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~STORY OF EXPDO~ATION AT SILVER BEL~ 2 ~eI~oHA 
. . . . . . . . . .  

S~ver BBII ~ loca£ed about 35 mil~s ~orthwest of Tucson, 

Azlzo~a. ~ is a classic porphyry copper deposi~ containing enriched 

disseminated chalcocits ore in altered porphyritic rock~ with chalco ~ 

S~iveZ B~II WaS an evolutionary p~oc~ss which o~cur~sd ovs~ a 75 

y~ar period, 

~ecord~d mln~g ~ct~vity b¢~an about i%65 on BootHill just 

e~sa o~ E! e i r o  p~t  whezeAa i te~d  l imestones wez~ f o u n d  ~o ~onta in  

15-17 oz, Ag mixea w i t h  coppsr ox i6hs.  By Z874 the Youn~ ~kme=±ca 

Copper CompaDy was mining shallOW ocd~rences of 30% Cu a!oDg the 

north s~d~ of the pressn% Oxide P~t, The ors was sh~ppad by waqon 

to Xuma, Arizona and thsn by b~at ~o Sa~Frane~s~o ~Or smei~n~. 

By 18BI the area supported s~veral m~Din~ companies and t~o small 

smelters add the distzic5 was b~inq ~vorably conspired to Bisbe@ 

in local ~ewspapers, 

Most o~ ~he ore mln¢~ ~n the perio~ 1865-1903 eame fro~ pods 

o~ massive sulfide or the~ oxidized p~oducts which w~re dls~zib~ted 

in an unprsd~chable fashion through a large skar~ zone in Paleozolc 

limestone oas~ o~ E~ Ti:o pi~. O~e ~fa~s var~d ~rom 5-10% Cu. 

~n 190~ most of the propszt~s wsre incorporated into or pur- 

chased by ~he Imperial COppe~ COmpany a~d th% distr~ct had a popu ~ 

latlon in eMcess of I000, With the ~o~mation of I~perial)m~ninq 

at Silvsr Bell becam~ ~o~e or~anlzed~ produot±on incr~ase~, and 

by 1910 o~er 2i..mi!~s o~ ~ozkings ~xisted in th~ dlstr~ct. During 

the p~riod 1900~!909 ths El Tiro Copper Company had m~ned oxidized 
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~k~,_~ prO~¢~s O~ supergane enriched ore in a zone of brecciatlon along 

a l ~ni ~ !cance ~i~!~ii~the alaskite-dac~te contact west of the skarn ores, The ' ~ • 

-<of ~/~me~o~ disseminated chalc0ci~e In alaskzte in %he 
i~?c_.~ ~- ~ k  , ~ , ~ .  ~ . < ,  , . • . 

~!iiTi~O mlne work&ngs was apparently recognized by tho Imperial Copper 

ii!~/~ = Co. whSeh in 1909 acquired contrul o~ 240 acres owned by the E1 T~ro 

Copper CO, and in 1910 completod 44 churn drill holes in alasklts 

~nd quartz mosazmnite ?orphyry Ju~ southwest of the ~! Ti~o m~.~e, 

Th&s drilling Covered ~n at,ca abo'~t I000 ~t, b~ 2500 f~ a~d ~is- 

covered "enriched ~issemin~ted chai~oclteAa~ ~ep~hs o~ ~$6ut ~00 ~t~ 

d ' 
he geologic repoy~s whzcn were p~.l~r.a~ly wrltte~ to ~eo~end 

this drillin@ c a n n o t  be foun At the s~me ,time a simxla~ d,~!l 
• ! 

inq program was started by Ox~ Copper COmpany i~ the area ~acent 

~o the Young America m~ne wozk~,~g@, This ~rogxam oo_mp.let~d 7~ churn 

' A. 

drill holes and also encountszs~ disseminated, chal0oe~te, Fin~i~y, 

~n 1909, the See~ey Mudd interests ~n Dos Angeles dril!ed i0 chuz~ 

drill holes in an altered area east o~ the, present Oxzd- Pit w~h 

~negat2[Ve ~ ~esults • 

Fr0m $907-1910 Imperial inozeaaed ~rO~uc£ion sixf0~d which 

~aused or~ grades to ~ecline tO ~ 4% Cu. During the same per~ 

~oppe~ prices f~ll ~rom $,20 to $,~Z ~nd~ ~espite the openln~ of 

a smelts~ ~n August 1909, thm Imperial Copper Company 'closed 

operations ~n August ~910 and Was declared 5ankrupt ~n July 19ll. 

