0 CL2 ..do.. 9700* 96

CL1 ..do.. 2040* 6 : CL3 ..do.. 10,000% 36
T465R .... BT1 Biotite 0 69 0.7 CL4 ..do.. 4500% 32

BT2 ..do.. 145 119 T8R...... BT1 Biotite ¢ 141 - 17.6

BT3 ..do.. 0 156 B12 ..do.. 616% 97 .

BTM1 ..do.. o 140 BT3 .-do.. 0 167

BTM2 . .do.. 0 102 BT4 ..do.. 32 125

BTM3 ..do.. 0 125 BT3 ..do.. 129 . 109

CL1 Chlorite 175 20 o . CLY _ Chlorite 403 . ]

SP1 Sphene 255 56 CL2 ..do.. 323% 16
T467R.... BTl Biotite 654* 172 11.2 CL3 ..do.. 669* o

BT2 ..do.. 511* 140 CL4 ..do.. 1656% 30

BIM1 ..do.. 28 275 CL3 ..do.. 429 10

BTM2 ..do.. 173 263 SP1 Sphene 57 - 23

BITM3 ..do.. 43 232 sp2 ..do.. 333 65

. SP4 ..do.. 0 49

*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 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. Background sulfur in biotite (300 p/m) was not detected
in figure 4C and F.

Figure 3B shows a paucity of copper in compositionally pure
biotite, a high concentration of copper in chlorite at the
compositional chlorite-biotite 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 destroved the biotite and formed the chlorite. The
fact that other elements known to coexist in previously

”»

described copper minerals were not 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 transition of the biotite to
chlorite. In the compositionally purer chlorite, the copper may
be partly in exchangeable sites and partly in lattice sites.
Dodge, Smith, and Mays (1969) and Parry and Nackowski
(1963) point out that the radius of Cu*? is appropriate for its
camouflage in Fe*? and Mg*? (octahedral) positions. In the
transitional material, the amount of copper present and the
fact that cold concentrated nitric acid leaches copper from the
Esperanza biotite-chlorite grains exposed in a rock-slab surface
(T. G. Lovering, oral commun., 1972) might suggest a cation
excliange position for part of the copper. The nature of the
attachment of copper in this transitional material is discussed
more fully in a later section.
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COPPER CONTENT, IN PARTS PER MILLION
Fizure 1.-Frequency histograms showing copper contents of biotite (4 and D), ehlorite {B and E), epidote, sphene, and hydrogarret?

{C}, and Sphene (F) from Laramide intrusive rocks near the Ray and Esperanza copper deposits, Arizona. Detection levels
tablished at three times the square root of the average background counts {Birks, 1963).
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COPPER CONTENT, IN PARTS PER MILLION

Figure 2.—Plots of copper versus sulfur contents of igneous biotite (4 and ) and chlorite (B and I}) derived from the biotite frony rocks
near the Ray and Esperanza copper deposits, Arizona. Note that different scales are used to plot copper in chlorite and copperin
biotite. Three points from the Rattler Granodiorite and one from the Tortilla Quartz Diorite plot at the origin of B. Some points are

slizhtly offset for plotting purposes. Detection levels were established at three times the square root of the average background

" counts {Birks, 1963).

CONTAMINATION ORIGIN FOR COPPER IN BIOTITE

The increase in copper content from parent biotite to
daughter chlorite is probably even more striking than figure 1
shows 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
chiorite 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 hiotite 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 bictite grains with detect-
able copper. In addition, biotite precipitated from copper-
bearing fluids (hydrothermal biotite, table 1) does not contain

(3]

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
3Bl, 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 eopper (<95-percent confidence), but
also in lesser amounts than the biotite.

The significance of the presence of copper in biotite and its
possible presence in hornblende in sample 246-99B is not
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TFigure 3.—Distribution of copper in biotite, chlorite, and fransitional
material, Bars indicate range of potassium {K) counts that designates
relatively pure chlorite {<0.1 percent K, O} and biotite (K countsequal
to the average of K counts for bietite grains with no chloritization in the
same mount}, Counting time is 200 s, terminated an fixed beam cur-
rent. Detection level was established at three times the square root of
the average backgound counts (Birks, 1963} A, Distribution of
copper in biotite and chlorite relative to the optical mineral
boundary. B, Distribution of copper in chlorite, biotite, and tran-
sitional material relative to concentration of potassium.

ctear. The sample is from the most mafic facies (diorite} of the
Pattler Granodiorite, a fact that might suggest that copper
actually is incorporated in biotite in mafic bodies duzing
ervstallization. However, biotite in equally mafie rock {Tortilla
Quartz Diorite, table 1) and more mafic rock {diabase, unpub.
data) does neot 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

area.
COPPER-RICH BLEACHED ZONES 1IN BIOTITE

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

*}
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obvious extensions of chloritized layers, but 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 Xray image of bwo such zones is shown in
figure 54. The wider zone is the ome analyzed in mount

3GM6G of table 3.

As the small amounts of sulfur in the copperrich zones
indicate (table 3 and fig. 5C), the copper is not present in the
form of submicroseopic 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, Mg, P, Ci, Ca, Se, V, Cr, Co, i, Zn, Ga,
Ge, As, Se, Br, Bb, Sr, Y, Nb, Mo, Te, Ru, Rh, P4, Ag, Cd, In,
Sb, Te, I, Cs, Ba, La, Hi, Ta, W, Re, Os, Ir, Pt, Au, Hg, T1, Pb,
Bi, Th; Pa, and U.

Because of the ca:hon coating and Iack of a suitable
analyzing crystzl, 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 the
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 thar in chlorite {0—20
versus 26—27 percent). Therefore, if the zones were simply 2
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, 0, P, Q, R,
S, table 3} should be, but is not, measurably less than the
amount of silica in chlorite.

it is not within the scope of this report to determine the
exact mineralogic composition of the zones, but some specula-
tion is warranted. The zones are assumed to represent incipient
chloritization of biotite by fluids that may or may not carry
copper, because chlorite oceurs at grain edges along many of
the zones and copper is concentrated at many eptical
biotite-chlorite boundaries (figs. 3, 4). However, except for
§i0, and K, 0, the amounts of individual constituents and
structural formulas of the copper-rich zones {analyses B, E, G,
HELOGPQ RS U, and V, table 3) are not uniformly
intermediate between the amounts of individual consttuents
and structural formulas of the parent biotites (analyses A, D,
¥, J, N, and T, table 3) and these of chlorite along the same
zone or in the same rock sarnple {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 nonuniferm transition in chemistry between the zones
and chiorite 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 significant contribution to the
totals of elements other than H and 0). Thus it is apparent
that the material in the zones is more than a simple mixture of
well-formed ehlorite and biotite. In addition, the large amount
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: Figure 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
lighter area represents chlorite (el), and dark areas are biotite (bi). B, Scan for copper (same area as 4), showing its concentration at the mineral
boundaries. Exposure time, 2 minutes. C, Sean for sulfur (same area as B). Note lack of sulfur at the mineral boundaries. Exposure time, 8
minutes. 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 sulfur in
same area as E. Exposure time, 1 minutes.
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Table 3. ~Microprebe anaiyses and structurel formulus for biotite, chlorite,

Mount No....... ‘ 2GM4V [ GM6G
GrainNo. .. .... 1 3
Areaznalyzed ... BiA Bl CL BIA Bi BIA
Mineral ...... Biotite Copper-rich zone Chiorite Biotite Copper-rich zone Biotite
Letter reference

intext ....... ; A B C D E F

Microprobe analysis { percent)

S0,.....o..... 37.6:0.2 32.7:1.2 | 27.4:03 38.1:0.3 37.2:0.4 36.5:.03
ALO, ..., [ 15.5:0.1 15.6:0.5 16.8:9.2 14.5:0.1 15.0:0.2 15.6:0.1
FeQ' ..., eeendd 17.420.2 19.4:0.7 24302 17.6:0.1 17.6:0.1 18.410.2
MO oo - 11.4:0.1 14.4:04 16.2:0.1 12.4:0.1 11.5:0.05 11.4:0.1
CGO........... 2 e T O U R
MaO . ......... A6:0.01 32:0.03 540,02 420,02 42:0.02 59:0.05
€O ..., | xpe 1.1:0.2 11:002 |ND 1.4:0:4 ND
TO, .......... 3.2:0.1 F4:041 09+0.810 3.4:8.03 3520.2 25:0%
KO .......... 9.7:0.1 2.320.07 0920018 9.09:5.1 9.0+0.5 9.5:0.2 i
a ..., 02:0.003 ND ND AB3:8.006 .9310.008 ) 020006
F o] 772006 .1820.17 1620.03 86+0.04 811005 66:0.06
. I T UU RO S H1+0.001