However, the impo~tanc~ of th~ previous ¢hurn drill results ha~ 

..~.]~ ~ not bean ov~r~-ooke,%....~D~]--Me~_G~delo~, .the q~neral manager, wro~.~ 

~i!~:ii:- 'in an operating rs~or~ of Nover~.ber 8 1910: 

~",ii: -~. 

. . . . . . . . . . . . . . . . .  I . . . . . . . . . . . . . .  ,,., . ........ 
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" "A ~urther element of grea~ promise had appeared in the 
fin~n~ ....-- of workable values in the @ranlti¢ por- 
phyry. • hs mining of ?orphyry deposits of th~s ohsracter 
...,.. w~th no waste vein matter to be mined and dis- 
carded, can b~ aceomp!ish~ at m~ch less cos% ~er ton ~han 
the mining of our contact orebodle@, and ~..,,. P! aces ~he 
undertaking on a manufacturing basis," 

By i914 copper prices had increased ~o $.!7/Ib. and s~vezal 

~ompan~es investigated the dlst~ict~ i~cl~ th4 A~srican Sm~Itlng 

and Re~ninq Company (ASAEC0). OD Aprl! 12, 1915, ~. A, 0uess, a 

minin~ engineer (who woul~ !a£ez ~@come Vice pr~sid~Dt o~ the 

Mi~Dg De?art~ and a Director o~ ASa~O), submitte~ a de~a~led 

report o~ his ii~vesti~atlons ~ Silver Bell which st&ted: 

"I wo~Id no% reeom-~end spendin~ money ~h~t would b@ neces- 
sary for a ~horough samplin@ and examination O~ ~he Imperial 
mines, were ~t no~ for ~he possSbili~s of the disseminated 

area." 

Guess sent an additional le.~ter %~m days lat~ whic~ stated: 

"We cannot let this thi~T @o by w~tho~t looking fully &n£o 
i% and ~ therefore ~¢omm~n~ first, we acquire control o~ 

o~ ~, an~ similarly of the ~ Tiro props~y on ~ne same 

~n September 191~ Asar¢o ob%ain~d s~ o~t~on on %he Imp~ria! ~nd, 

probably, the El ~i~o properties. ~ve holes Were drilled ~n~r 

the ~uperv~sion of Sulius Xru~tschnit% (who would ~ater b~come 

Chairman of ~he Board O~ M%. ~S~ ~4inlng CO.) ~o oh@ok ?r~vious 

work by Imperial. The results were d~sapNointin~, but on 

' 4. -- December 16, 1916 AsaZCO purchased th~ ~m~sr~a! properties which 

were operated ~n~il 19~I. During 1916 GueSS~ Kr~tsch~tt, an~ 

j. Gordo~ Hardy examined th~ holdings of the Oxi4e Copper Co. 

which were ev~ntu~lly ~eJected as too small and of maternal grade. 

The recom-mendat£ons w~re inZl~cnced by mstallur@~cal tests which 

~ndicated 78% recovery of copper into a 14% ou concentrate and 

perhaps by the purchase pric~ of $I m$11ion. 



- 4 - 

G@Olo~ical activitF was ~eneraily low from 1920-1940~ In 19~5" 

Roland Blanchard made a study of Silver Bell outcrops iD which 

he indicated thee variations in the color of llmonit~ on th~ 

weathered surface did no~ bsa~ an obvious ~@lationship to ore-b~ring 

rock. ~n his book (1968) Blanchard amended his earlier observations 

coc£te in ~he qnar~z monzonit~ porphyry (he called i~ alask!te por- 

phyry) ~ but not in adjoining alaskite~ Later ~ by Kenyon Richard 

mnd Narold Courtrigh~ were ~o find ~i~at th~ =olor of DOwdere~ iimonit@ 

,A was a fairly reliable guide to cha!cecit~ enrichment regardless of 

~zock type mr ~ty~ngth of alteration. 

In 19~9 th~ Oxide p~operty was submitte~ ~o Asareo a ~econd 

time. Blanchard, Eruthsohnitt, and H. P~ Hill restudied the ar~a 

in 1930 and, afte~ a $25,00~ program of mappin@~ ~nderground samplin~ 

and drifting, estimated a ~serv~ of 10~047,000 tons averaging i.d6% 

Cu ~n a blanket 85 f~ thlck~ However, d~s t~h@~ inf~red spotty 

distribution of mineralization intezpret~ from surface outcrops, 

~) the fact that much of the a~a wa~ estimated to contain ~oughly I% 

Cu which was then submarginal nd!cations ~hat the churn drill 

sampl~s were ~t least 0.3% Cu ~oo high ipzes~mably due to ~o~- 
) 

ta~ination ~Om unOased holss)[/an~h~favo=ableri_ projections 

~ future copper prices, %h~ property w~s again rejected. 

Followin~ closure of the.m~ne in 1921, the area Decame a 9host 

town and ~n 1938 Asarco stopped making property tax payments On 

the Imperial properties. Yn 1939 the Plma County Treasurer 

advertised the Imperial claims for sale, but~ec~use certain le~l 

procedures had not been follow~d~ no sale had occurred bY 
_/ 
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April 17, 1940 when N. A. Kurs~ll wrote ~ brief, b~t thorough s~- 

m~ry o~ the dlssemln~ed m~DeralizatioD in the Silver B~II distrlc~ 

He noted that~ 

"... ~stroDg shear zone, o~ zone of b~e~ciatlon ... through 
the E1 Tiro mine .... h~adS for the Ma~r~o~h M~ne ... and 
beyond th~ towards th~ Oxide Co, per oz~body. This fractur~ 
~ons was q~t~ evidently a chan~el ~rom which copper mi~er- 
=!i~a~i~= s~x~=a. ~D~ 9he fnnt ~hah ~ppa~e~%ly ~o co~pr~ 
h~nmlv~ ma~ing was ever done of thi~ copper belt three 
miles ~n length, suggests to ~0 ~hat this p~oblem has n~vez 
been approached in a sufficiently broad way." 

Kurseli suq~es~d that the ~xsappointx G results obtained in th~ 

1915 check drilllzg at E1 Tizo were partly due to ~oorplacement 

O~ holes and tha~ a poteDtia! ~xisted for 4~5 million tons averaging 

1.2% Cu in a blanket 95 f~. thick. He noted that since Kruttschniht'~ 

report in 1930 tschnolog_cal adVazceB in bulk minlng mill consh~uc- 

tlon, and ~Io~ation methods permitted n~w costs to 5e u~@d and ~s~i- 

mated that copper could be produced for about $ 09. lb. conclDd~d 

by recom~endlng purchase o~ the Oxide CopPer and E1 T~ro properties. 

TwO weeks after K~rsell wrote his report the Oxide Co?per 

Company property was again o~f~red to Asayco, this ti~ for $40,000. 

On May 6, 1940, ~. A. GO~ss, now Vic~ President of Min~n~~ 

~ wro~ W. ~. Loerp~ ~l, Manager of th~ So~thw~shmzn 

Minlzg Department, that pu=ch~se o~ the Oxide Copper property had 

been approved, th~ an !~mediate attempt be madm to acquire the 

E1 Tizo Copper Company p~operti~s~ tha~ mll d~linqu~nt taxes on the 

~mperlal ~rop~rt~es be paid, an6 that all o~en grouted be s~aked. 
~s 

On May 8 ~  ex~8~ditu~s of $75,000 was approved to consolidate 

properties at Silver Bell. Loerpabel sent a coded telegram on 

May 17 indicating Competition from !~spiration and fro[~ Calumet 
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~iiii~.:and Hecla ~or th~ E1 Tiro p~opeftles, but on May 21 wrote that 

/~ verb~ agreemeDt had been reached to pu~c}lase ~ha properties ~or 

i~:~:~ $~0,000. The s~le of Oxid~ Copper properties was approved by Oxide's 
u 

DAze=tore on ~un~ 3, 1940 ~Dd th~ payment of $40,~00 ~d~ on June 5. 