S o 96.1 86.7 85.8 97.2 ) 96.5 95.2
LessO=CHF .1 3 a 1 4 3 3

B o 95.320.4 86.6+1.7 85.7:0.4 95.8:0.4 96.2:0.8 | 925+05

Structural formulas®

Anjors per 7

formula ...... 22 92 28 28 22 22 28 22
St 5.68 5.35 6.82) 591] I 571} 5.64 717 560y |

v 8.00 8.00 8.00 8.00 L .06 8.00 8.00 + 8.00
ALY 2 2} 2.65} 1.18} 2.09} B 2.29} 2.36} .83]L 2.4&}
AVt 43 37} 265 2.18) L 27) 32) 2,58 43
S, .36 0% 12 01 .38 40 - 51 29
ML 2.57 331 447 521 217 260 | 3.31 261
KSR (58 1 % plng| o 1194 . OB 16757 sluml 5T
Fer* ... 2.20 2.66 | 3.38 138 221 223 2384 236
Ma™ L. .06 | 01 06 12 05 .05 07 08
K™ 1.87 A8 61 02 1.89 174 221 1.86

* Tota! Fe calenlated as Fe.

? Blanks indicate no analysis was made for the comporent,
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GM6G—Continued

3—Continued 4
Cul Cu3 CLA BIA Cul Cu3
Copper-rich zone Chlorite Biotite Copper-rich zone
G H I J K L
Microprobe analysis (percent)—Continued
32.9:2.4 34.9:2.3 26.6:0.4 | 37.0:0.4 33.4:2.9 36.3:0.7
13.5£0.7 14.3:0.7 17.3+0.2 14.7:0.2 13.5:1.3 14.0:0.3
-15.3:0.9 17.0:0.7 24.2+0.2 17.620.1 16.2:0.3 17.4:0.4
95:1.3 11.320.7 16.4:0.1 11.9:0.1 10.6+0.2 11.4:0.5
4620.05 .51:0.05 .86£0.03 56:0.01 46:0.03 0520.028 .
13.5:0.9 4.620.9 43:0.04 | ND 1.0:0.6 5.3:0.8
3.5:0.7 48:3.8 08:0.02 |  3.8:0.1 3.0:0.6 3.5:¢0.1
16+1.9 7.7:1.9 .09:0.03 9.4+0.1 5.5+0.7 8.1:1.2
ND ND ND 0320.006 06:0.03 0420007
770£0.13 .79+0.17 .09:0.08 690,04 8620.14 73:0.09
.01:0.001 .01£0.001 ND - .02£0.002 - .. .02:0.002 02:0.002
91.0 95.9 86.1 95.7 846 ' 96.8
4 3 b 3 4 3
93.6:3.7 95.6+5.1 861205 | 95.4:0.5 84.2:3.4 96.5:1.8
Structural formulas® —Continued 7
22 28 22 28 28 22 22 28 22 . 28
5.69}8.00 6.30}8_00 5.40 }e.oo v 6.87} 600 | 574 } s00] 593 }8.00 5.69 }a.oo 7.24} 3.0§ 5 57} 600 7.09} 6.00
2.31 1.20 2.60 113 2.26 2.37 2.31 76 243 91
40 2.09) 01 ) 2.19) 214 ) 26 ) 40 2.69 ) 30 2.31)
.38 54 .56 a1 01 43 .38 49 A0 51
2.69 2,92 261 3.32 5.28 2.70 2.69 3.42 261 3.32
135598210 M1.59] 54 £599 681172 | 07 12.05] .... +5.70] 12 +598 16 +11.30] 61 r602 78 L1170
2.31 2.65 2.20 2.0 4.37 224 231 294 2.23 2.84
07} 08 07 | 09 .16 07 | 07 | - 08 07 | 681
1.19 1.21 | 1.52 1.93 02 1.82 119 1.52 | 1.59 2.02 |

3ND means component not detected at the following amounts: 0.01
percent CuD, 0.03 percent TiO,, 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 others (1967). Formulas exclude Ca, S, Ci,

and F.
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Table 3.—Microprobe analyses and structural formulas for biotite, chlorite,
Mount No. o veennnn.s G116G-Con. 3GM6G
Grain X0..heveee-nnne +Con. 1
Areaanalvzed ....... CLA G A C n
Mineral ............ Chiorite Biotite Copper-rich zone
Letter reference
I 1.1 SUNN ¥} N Oy P g
Microprobe analysis {percent}—Continued
Si0h..iiiiiii... 26.620.2 37.4:6.2 31.1:0.9 30.4:0.2 30.8:0.8
ALOG, ..., 10.2:0.2 14.9:0.2 14.5:0.1 14.4:0.1 14.1:6.6
FeD' ... ...... 22.5:0.3 18.5:0.2 14.5:0.3 13.9:02 13.5:0.6
MO ... 16.4:0.2 12.3:0.1 10.3:0.2 9.8:0.1 9.7:0.4
€20 ... b L. ND .34:0.07 .24:0.05 .15:0.03
Mab L.........l. 962007 .50:0.02 32:0.02 .31:0.02 280,02
Culd L............ .01:0.001 | ND 12.6:0.6 12.1:0.4 14.4+6.8
TO, .. .1620.03 3.9:0.1 3.0:0.1 3.0+0.1 3.0+0.1
K,QO ... .1120.03 9.6:+0.3 2.2:0.5 1.8:0.2 1.9:8.4
0 L ceerran
F .. B8 R O T R
S eeernnnn T KD . ereen e
D 859 871 88.9 86.0 878
PessO=ClsF , . .... B R vas cemeacn
b2 85.8:0.3 97.1:0.5 88.9:1.3 £6.620.6 87.8:1.2
Struetural fermulas® —Continied
Anions per
formula ......... 28 22 22 28 22 28 22 28
S . 5.66 5.58 5.22 665} |s595] 668 | 5.25 6.68
WY 2as] ¥ 5 42}8'00 2.78} 8.00 1.35} I 75} 500 1.32}&80 2.75f o0 ].32} 8.00
SRR 2.48) 21) [ .09) 2.30) 17 2.40) 08 2.9
T ... .03 44 .38 A48 39 50 38 49
Mzt .l 5.20 2.74 258 3.28 252 321 2.46 314
Cu® el ceer £1192 L5 1160 [ %" 203 bised 158 (%™ 201 b1io1] 1es [T 2.36 +11.30
Fe'* 4.0 231 204 2.59 2.01 255 192) 245
et L 17 06 .06 .06 04 .02 04 051
K¥ 03 ] 183 a7 60 iy 50 41 53

! Total Fe calculated as FeO.

? Blanks indicate ro analysis was made for the component.
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3GM6G—Continued GM12
1—Continued 2 3
[ E l F BIX BIA l BIB cL
Copper-rich-zone—Continued Biotite Copper-rich zone Chlorite
R S T U v W
Microprobe analysis (percent)—Continued
30.70.6 31.4:0.7 37.1:0.1 37.0:0.5 37.3:0.8 27.4:0.2
11.620.2 15.120.2 14.4:0.4 13.5:0.4 13.420.3 17.9:0.3
15.120.5 14.8:0.3 18.0:0.1 14.9:0.5 14.920.3 22.9:0.2
9.8:0.3 10.2:0.3 11.8:0.1 13.1:0.4 13.3:0.4 - 17.2:0.1
25:0.24 a7:002 | o ) o e
.30£0.02 .3520.04 69:0.05 4620.2 .45:0.03 9320.03
15.3:0.7 10.1£1.5 ND 19:0.04 .19:0.04 09:0.01
3.120.1 3.3:0.1 4.120.1 3.2:0.1 3.3:0.1 05:0.000
2.6:0.1 4.2:0.5 9.40.1 7.3:0.2 7.6:0.1 .18:0.03
.............. .03:0.01 030,02 01:0.007 ND
.............. .69:0,05 .90:0.13 .91:0.12 142002
........... ... .02+0.002 .0120.001 .01:0.001 ceeennn
91.8 89.6.. 9%.2 90.6 91.4 86.8
.............. 3 4 4 X
91.8:1.1 89.6:1.8 95.9:0.5 90.2:0.9 91.0:1.0 86.720.4
Structural formulas* —Continued
22 28 22 28 22 22 28 22 28 28
5 09}_ _ 6 -18} 5.21 } 6.63} 5.63 } 5.82 ) 7.41 5.82 7.41 5807 .
7.95 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
2.86 1.52 2.79 1.37 2.37 2.18 JL 59 } 2.18 } .59 } 120}
217) .16 ) 2,39 .20 327 259 .26 2.55 ) 227"
29 49 41 52 47 38 - a8 39 49 01
2.42 3.08 2.52 3.21 2.67 3.07 > 581 391 3.10 ¢ 581 3.94 5.43
101 bess zastinsafier [*% 1o basal L (57| o2 03 biaa] 02 03 1150 | .01 f12.00
2.09 266  |205 2.62 2.28 1.96 249 1.95 248 4.06
.04 03 04 | .06 .09 06 ) .08 .06 08 17
55 70) 89 1.13 182 146 1.86 J 1.51 193 05

3 ND means component not detected at the following amounts: 0.01

percent Cu0, 0.03 percent Ti0,, 0.005 percent S, 0.01 percent C1,

0.04 percent F.