Purchas~ oZ th~ El Tiro p~op~rties was consummated Ju~ 14 b~ pay~ 

men£ o~ $i0,000. By July 24, land acquisition strategies appea~d 

~i~mly @@habli~hsd, options on small claim blocks were being ac- 

quired, and a r~coN~uend~ion was ~ade to be~in co~pilation of a 

surface ~ologlcal map o~ the dlst=~ct. 

In 1941 EarZison Schmit~ supervised a ~ 4 ~ ) p ~ o g r a m  

by LawSon ~ntwistle and H. M. Einq~buzy which established a ~Opo- 

qraph~c baS~ botween ~hm ~I Tizo an~ Oxi~ a~as and mapped ali 

rock types. ~hely report d~d nO~ conslde~ thm exten~ ~ suz~a~e 

alteration and Kingsb~ry concluded that in the El Tiro area there 

w~re no reliable i~dlc~tion~ in OUtcrop which ~o~Id p~edic% the 

continuity of s~Co~ary ~Driohment~ 

2h~ym~re~ogniz~d in 1914 ~hat ~he O~ids area was o!~azly ~he 

l~rger of the two disseminat~ deposits and Kruttschnit~'S SUggmstion~ 

made in 1930 reqardin~ ~naccurats drill results were of co~siderabl~ 

concern. F~hez work was d~ferz~d unt~l a~t~r World War ~ and 

i~ 1948 a churn drill program was begun in the Oxide a~ea to ch~ok 

the previous results an~ to loeat@ extensions of known mineralization. 

• t was also ~ecogn~zed that ~llabl~ guides to cha~coo~te enrichment 

which could b~ interpreted f~om o~tcro~ s~udi~s~had y~t to be 

established~ in 19~7 Prof. Paul ~.Rerr of Colu~bia University was 

-xetalned to stniy the distribution of alteration, whish he had 
prsv±ously fosnd to be a useful or~ quid8 at Santa Rita. In 



Nmvember 1945, Harold Court~%ght was sent to Tucson by W. R. 

Landwebr, Chief Geo%ogist for the western Mining Department, to 

s~t up and sup~fv~e the churn drill program and to m~k~ a study 

independent f~om Kerr's of the geology of the area as ~t related 

~o th~ int~rpretetion of the drill results. 

K e r r ~  CoDclu~4~-~ that surface alteration could 

be ~sed ~S an ore ~ ~egar~les~ of whe~he~ ~ ~ s u ~ f ~ c e  

ind!catlo~s of m~ezalxzah%o We~ pre~ent L~er ~rill~hg suggeshe~ 

~hat surfac~ alterat~oD w~S not ~h~ py%ncipal ~u~ds to s~per~en~ 

ore and, in addition, ~hat sOm~ of the alteration ~;~s itssif o~ 

~port~ s~peZ~ene or%gin. In July %7, 1948, Courtr±ght =- d tha£: 

"A ~tudy of th~ o%tcrops over ~he OXide orebo~y an~adJ~nt 
areas d~sclosed tN~ fact ~hat potable variations O~ both 
the color an~ intensity of residual llmonit~ worm pres@n~ 
The attached 200-scale msp was prepared to depict the dis ~ 
trlb~io~ and relative mntensmty of copPg~ ~ ' "~' 
eV~enc~ by characteristic l~mon~te vis~b.e i~ th~ bedrock 
exposures. The characteristic ~imon~%e, appa~eDtly ~erived~ 
~rom pyritic chalcocite~ POSSesses a ool0r v~yin~ from purple 
tinged dark red to ¢ho~oi~te b~own. In co~rasb~ the outcrops 
over ess~ntially pyritic bodies exhibit y~low a~d brick red 

,,Blue.green s~alns and veinlets~ ~epreSenting ch~yso- 
co%la fo~ the mOSt part~ a~e prominent ~n some o~ ~he S~askit@ 
outcrops in the ~rea. .... Such areaS, classed ~S weakly 

d ~eralized, are ~ot COns~ds~ tO bold potential!£ie~ %n 
yesps~ to ~isss~inated copper O~e/ regardless of ~helr 
spectacula~ appearance." 