4 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 copper in well-formed
chiorite and biotite in view of the relatively low amount of
copper in well-formed chlorite and biotite (fig. 3; tables 1 and
2).

Whether the material is partly destroyed biotite, poorly
formed chlorite, another well or poorly formed sheet silicate,
or a mixture of these cannot be determined from existing data,
However, the data do restrict the type or 2mount 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 vermicalite. The

small amount of calcium in the zones (analyses 0, P, Q, R, and
3, 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 septechiorite, if indeed another sheet silicate is
present in the zones. Montmorillonite is possibly less likely
than vermiculite because smaller amounts of alumina are
expected in silica-poor montmorilionite. 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 chlerite 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
in vermieulite. -

The zones often include apatite grains and are wider around
them. In addition, the zones commonly contain or are near
swarms of subopticalsized apatite as determined by electron-
beamn 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 um) extend completely through
d-mm-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 expansicn of the grains by
the apatite inclusions.

Figure 5.—Photographs of electron-beam scans of copper-rich zones in
mount sample 3GM6G. A4, Scan for copper. Exposure time, 1 minute.
B, Scan for phosphorus of same area as A. Exposure time, 1 minute.
€, Scan for sulfur of same area as 4. Exposure time, 10 minutes.
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COMPARI!ISON OF MAJOR-ELEMENT CHEMISTRY OF THE
COPPER-RICH AND COPPER-POOR CHLORITES

The presence or absenee 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 parent 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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Fizure h.—Graphs showing amounts of representative chemical com-
ponents in chiorite in relation to amount of copper in chiorite. Some
points are oifzet slichtly for plotting purposes. Four additional points
(three for Ratiler Granodiorite and one for Tortilla Quariz Diorite)
viot near the origin of the F versus Cu diagram.
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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
are slichtly offset for plotting purposes. The statistics include two
biotite-chlorite pairs that plot off the diagrams.

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

The occurrence of copper-bearing chlorite derived from
igneous biotite near two ore deposits suggests that the amount
of copper in chlorite might serve as a geochemical indicator for
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a nearby copper ore deposit. However, copper in chlorite does
not seem to show a simple positive relation with the proximity
of the sample to a presently recognized deposit (fig. 8). This
lach of correlation may result from inadequate 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 crain from a minable deposit.

Inaderuacy in the data is suggested by the extreme variation
in the amount of copper in chlorite both between grains in the
sume probe mount (thin section, I-in. diam} and within
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Figure 8.—Plot of average amount of copper in chlorite in z 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
becausze 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 tvpes of bias that are built into mineral separations
{magnetic, electrostatic, specific gravity, and optical)—the
resulting separation may be 100 percent chiorite, but in view
of the irregular distribution of copper in chlorite and of the
fact that much copper resides in the more poorly crystaliized
chlorite, the mineral separate is likely to contain copper in an
amount not representative of the average.

These obszervations do not rule out the potential use of
copper abundance in chlorite as a geochemical indicator. If
standardized separation technigues 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 i3, it might point out potential copper-producing
provinces. For example, the copper content of chlorite from

Sirrra Nevada rocks {(Dodge, 1973) with no known associated
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porphyry-type deposits is much Iess than that of chlorites
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 abundance determined by analysis of
concentrates separated in a standardized way} could be
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 minable copper deposit.
These factors include the rate of chloritization, percentage of
partial chloritization, number and size of grains chloritized,
the number of potential fiuid 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 eopper capture, and the latter -
three are measures of the availability of the chlorite to the

copper in the supplying fluid.

CONCLUSIONS

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 preximity of ore deposits and with respect to
the behavior of copper in a differentiating magma. Addi-
tionally, because a potentially large part of the eopper in a
whole-rock sample of “granitic” rock may be in alteration
products of biotite and thereby conceivably 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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COPPER IN flOTITE; FROM IGNEOUS ROCKS IN SOUTHERN ARIZONA

AS AN ORE INDICATOR

By T. G. LOVERING, J. R. COOPER, HARALD DREWES,

and G. C. CONE, Denver, Colo.

Avstract.—In the Sierrita and Santa ‘Rita Mountains 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 fo 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 2 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 Paleocene
age, in the Santa Rita and Sierrita Mountains 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 (8) 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 molybdenum 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-
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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 Nevada that are genetically
related to copper ore deposits have been discussed by
Parry and Nackowski (1968, p. 1127, 1187, 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,
92). 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 Mountains shows strong chloritic altera-
tion. Copper analyses are reported here only on those
mineral 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 the
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 Mountains 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 Moun-
tains. Samples from the Santa Rita Mountains com-
prise three from a large Precambrian stock, two from
an Upper Cretaceous stock, four from small barren
Paleocene stocks, and four from ore-related Paleocene
plugs (fig. 1). All the samples from the Sierrita Moun-

tains 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
Oligocene ages. In the Sierrita Mountains they are of
Precambrian, Triassic, Jurassic, and Paleocene 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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tite fraction as possible. Mineral impurities other than
chlorite were estimated to constitute less than 5 percent
of this fraction. Chlorite, which cannot be removed
mechanically by this method of mineral separation,
ranged from 1 percent to at least 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 Myers, 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, 0.26, 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, 0.2,
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 re-
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 Mountains include
the Precambrian Continental Granodiorite; the Upper
Cretaceous Madera Canyon Granodiorite; the “barren”
Paleocene stocks of the Helvetia mining district; and
the ore-associated Paleocene plugs of the Greaterville,
Rosemont, and Helvetia mining districts (fig. 1).
These rocks, mapped by Drewes (19702, 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
Mountains. It 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 dark- .
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 ilmenitic magnetite, apa-
tite, sphene, and zircon, 8. This rock is isotopically
dated as Precambrian (Drewes, 1968).
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The Madera Canyon Granodiorite is the northern-
most of a swarm of stocks of Late Cretaceous age in
the southern part of the Santa Rita Mountains.
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 Madera Canyon, where it
has a medium- to coarse-grained hypidiomorphic gran-
ular texture. A representative sample contains, to the
nearest percent, quartz, 22; orthoclase, 26 ; plagioclase,
42; hornblende, 5; biotite, 4; and accessory sphene,
ilmenitic magnetite, apatite, and zircon, 1. This rock
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has been dated as about 68 m.y. (million years) (P. E.
Damon, written commun., 1964; Drewes, 1968, p. C13).

Six small elliptical stocks of Paleocene age, which
consist largely of light-gray granodiorite, 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 is exemplified by a stock in which the bio-
tite content ranges from 1 to 10 percent. The rocks of
these stocks are distinguishable from the Continental
Granodiorite by their fresher appearance, the absence
of phenocrysts, and the habit of their biotite, which
forms discrete Dbooks. Modes of these rocks vary
widely; that of the sample from the northernmost
stock shown on figure 1, which is fairly representative
of the granodiorite, is, to the nearest percent, quartz,
30; plagioclase, 45; microcline, 13; biotite, 10; and
accessory ilmenitic magnetite, apatite, zircon, and
sphene, 1. The stocks of Helvetia 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; R. F. Marvin, written commun., 1968),
but geologic field relations indicate that they may be
slightly older.

Quartz latite porphyry, locally referred to as the
“ore porphyry,” forms six small irregular plugs and
many dikes in the Greaterville, Rosemont, 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, zine, 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. It contains abundant bipyramidal quartz
phenocrysts, sparse small biotite phenocrysts, and
traces of disseminated sulfides. Modes 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 conient

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

Biotite from the Cretaceous Madera Canyon Grano-
diorite is moderate brown and contains about 10 per-
cent ilmenite 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, rutile, and
ilmenite 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 summarized 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 latite porphyry
plugs.

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

TaBLE 1.—Copper content of biotite samples from selected igneous
rocks of the Santa Rita Mountains

[J. L. Finley, analyst]

Copper content i

Rock type Numiber of ppm)
samples
Range Mean

Precambrian granodiorite and 3 30-70 - 50

quartz monzonite.
Cretaceous granodiorite..__...__. 2 100-200 150
Barren Paleocene quartz 4 70~150 90

monzonite,
Productive Paleocene quartz 4 700-7, 000 3, 400

latite porphyry.
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TaBLE 2.—Comparison of copper content of whole rock and biotite
in selecied samples from the Santa Rila Mountains
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TasLE 3.—Modal analyses of racks in and near the Pima mining
district from which biotiies were obtained

[Leaders (..) indicate not present]

Cop{)cr content i

Rock type ppm) Granodiorite Quartz monzonite
\:Lléc}a:hls Biotite 2 1 2 3 n
Precambrian granodiorite. .. .. ____--_ 10 70 Quarts. ... _....___ 251 33.2 27.4 26, 4
Cretaceous granodiorite .. __._______. 20 200 Potassium feldspar and

Paleocene quartz monzonite. 10 70 perthite. ... 20. 6 19. 2 35. 4 30. 1

Paleocene quartz latite porphyry__ . ___ ... 50 5,000 Plagioclase. ... __.__.- 45. 0 42.8 33.2 38.3

Myrmekite o oooaoo-o Trace B S

. Biotite and chlorite- .- _._. 59 3.4 2.8 3.7

H: %3 ]:I:‘Ii?flrel;', 2%311{% Hornblende. .. __...__._ 200 e

Opaque minerals. . ___ ... .8 .8 8 1.0

Sphene. - .4 . Tos, 1

. Apatit d zircon_.____.. .2 .1 .2 2.0

from these samples shows a far greater increase (table Lgfc;:egg egfgg&, and race

2), red iron oXide . - v oo oo e .2 .4

Totalo - oo 100.0 100.0 100.0 100. 0

PIMA MINING DISTRICT, SIERRITA MOUNTAINS
Petrography

All biotite samples from the Pima mining district
came from a large composite stock of Paleocene 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 un-

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. Modal analyses of four specimens from whith
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 quartz, twinned plagioclase, untwinned potassium
feldspar, equidimensional books of biotite, hornblende,
and small honey-colored crystals of sphene. This rock

1The “atypical granodiorite” of Cooper (1960, p. 70) shown In the
southwest corner of this preliminary map is now known to be part of
a Triasste or possibly Jurassie intrusive. The granitic rock west of the
San Xavier thrust shown near the north edge of the map, which was
provisionally assigned to the Precambrian by Cooper (1960, p. 68), is
now belleved to be slightly younger than the adjacent stock from which
the blotite samples were obtained.

1. Equigranular granodiorite, average of three specimens from
eastern border zone of stock.

2. Porphyritie granodiorite, average of two specimens from core
of pluton 2.3 miles northwest of Esperanza mine.

3. Quartz monzonite porphyry, ‘“ore porphyry,”’ average of three
specimens from two masses 0.5-0.7 mile north of Ksperanza
mine.

4. Aplitic quartz monzonite 0.5 mile north of Esperanza mine.

has gradational contacts with the porphyritic core-
phase granodiorite.

The porphyritic core phase (table 3, analysis 2) is
much like the border phase, but lacks hornblende and
contains from 2 to 10 percent phenocrysts of potassium
feldspar which are 14-3 inches long. It generally con-
tains less biotite, more quartz, and plagioclase of a
less calcic composition than the border phase. Two
potassium-argon age dates on the granodiorite facies
are 60 m.y. (Creasey and Kistler, 1962) and 59 m.y.
(Damon and Mauger, 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). It 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. It 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 3)
is light gray to pinkish gray on fresh exposures. Pheno-
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FicUre 2.—Generalized map of composite stock and associated ore deposits in the southwestern part of the Pima mining
district, east of the Sierrita Mountains, showing sample localities and copper content of biotite.
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crysts of white plagioclase, gray quartz, pink potassium
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
oligoclase 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 mm in diameter have been
observed but are much less abundant than in the adja-
cent quartz monzonite porphyry. The accessory min-
erals include magnetite, apatite, zircon, and sphene.

The quartz monzonite porphyry has been dated by
Creasey and Kistler (1962) by the potassium-argon
method as 56 m.y. This age may be too young, 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 Mauger, 1966)—very nearly the same age as the
granodiorite.

Biofite concentrates and their copper content

The sample localities of the rocks from which the
22 biotite separates were made and the copper contents
of these separates are shown in figure 2. 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 inclusions 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 equigranular border facies
of the granodiorite stock show no consistent features
that distinguish them from the 12 samples of porphyrit-
ic granodiorite from the 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 equigranular facies.

* There is a suggestion of a color change in the biotite
of both rock types from north to south in this stock.
Most 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. Minor
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
aplitic quartz monzonite is moderate brown to dark
brown and contains as much as 10 percent of inclusions
of apatite, ilmenite, 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-
tites 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 214 miles, These
very cupriferous biotites are mostly from quartz mon-
zonite porphyry and aplitic quartz monzonite, 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 kind .
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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TasLe 4.—Comparison of copper content of " whole rock and
biotite in selected samples from the Pima mining disirict

Percentage of
Copper (ppm)  copper in whole
—————————————  rock that is
Wholerock! Biotite ? concentrated in
biotite

Rock type and sample locality

<5

(1}

Equigranular granodiorite, 2.7 . 7
miles northeast of Esperanza
mine.

Porphyritic granodiorite, 2.9
miles northwest of Esperanza
mine.

Quartz monzonite porphyry, 0.5
mile northwest of Esperanza
mine.

150 700 15

300 5,000 50

1 N.M. Conklin, analyst.
! R, H. Heidel, analyst.

Pima mining district. Copper anomalies in the rock
are magnified in the biotite from that rock, although
rocks that are low in copper content contain biotite
with equally low copper concentrations. Igneous-rock
bodies in the Santa Rita Mountains that are genetic-
ally related to copper deposits contain primary biotite
with copper concentrations at least an order of magni-
tude higher than those in biotite from rocks that are
not related to copper deposits. The copper anomaly in
biotite from the large stock in the Pima distriet is cen-
tered over the mineralized area and extends for more
than a mile beyond it. :

The copper content of biotite may be useful in recog-
nizing plutons that are genetically related to copper
mineralization and as a geochemical guide to copper
ore deposits in such plutons.

Although all but one of the biotite samples analyzed
are primary, it cannot be conclusively demonstrated
that the copper in them is also primary. The lithologic
diversity of rocks with high copper content suggests a
hydrothermal source; however, a sample of hydro-
thermal biotite from the mineralized area of the Pima
mining district contains only 80 ppm Cu. Putman and
Burnham (1963, p. 72, 82) concluded that the copper,
present in high concentrations in samples of biotite
from their Boriana Granodiorite pluton, is a primary
constituent and was not introduced by later hydro-
thermal activity. ‘

Only the copper content of biotite in the igneous
rocks of this area was investigated by the authors,
since biotite is the only mafic mineral present in con-
centratable amounts in all these rocks. If other pri-
mary mafic minerals are present in an ore-related
igneous rock, they may also concentrate copper. Two
samples of hornblende from the Madera Canyon
Granodiorite contain about the same amount of copper
as the biotite samples from this rock.
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AMERICAN SMELTING AND REFINING COMPANY
SOUTHWESTERN EXPLORATION DIVISION
P. O. BOX 5747, TUCSON, ARIZONA 85703

1150 NORTH 7TH AVENUE

TELEPHONE 602-792-30I14

January 21, 1974

Mr. .Bill Reed

Colorado School of Mines
Research Institute

P.0. Box 112

Golden, Colorado 80401

Dear Bill:

Seven rock samples (AJ1 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.
Sincerely,
77 / -/7 . Z
)44%3¢&;¢Z Clelbe
George J. Stathis/
GJS:1b

A

P

ce: WLKurtz“f
EHPhillips
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 Yukon Territory. - S -
- VWhitehorse Mining Bivisieﬁ 115-1 . -
“Minto cu,praspect :

~llrhaéruﬁ%. Ceurtright"

“This will acknawledge receipt af vour mema dated 4 Aug/?Z re the title
'subject. Your sdmmary of the geolcgical aspects of the Minte Prospect
is very good. DBob Gale-and I ‘have 1itt1e to add, or comment upon,
except to bring you up“to-date on a number of recent developments at
‘the property. : » :

Lreu¢hing to the west of ‘the area that you and John Colllns examined
continues to encounter mineralizatioen similar to that previcusly
dizclosed, Some of it is surprizing high grade, but as you have des-
eribed, it is discontinuous. We do not as yet have the assay results
“from’ the two diamond drill holes drilled to the east of the better
nineralization noted around ﬂrill Hales 2 and 11, However, the
minaralizatian is descrihed a8 spotty S '

My primary r&ason for writing relates to the 1ast sentence in the

3rd paragraph of your mamoran&um, wherein you refer to the oizeahle
area of geochemically anomalous copper excaeding 2000 ppm Cu. As

" yeu are aware, this is a surprizingly large geochem ancomaly considering
its strength, and it was assumed from data acquired at the Williams
Creék Prospect, that the geochem anomaly generally reflected bedrock
conditions, Much of the trenching in areas of + 2000 ppm Cu revealed
rocks of granitic or granite gneiss composition with virtually no
vigible copper minerals, Hevertﬁeless, many of these apparently

barran trenches assayed approximately 0.20% Cu.