~txl!Z~n9 the above ~u~des an eventual mining reserve of 

mill!OD tons mv~aging % Cu was defined in the Oxide area. 

1948, K~nyon R~chard and J, C. ~layt~r ~@~@ th~ area of 

' • "o Tiro area~ 
prev~oualy indicated ~isss~iDate~ mzneral~Zat~ n ~n the ~! 

~te~pretin~ zones of stron~ sheeting in alaskite a~d a chaxao%er- 

istlc "live" limo~its as ore guides they recommended 20 holes which 

eventually ~d to th~ definition of a ~ininq r~serv~ o~ 



a in- % cu ' ~ -- • " mill£on tons verag w ~ " ~g~4 l~/.u~ 

s 

In 195~ the D~f~nse Materi~! Pro~u~e- 

• • .... h~-~-~e 177 million pounds of copper 

in Ma~h 1954, , %~ ' , 

Xn 195JSteph~n Von ~Y began a field study ~Dder th~ direction 

of Richar~ an~ C0ur~riqh~ o ~  the expl~rati~ posslb£1it~es for small 

high @fade Copper deposits in ~he skarns eas~ o~ E1 Tire pit. He. 

also rsv%ew~ oI~ file data previously acquired {tom ~he Zmper%al 

Cop~er Company and foun~ nu~]ero~s c~n~nts re~rdi~g "lOw @=~da " 

..,.. cupr~ferO~S pyrite", ,,~mp~rceptib~e grading of ore in stops$ 

into nO~-Ore grade m~ar{~l", and core ~terce.~.ts co, raining 

0.4-1.0% Cu b~in~ described as "barren ;oek." ;oD F~y's wore led 

te r~cognitlon o~ the potential fez ~issem_n~d mineralmZat~on 

in %he a~te~ed m~msn~s, ~nd subsequent drii~in@ ~n this ~r~a ~xned 

a zone conta%ning roughly 10 m~lio~] to~s avera~ins 0.,89 Cu aS ch~l~o-y ' 

' ~ a l~.on tons of oxidx~d material 
pyrite overlain by an ad~iO~ ~ i0 rail 

? 
,.,~,, • \produe£ion to date s% 

avera~iDg'. I%/ Cu as ohrysoooll~ and malachite, ] 

I ' m£11io~ to~s a v e r a g i r ~  ' 7 ~ % Cu. 
Silver Bell has been 

-11-,,-- ~m~oreanee o£ Silver B~i% tO Asarc'o ~ransends its meZ~ 

~ '~ ' °~"  <÷~' pro{~abi~ity. It was t~ uu~.~ = . , 

~// .,;~ . - --= . . . .  te ~ ~ow,~rd ~re~ater Integration 
" ~ [ ~ > ' ~  mZni~g operation an~ was a m~su~ = ~ ~ ~ '  

~ - ' . . . . . . . .  ~a- ~=:~ ~iOUSlv bee~ largely .a s~eZting 
\ of ~]~%ing opera tzo~s mn~u ~:~ ..... r . . . .  

and refinln9 business. Tn ~ddit£on, %he success of Silver B~II and 

the emergSng importance of Ay&zona as a major porphyry copper provinc~ 

~ed to the org~Dizat~on of a porphyry ¢Oppe~ program by Kenyon Richa rd~ 

, and Harold Cour%righ% which r~sultsd in discoveries at'Misslon, sacatOn 

and sls6 Chera- 
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Exploration Department 
Frederick T. Graybeal 
Chief Geologist 

ASAR¢0 
7 

July 27, 1983 

Mr. J. D. Sell, Manager 
Southwestern U.S. Division 
Tucson Office 

Dear Mr. Sell: 

Regional Structural Control of 
Mineralization at Silver Bell 

I have your note of July 13 which resurrects the hypo- 
thetical caldera setting at Silver Bell. I have wondered 
about this for the past 20 years or so and am not the first 
one as you note. Control of the alteration at Silver Bell 
by a ring structure is certainly a possibility particularly 
in view of the vast volumes of volcanic rock which must have 
generated some type of collapse phenomenon subsequent to 
eruption. In addition, because Silver Bell is eroded to 
moderate depth, it is likely that the perfectlycircular 
symmetry common in high level calderas might become dis- 
torted by basement structures and one could therefore argue 
that the lack of perfect symmetry at Silver Bell is merely a 
function of depth. 