You may recall that &uriag your visit, I col lected a group of biotite—
rich dpecimens in order to hdve the Salt Lake City laboratory test
for a copper content of the sacondary {?) biotite. 1 have just
receilvad the results of this test work{see attached), and it appears
that "the biotita does, in fact, contaln a very high proportion of
the capper noted in the granitic roeks. S8alt Lake City reports that the

1».-:02




'JHéaﬂrtright : .‘i AR «2;f..“' R , R 8 Aug/?z B 2* ’
2 ; ' . , , : . .
C e ,
¢opper appears to be in the form of a "black shiny mineral™ : A A,
dintimately assoclated with the bioctite crystals. The total roek %S, %* '
" sample assayeéd 790 ppm Cu (0.079% Cu), while the biotite alone : m*
- assayed 2300 ppm Cu (0.23% Cu). Salt Lake City reported that this’ ’g %M& .
\

high copper in the biotite versus cenper in the whole rock is somewhat W

.unusual. \c : el : , L MN
The abundance of cupper in the widespread biutite may partially

explain the very lirge + 20060 ppm copper geachem anomaly that was

picked up at the Minto Prospect. The bréakdown of the biotite

(mafics) and subsequent release of .copper ien into the developing

soils, may have contributed to the strong dopper anomaly observed

in the "B" horizon samples collected in the area. The underiying

bedrock, while in many places assaying 0.20% Cu, did not appear to

contain anywhere near that amount of copper visible either as oxides

or’ sulfides. ; S :

T hava given some thought to having an Kwray microprobe study
conducted on some of this biotite to determine the true charactar
of the - "black shiny mineral®. Tt would, hawever, be an acadenmie
exercise, and at this juncture nay not be justified

As soon as additional ‘data is received frOm the Minto Prospect, .
‘a2 summary af these results will be forwarded to your office for your
review.f S R ‘ o

Ycurs very truly,
Original:Signed by

SA ANZALONE ~ -

A Aﬁzaiene.i 

 ShAism
vAttach

_CC JJCall'ﬁs§‘?Cﬁsbarnég'%fenéié;v 
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GEOCHEMICAILL DATA

Arca MINTO PROSPECT, YUKON TERRITORY (BIOTITE) Date _Ausust 3, 1972
ROGU@Sde By R. E. Gale, Vancouver 0Office :

No. Samples

SAMPLE Cu
JUMBER - _ _
Jiotite

Mineral 2300 TrreT e o

Pulp 790 LSS s




EXRLORATION SERVICES DIVISION
3422 Souri 700 WEST
SALT LAKE CITY, UTAIL 84118 ]

August 3, 1972 HEBe, . -
" f%dG 7 1o
5% gy

Mr. R. E., Gale

American Smelting and Refining Company
504-535 Thurlow Street

Vancouver 5, B.C., Canada

Dear Mr. Gale
: BIOTITE SAMPLE

MINTO PROSPECT, YUKON TERRITORY

GEOCHEMICAL 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, 1972, '

The Biotite was separated and cleaned by the use of a magnetic separa- -
tor and heavy liquid treatment, We were not able to remove all of the im-
purities but the Riotite was better than 957 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,

<___,:, - A,,,...-..rﬁ___:nifz';f// .;’/:';,/__7 9 .
e L
“ . o
E. H. PHILLIPS”
EHP:db
Encl.

cc:S.A.Anzaloné w/encl.
L.D.James w/encl.



AMERICAN SMELTING AND REFINING COMPANY
Tucson Arizona

June 7, 1972

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
this association as an ore guide.

The first 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 (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
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
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 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 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 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 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 finesse can be
acquired in a short time. The relative simplicity and low cost of this
technique suggest possible applications to the search for additions to the
rapidly diminishing ore reserves at the Buchans Unit.

4T

F. T. Graybeal
FTG:1ad

cc: JHCourtright
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MEMORANDUM to R. J. LACY:

1”
JIJA Bﬁﬁ?ﬁmﬂcr
, =

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 emission spectrograph 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. . -
; Y | -' . . . . Z\, / a8 L/JX'VYIIS",
- L. D. JAMES
1DJ:db A :
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GEOPHYSICAL DIVISION : .

‘3422 Sourn 700 WEesY
BAXLT LAKE CITY, UTAIL B4119

. Qctober 5, 1970

MEMORANDUM to R. J. LACY:

GEOCHEMISTRY OF IGNEOUS ROCKS
AS AN ORE INDICATOR

RECEIVER]

“J%/"MX S X &’w'z‘

Whilst in Tucson last week I discussed the recently published data
on the relationship between the geochemistry of igneous intrusives and
their ore potential with Mr. Saegart. He suggested, and 1 agreed, that
a useful preliminary step would be toxveglﬁy/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 réck
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 optlmum sampling procedure

to be developed. | : _ <::::/ce/q/é 1. U3 61_5

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 geodhemlcal analysis whilst mineral (i.e. blotlte)

separatlon will be carried out on the remainder,
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AMERICAN SMELTING AND REFINING COMPANY J. M C.

Tucson Arizona
January 28, 1972 APR 111972

TO: W. L. Kurtz

FROM: J. R. King

COPPER IN BIOTITE

A New Approach to Porphyry Copper Exploration

SUMMARY AND RECOMMENDAT IONS

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 controlled biotite sampling program. 1, 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. Comsco s lookina hard a&-Qumﬁd,%% Co vminen
: P (mz.em th’t?tﬂ:“ wibdy l)w{#'%& Qr a_enau"%‘ f\/r. in BC "(F'f(_._:,,

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 biotite analyses are:

W,
1) Anomalous copper in biotite values extend from one to two miles be- #};£
yond visible alteration and anomalous whole rock values.e ar- P
AR .

. - . e 5‘»—5&
2) The difference between background and anomalous values is greater for.. wnc e

the copper content of blotlps than the copper content of whole rock. Y
Howrtner cm\, is arm‘i&r r (M-p“-‘ =3 ( [ ke eck o ¥ g
. . S

Since the ratios of copper in b{otlte concentrates versus copper content

of whole rock samples can act as a guide to mineralization, whole rock

analyses are also necessary. R
.- R Lui’”“"

The close correlation between changes in biotite values and geologic ‘ﬁ°”3*

. . . . A ﬁ
features emphasize that a clear understanding of the geology is necessary C“W*' 5* e

woft
before the analytical data can be correctly interpreted. Petrographic ‘ “;,dm“q’i‘
work must be an integral part of a geologic examination for the proper in- ‘Lg ot
. . . 'wfﬂiw”
terpretation of the varying igneous textures,  This wat = betzd ,)
P Y 9 mgm,, A% — thos 4 \&Mwﬁ PP . e /

An exploration program using copper in biotite analyses offers a relatively

guick and inexpensive means by which a large number of intrusions can be

examined and the ore potential under post-mineral cover determined. One

or two qualified geologists could map and sample an intrusive in a week or \yﬂﬁ}
two depending on accessibility. | predict that such a program in conJunc- .

tion with the geologic drill would discover a porphyry copper ore zone in C“’ﬁ\‘

12 to 18 months.

fn this report | have drawn freely from Graybeal's memo, ''Copper in Biotite . > .
G
as a Guide to Porphyry Copper Deposits' which is an abridged version of A o
his presentation at the recent Annual Exploration Meeting. His memo, when «** wjjJﬂ
compared to this report, illustrates the conciseness of the data WhICh in c,wf,,)§¢+

turn eliminates any prejudicial interpretation either on his or my part. ;Jiﬁﬁg oAk
Although new data have been added at several sample sites and recontoured, ( < Uft{ c?:
the patterns and subsequent interpretation remain unchanged. g1 e

Preliminary data on lead and especially zinc partitioning indicate that
these elements may also act as finger prints of distant hydrothermal miner-
alization. Analyses of other elements such as chlorine might also be
fruitful and research along these lines should be continued.

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 .
time involved in sampling varied between one and two days depending on &
the stock and accessibility. The emphasis in sampling was to obtain as NN
fresh a composite sample as feasible. Sample density averaged between 4% \ dﬁky
one~half and one mile centers; however, part of the Schultze granite was Y < «
tested on slightly less than one-quarter mile centers. The sampling of §J1 x v
the Three Peaks stock was roughly preplanned so that the different intru- (s 3" i
sive phases would have enough samples to permit statistical interpretations. " uV4’ o
On the average, 25 samples were taken per intrusive. &&QL“ oF

/\M S(u Y
The samples consisted of five to ten pounds of rock chips collected over
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.

%'J

The Three Peaks rock samples were sent directly to Salt Lake for ctushing
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
and heavy liquid separation. The details of CSMRI separation techniques -
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.

.
lan S\A@U‘ & k\y, F,,.‘.é

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 10 to 50 ppm about 60-85% confidence, 50 to 100 ppm about
85-90% confidence, and 100-500 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. G
Lﬂ“
Petrographic examination of representative hand samples collected at each \ﬂ“ i
biotite sample locality has not been accomplished. Such a study is absol-‘oVwJ‘

utely necessary both to provide the petrologic understanding of the stock
5;3_%5_HETTEE if any visual changes are occuring within the biotites that T I
may indicate internal chemical changes. wisde <Ll

neC&Mq/r‘ - ﬂM& o

cm-&. PMJ{ =B _‘rmn;:
T FTE.
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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 bne way)
to Denver via commercial bus lines averaged twenty cents per pound.

[l

ryA.

It is roughly estimated that costs incurred by an ASARCO geologist run at f;; ef«%
about 100 dollars per day in the field. Salt Lake analytical charges are‘f
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.
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RUBY STAR GRANODIORITE

The Ruby Star granodiorite is a composite stock consisting of 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.
v 6"\/‘&\)3,\
At the request of L. D. James and W. E. Saegart (November 1970), eleven
composite chip samples (RS-1 through RS-11) were collected by the author
in an attempt to verify work by Lovering, et al., (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 1, 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 1).
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 1) 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 1) and
re-analyzed. Sample RS-21 was taken from an unaltered outcrop of grano-
diorite, however, a small (100 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 hydrothermal biotites,- Ma b{¥LJ£L°“Mf§
oA ad rr,éoof\‘ one w@{yﬂs}‘ ya\m"l'g&m? \Mo&'sﬁ aT 30 -PPM

The copper content of biotite (''clean and very clean'' on Table 1) of the e

samples taken from the Ruby Star granodiorite is shown on Figure 1-A. A

well~defined copper in biotite anomaly extends for over 3 miles north from

the Sierrita-Esperanza ore zone. This anomaly is developed from one to

two miles beyond the 1imits of hydrothermal alteration. The anomaly appears

to follow the prophyritic core and may be indicating a close genetic re~ .

lation between the porphyry and ore. i ;fgéij
e {Z/J?\

Copper in whole rock is given on Figure 1-B. A well-defined 500 ppm anomaly
extends outward from one to two miles from the Sierrita-Esperanza ore zone. /OWMUQ
The 500 ppm contour delineates the limits of identifiable alteration. “

The copper content of the biotites gives an additional one to two miles of hhfuudgbﬁ‘
anomalous halo and provides guidance for exploration which would not be Lu**%;ﬁkbﬁﬁw

B

attainable through geologic mapping or whole rock geochemistry. e ¥

The ratios of copper in biotite versus copper in whole rock are shown on %1hLa e
Figure 1-C. The values rise abruptly to over seven and then fall to @ ﬁﬂ

aAa‘ALnaAa)Q MDM,JM (\Q/PD
n}&‘ %g@&o’ié = le La;,l;qmw:(
(¢ 1A B Ete.
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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 1-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.

The zinc content of the biotites (Figure 1-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'unclean' samples. Whole
rock analyses for zinc (Figure 1-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 1-G
and 1-H respectively. Again, the analyses are incomplete and the apparent
trends are not interpretable. Figure 1-1 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 1, all of the '"unclean'' biotite samples show a variable
molybdenum content of greater than 1 ppm. On the other hand, all of the
Y’clean' biotite samples show molybdenum content of less than 1 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 1.
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-1 through
RS-11) and any conclusions regarding the presence or absence of partition-
ing would, therefore, not be valid,

In summary, the ASARCO data verifies that:
1) Copper is anomalously concentrated in biotites with proximity to the
Sierrita-Esperanza center of hydrothermal alteration-mineralization,

2) This halo extends on the f one to two miles beyond the limits
of alteration and whole rock anomaly, ) n’;
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: . 3) The ratio of background to anomaly is much greater in the case of bio-
‘ tite than in whole rock, and
L) That biotite purity is extremely important in optimizing meaningful
conclusions.,
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TABLE 1 Feoi SKing  RUBY STAR GRANODIORITE 5 | pg 1 of 2
BIOTITE  CONCENTRATE  ppm COMP. WHOLE ROCK ANALYSES| RATIOS Silife

Cu Zn Pb Mo ppm ppb Cu / cu

Sample . .
Number Jnclean| clean (v.clean |unclean| clean |unclean | clean |unclean| clean | Cu Zn Pb Mo Hg unclean' clean
ks | 530 so0 | wa_ | 390 wa | so|wa | 2w fio0) 12| | eolss| | 2.8 3.0
2 | k50| ko) | B304 | A0 | 5 570 23,12 | 9.7 | 130} -8l .8
3 ] 200} 180 k70| ] 704 6 70 13112 2.4 | 120 2.6 2.4
4 | 135 230 Is s s 76 | 27 | 14 | 6.7 | 173 1.8 | 3.0
' 5 20| 21 500 20 i 71| 26| 20 | <1 |82 313
6 | 701 180 IS Is B 18] 1412 | 1.8 118 -~ 3__.g_;T 1.0
7 80| 59| . | 575 40 sl s 270 8 |18 | aa 2.3 ] 1.7
8 }560 | 590 450 20 2 | | 77| 20| 6 | 6.0 | 63| | 7.3] 7.6
9 790 | 1350 420 30 s to2 | 3013 | 6.7 | 72| | 7.7[13.3
10 720 | 900 | 280 40 7 500 | 9| 12 |14.5| 288 ) 1.4 ] 1.8
1 b | 35 390 | 30 12 130 200 7 | 1.8 3.1 2.8
12 | 560 | 580 240 28 1.4 260 | 18| 12 | .6 | na 2.1 1 2.2
13 1460 | 1530 3ho| | 24 6 1310 43| 8 |38.0 - 11 1.6
14 1180 | 1200 400 32 2.8 610 | 42| 9 |10.0 1.0} 1.0
15 1040 | 1070 280 23 1.8 | s20| 32| 6 | 1.2 2.5| 2.5
16 1290 | 1270 250 32 8.8 1450 | 39| 6 |28.6 9| .9
17 1000 11030 300 | 32] 5.6 880 | 39| 7 |52.0 1.1 ] 1.2




TABLE 1 : RUBY STAR GRANODIORITE pg 2 of 2

BIOTITE  CONCENTRATE ppm COMP. WHOLE ROCK ANALYSES| RATIOS Drotte

Cu Zn Pb Mo ppm ppb Cu v ¢y

Sample ) :
Number unclean| clean |v.clean |unclean| clean lunclean| clean junclean| clean | Cu Zn Pb Mo Ha unclean . clean
_orss18 | ool w6 | s lya st | wa | 15 |wa L | 22 walwa | w | wm NS .7
9 sl e fss| | ow| | al 1.7
20 Jeof 60| so| Jeo| | 1 al m e
~_‘__21~ _360 200 | 225 650 22 i <1 40 5.6
22 40 | 24 | 23 535 23 {1 8 | 2.9
23 20| 23| 20 540 15 A 8 ;r 2.5

24 NA | 680 | 260 1 NA NA NA | 1880 L




TAB

CSnulee



W. L. Kurtz ' January 28, 1972

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~Inspiration) 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 already known 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). 1t 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, sulfides and trap’iron.

All samples were then recleaned by magnetic and heavy liquid separation

to a greater than 98% purity and re-analvzed (shown as 'iclean!', Table 2).

The results showed that in over 80% of the samples, the Cu in biotite

values decreased on an average of 40%. ' )
Wik me@l’ da N

Sample SG-DH-30 is from a porphyritic quartz monzonite block encountered JA“)&hj oty
X

in the Superior East drill hole M-1 at a depth of approkimately 2930 feet'wk.ﬂahmﬁ
This sample was composited from split core over a distance of 20 feet. %&gé‘éﬁ“
e Al

The copper values for ''clean'.biotite concentrates are shown on Figure 2-A,
and, as can be:seen, 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 Signifiiﬁwiél;neu:t\
cance of the high values are not known.” Current thought is that the lack TG
of systematic variations of copper in biotite may be due to the present
level of deep erosion of the Schultze granite. Although this assumption
lacks proof, it requires only simple logic to postulate that deep erosion
into a homogeneous coarse-grained intrusive far below any loci of ore
deposition would give erratic, non-contourable results. The presence of
numerous faults (flat and otherwise) emphasize the possibility that the ‘
Miami-Inspiration ore bodies may have moved to their present position. f:' f~¢
) Ay sead
" The copper content of the whole rock samples are given on Figure 2-B. Sev-
eral high values are shown on the western edge of the Schultze granite, but
again contouring does not give any interpretable patterns.

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, zinc, fluorine and molykbdenum values for both biotites and whole
rock samples are listed on Table 2, but are not shown on the figures. The
results are incomplete, and the data presently available shows erratic
distributional patterns that are uninterpretable. It should be noted that
the lead, zinc, fluorine, and molybdenum analyses were made from samples
that were less than 95% pure biotite. This lack of purity has been demon-
strated both in the Ruby Star samples and in the Schultze granite samples
to be extremely important for copper and molybdenum. It logically follows
that lead, zinc and fluorine should also require a high degree of biotite
purity if meaningful data is to be obtained. Further analyses are needed
on the biotite and whole rock samples to complete the picture. Figure 2-D
shows the sample numbers.

To summarize, the sampling of the Schultze granite indicates that greater
than 98% biotite purity must be achieved before proper interpretation can
be made and that detailed sampling is unnecessary. The Miami-Inspiration
and Castle Dome ore bodies do not show a copper in biotite halo as does the
Sierrita ore body in the Ruby Star granodiorite. The lack of anomaly is
felt to be the result of deep erosion into the Schultze pluton and the
presence of numerous flat faults.
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TABLE 2 Frew T SCHULTZE GRANITE -  pg1 of 2
' ‘BIOTITE CONCENTRATE  ppm WHOLE ROCK ANALYSES ppm | RATIOS oone—r

Sample - G N v B deu ] zn | po | mo | o [
Number unclean| clean junclean} clean junclean| clean lunclean| clean junclean| clean unclean| clean
SG-1 30 23 | 480 NA | 104 | NA b HA NA NA 1| 23 7 N NA 2.7 | 2.1
2 450 | 260 | 480 : 32 1.2 : | i19 29 | 13 . 3.8 |.2.2
-3 81 44 | 590 28 2.0 . 7 | 33 15 g 11.6 | 6.3
i 12 | 14 | 410 32 A 7126 Lo | < 1.7 | 2.0

5 N2 | 230 { s10 32 N 29 | 27 | 1 2 3.9 | 7.9

6 18 | 18| 620 292 Ry \ 7] 29 | 10 o 2.6 | 2.6

7 Va3 | sk o230 Ly 1.8 0017 | 7| .2 5.1 | 1.8
8 81 | 98 | 550 32 .8 w3 a7 |16 | 1.8 | 2.3
9 82 | 20 | 550 16 3.2 _ g {25 | 11 A 9.1 | 2.2

10 21 14 | 570 1 32 .8 51 22 9 .2 4.2 | 2.8

1 132 | 99 | 500 NA 2.2 | - 2,14 41| 28 | HA A .380 | 3.2 | 2.4

12 L 12 | 440 3.4 1.98 13 | L4 .2 {480 § 3.1 9

13 23 7 | 500 1.6 2.1k 8| 28 2 |.400 J 2.9 .9

14 34 | 15| 500 3.6 1.70 6| 30 .2 |.480 | 5.6 | 2.6

15 | vk | s60 .8 1.84 6| 28 3 |.510 | 2.3 2.3

16 120 | 73 | 400 3.3 1.98 120 | 28 2 |.s40 1.0 ] 1.6
17 27 | 27 | 820 .9 1.84 15 | =g .2 .270 1 1.7 ] 1.8




. g .

TABLE 2 o SCHULTZE GRANITE pg 2 of 2
BIOTITE CONCENTRA'TE ppm WHOLE ROCK ANALYSES ppm | RATIOS %%%B’EE
simple Cu Zn Pb Mo Fl % cu | 70 vPb Mo "é CU/u | Sy
Numbenf unclean| clean junclean| clean junclean| clean lunclean| clean junclean| clean | unclean clean
SG-].8 22 10- | 800 MNA HA NA 1.4 NA 1.70 NA 10 Lk NA 3 440 2.2 1.0
9 28 | 13 {680 1.4 2.14 b | 92 2 |.380 f2.0] .9
20 | 700 700 | 240 : 1.4 2.48 660 26 .3 400 1.1 1.1
21 9 12 | 680 6. 2.48 A 26 .2 | .h460 B4 1.1
22 12 | 16 |600 .6 1.84 6 | 2 Lo 420 32.04 2.7
23 32 1 540 2.4 1.98 8 32 .3 .400 4.9 1.4
24 62 | 44 |320 1.5 2,14 64 | 20 2 60 | 9| .7
25 16 | 18 | 400 6] |2.32 6 | 16 .2 1 .ho0 2,71 3.0
- 26 17 | 23 | 740 1.3 1L59 | 7| 2k 2 1.360 28] 33
27 46 28 | 460 : 1.8 1.98 18 18 .2 1.350 § 2.6 | 1.5
28 20 11 266 . 1.4 1.98 9 16 .2 .330 2.2 1.2
29 120 13 {380 ' 8.3 1.84 9 22 .2 .340 13.3 1.4
S$G-DH-30 620 95 130 13.3 1.84 120 24 1.0 . 300 5.0 8
SG-30 . NA 13 NA NA NA ) NA NA NA NA NA NA
31 6 ’ vxfiz'yéiﬁké /;7@>¢;y>/ </ )
32 |6 ' -
33 10

34 : 122




EXPLORATION SERVICES DIVISION

3422 SOUTH 700 WEST
SALT LAEKE CITY, UTAH 84119

April 19, 1972

S

Mr. John R. King
Tucson Office
Project 517
Schultze 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 #5G31, 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 16 18 20 1.6
32 22 16 25 1.5
33 30 16 30 2.4
34 150 18 9 2.7
Thank you.

Very truly yours,

Y

EHP:am B 1 Ny
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The Three Peaks stock is a multi-phase, composite intrusive that is elongated
in a northeasterly direction. The three 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 Ilsted on Table 3 are indications of approximate
trends and do not qualify as qﬁantltatlve 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. ,
This variation may indicate a depletion of copper in the magma with pro=- 7%« vey -
. gressive differentiation.

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 (10-15%) as compared to the quartz monzonite (2-8%). How-

ever, | 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 distribation 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& ek ‘k¥¢*?w£a£%uq s peeapa yeﬁvia
be wm.&’,
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(Average 15 ppm}
MONZONITE

©65

Averaga Il ppm
t (E!clugxivl oF%&g:ﬂmplo)

QUARTZ MONZONITE
o9

886
//( Averags 75 ppm)
DIORITE

! MILE

THREE PEAKS STGCK

Cu IN WHOLE ROCK (COMPOSITE)
ppm VALUES

2528-b



Figure 3I-C
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Figure 3-E
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TABLE 3 feon T THREE PEAKS STOCK - pg 1 of 2
BIOTITE CONCENTRATES ppm | WHOLE ROCK ppm RATIOS
Sample From composite samplel One hand sample | Composite rock sample Single\ t:ock sample Biotite comp. | Biotite comp.
Whole rock Whole rock
Number Cu Zn Mo | Cu Zn Mo | Cu Pb Zn Mo | Cu Pb Zn Mo Cu Zn
TP- 1 78 | auh4 | 2.4 | 44 | ony [ 3.2 | 66 | 5 66 | .1 | 11| 12| 59| .4 1.2 3.7
2 146 | 248 | 1.6 | 170 | 250 | 2.4 | 72 | & 530 1] 57] 16| 53| .5 2.0 .7
3 76 | 348 | 2.4 | 94 | 352 | 2.4 15 5 48 A5 12 14| 55 .5 5.1 7.2
4 59 | 388 | 1.6 50 | 364 | 2.4 18 5 54 .05 9 13 47 A 3.3 7.1
5 B4 | 348 [ 1.6 | 7h 360 |24 f b 7 | s | | 13| 4| y5| .3 6.0 7.]
6 94 | 332 | 1.6 | 8 | 360 | 1.6 ] 13| 5 54| .1 | 12| 13 551 .3 7,7_‘ 6.1
7 88 | 376 | 2.4 741 392 | 2.4 14 L -1 54 . 12 13 51 31 6.3 6.9
8 126 | 232 | 2.4 82 | 252 | 2.4 86 6 65 .1 35 15 60 .3 1.5 " 3.6
9 100 | 232 | 2.4 | 84| 256 | 2.5 ) 65| 13 | 56| .2 39| 18| 56| .4 1.5 by
10 110 | 284 | 1.6 | 120 | 280 | 2.4 ] 86 | 12 53 .1 | 55| 15| 53| .3 1.3 5.4
H‘ 64 | 420 | 2.4 20 | 508 | 3.2 Ak 7 48 .2 11 16 he | .2 5.8 8.7
12 52 | 412 | 2.4 | N2 368 [ 2.4 10| 7 | a7l | | 4| ug| .2 5.2 8.8
13 64 | 320 1.6°] 56| 352 1.6‘ 13 3 36 .1 13 13 35 .2 4 8.9
14 64 | 332 | 2.6 | solsen 1.6 0| 3w o 10] 2| s8] 2| e 8.1
15 74 | 3h0 | 1.6 72| 368 | 1.6 9| 9! | 9| 13] 43| .2 8.2 7.4
16 64 | 3601 1.2 80| 352 | 2.4 9 5 45 . 10 14| 45 ) }.] 8.0
17 22 | 4oo | 2.4 36 | 380 | 2.4 9 | 14 51 U 8 11 33 .3 2 L 7.8




TABLE 3 THREE PEAKS STOCK pg 2 of2
BIOTITE CONCENTRATES ppm WHOLE ROCK ppm RATIOS
Sample From composite sample] One hand sample | Composite rock sample Single rock sample Biotite comp. | Biotite comp.
. Whole rock Whole rock
Number Cu Zn Mo Cu Zn Mo {| Cu Pb Zn Mo Cu Pb Zn Mo Cu Zn
.TP-18 78 376 1.6 32| 424 2.4 24 _ 22 47 Wb 15 13 L8 .2 3.3 8
19 1280 | 576 39.2] 2100]| 456 43,61 230 NA | NA NA- | 460 NA NA NA 10.1 NS
20 110 324 2,’-} 821 332 2.4 16 NA NA NA | 16 NA NA NA 6.9 NS
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TYRONE QUARTZ MONZON I TE

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, | 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 100 feet of sample TY-6 and is not
plotted on the figures.

The copper content of biotite from ''clean' concentrates is shown on Figure
L-A. A strong, well-defined anomaly of greater than 100 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 ng
hydrothermal alteration. The anomaly tends to follow the porphyritic core--&-c“‘e"”M
which may be an indication of a close genetic relation between the porphyry by ( )
and Tyrone mineralization. Specintin ‘k‘F’mV&§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 only 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
the ore zone.

¥$hh§
The lead and zinc values of ''unclean'' biotite concentrates are given on ke _
Figures 4-D and 4-E respectively. Lead shows a weak but discernible increase W HP
in value towards the ore zone. The 100 ppm lead contour delineates an pro Vﬂﬁi”s

ot e

anomaly that extends over 2.5 miles from the ore zone. Zinc shows a very sukfmh*%T@
rough depletion in 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-establishes and
further delineates the positive application copper in biotite analyses may
have in a successful porphyritic copper exploration program. The copper in
biotite halo is developed at distances ranging from two to over three miles
from the Tyrone ore zone and from one to two miles beyond the limits of
alteration and/or whole rock anomaly.

[

U QL

John R. King
JRK:sg
attach.

cc: :LDJames

FTGraybeal
FILE




Figure 4-A
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TABLE 4 FBom Sty

TYRONE QUARTZ MONZONITE

pg 1 of 2

BIOTITE CONCENTRATE ppm WHOLE ROCK COMP ppm [ONE ROCK RATIOS %%wmp_

Sample Cu Pb Zn - Mo cu bb 7n Mo Ag.aéqy.s(i: ;y Cu / cu Cuy cu
MNumbe. unclean| clean junclean| clean junclean| clean [unclean| clean Cu ppm clean unclean
TY-1 260 | 135} 51| na | 610 na | <1 | owa lseo | v [ A | A 95 .2 .5

2 1500 [1210 | 420 670 1 900 200 1.4 1.7

3 1160 | 620 | 400 225 41 300 75 2.1 3.9

4 220 } 113 | 33 300 {1 168 -5 7 1.3

5 840 | 480 | 104 485 ] Lok 85 1.2 2.1

6 1640 | 920 80 890 ] 760 310 1.2 2.2

7 300 | 171 29 380 {1 28 10 6.1 10.7
8 100 | 58 20 285 <1 24 70 2.5 4.2

9 600 | 700 L7 130 60 " 60 NS 11.8 10

10 240 | 114 26 435 £ 28 -5 k.1 8.6

1] _ 20 8 22 405 41 8 -5 ] 2.5

12 380 | 199 23 330 41 28 10 7.1 13.6

13 2000 {1080 23 550 41 110 85 9.8 18.2

14 4o 6 21 505 41 18 -5 3 2.2

15 ol 7 | 25 500 (] 6 NS 1.2 6.7

16 40 7 21 545 41 66 -5 g .6

17 2800 1s | 160 175 ] 312 NS IS 8.9




TABLE 4 ‘ " TYRONE QUARTZ MONZONITE pg 2 of 2
.\ . : pa—
BIOTITE CONCENTRATE ppm WHOLE ROCK COMP ppm [ONE ROCK |  RATIOS S w5ek comp.
Sample Cu Pb Zn Mo Analysis by Cu Cu

Cu | Pb| Zn | Mol gppme.c Lo &
Numbe. unclean| clean funclean| clean junclean| clean unclean| clean Cu ppm clean unclean

TY-18 800 | 420 32 | NA 220 { NA <l NA 760 NA NA .| NA 45 ' .6 1

19 500 | 280 24 195 <1 560 200 5 .9

20 480 | 260 | 100 205 <1 400 ‘ 75 7 1.2

21 600 | 480 68 420 <1 ' 560 120 .9 1.1

22 220 | 122 55 320 <1 360 _ . -5 -3 6

23 500 | 260 28 360 <1 400 , L5 7 1.3
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0CT 21 1971
MEMORANDUM
T John R. King Date: October 19, 1971
O: ohn . ©iNg
. - - - . . C .
American Smelting and Refining Co project No. 311009

* From: Norman Bennett 475 ,

Subject: Biotite separation of 23 samples

Introduction

In compliance with your request, 23 rock samples 1abe11ed. TYIATYZE;hW;re
crushe*d and biotite was concentrated from them by screen;ng and two he \;37
liquid separations. The objective of this work was to obtain biotite conce

irates from these samples for shipment to you.

COLORADO SCHOOL OF MINES RESEARCH INSTITUTE

Mr, John R. King 311009 Page 2 Octobor 19, 1971

Bach sample was jaw crushed to minus 1/2 inch, roll crushed to minus 10
mesh, and Raymond milled to approximately minus 65 mesh. The Raymond
Mill iraction 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 in the plus 65 mesh fraction was then further concentrated by the
use of heavy liquids. BEach sample was separated into sink and float fractions
using Certigrav (specific gravity 2.90). 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 concentrates are being shipped to you under separate cover. If
you have any questions, please contact me.
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MEMORANDUM

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

From: W. T. Caneer ‘ Project 301217

Subject: Electron Probe Studies of Copper in Biotite

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. 1In addition, similar
studies were made on biotite concentrates from samples RS-1 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 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 [CuC03.Cu(OH)2] or possibly azurite [2CuC03.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-1 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



Mr. Lloyd James
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March 30, 1971

1. Backscattered Electron Image

2. Copper Distribution

Figure 1

Backscattered electron image plus copper distribution
across a copper-bearing biotite grain in sample RS-10, 200X
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