The major structural feature between Oxide and E1 Tiro 
pits is a healed fault structure which separates alaskite 
and Mesozoic sedimentary rocks on the southwest from Paieozoic 
sedimentary rocks to the northeast. This line'can be seen 
on the hydrothermal alteration map prepared by Richard and 
Courtright as it follows the southwestern limit of silicated 
limestone. It is interesting that this very fundamental 
structure actually cuts across the alteration zone in the 
E1 Tiro area rather than running parallel to it even though 
the structure is of pre-mineral age. It is likely that the 
near north-south orientation of the alteration zone between 
E1 Tiro andnorth Silver Bell follows a swarm of high level 
quartz monzonite porphyry stocks which, in this area, have 
a nearly north-south elongation. On a larger scale, however, 
when the alteration zone is traced farther to the north be- 
yond the limits of the Richard and Courtright map it actually 
bends back to the west again taking the shape of a giant 
cymoid loop with the E1 Tiro area in the bend of the loop. 

ASARCO Incorporated 120 Broadway New York, N.Y, 10271 (212) 669-1000 
Telex: ITT 420585 RCA 232378 WUI 62522 Cables: MINEDEPART Telegrams:WU 1-25991 
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Mr. J. D. Sell - 2 - July 27, 1983 

I want to emphasize very strongly that the northeast- 
striking veins at Silver Bell do not follow pre-existing 
structures. They are the structures and probably formed by 
a phenomenon similar to hydraulic fracturing. The same 
also applies to the quartz monzonite porphyry and monzonite 
porphyry dikes extending northeast from E1 Tiro pit. It is 
important to recognize that the El Tiro area does not owe 
its location to pre-ore northeast-striking structures, but 
rather to an intersection of a northwest structure and a 
north-south structure. The northeast structures in the E1 
Tiro area and elsewhere within the alteration zone at Silver 
Bell are all syn-ore. 

Very truly yours, 

F. T. Graybeal 

cc: WLKurtz 
~HCourtright 



SILVER BELL UNIT 

May 18, 1984 

S-IO.IO 

Memo To: 

From: 

Subject: 

B.K. Malone 

David Sawyer 

Exploration Possibilities Around The Oxide.And 
E1Tiro Mineralized Centers, Silver Bell District 

At the end of my two year period of field work in the Silver Bell 
District, I felt it might he useful to write my impressions on areas 
of exploration potential that remain to be fully examined. These 
condusions are based in part on my own work, having geologically 
mapped arotmd the Oxide and E1Tiro areas at 1:24,000 scale, and in 
part come from having reflected upon previous geologic work on the 
district written in articles, reports, theses, maps and cross-sections; 
supplemented by my own examination of drill core and drill logs while 
collecting samples for my own study. The conclusions are certainly 
preliminary, and would need further geologic work to evaluate. Perhaps 
some of them can be laid to rest based on more detailed knowledge of 
other workers who are more familiar with Silver Bell than I. The 
discussion following will be broken down into areas of potential high- 
grade reserves, and potential low-grade reserves. 

POTENTIAL HIGH GRADE RESERVES 

Supergene Enrichment Blanket Mineralization 

After studying the geology of the Silver Bell District in detail for 
two years, I am confident that Kenyon Richard, Harold Courtright 
and other early workers have identified all areas of significant leached 
capping and potential high-grade chalcocite blanket-type mineralization. 
All potential targets in the alteration/mineralization zone extending 
from North Silver Bell to E1Tiro to Oxide (which my studies indicate 
is a ring fracture margin of a caldera) have been carefully identified 
and evaluated. Some potential for low-grade mineralization of this type 
exists and will be discussed in a subsequent section. 

Skarn or Tactite Mineralization 

I believe that the best possibilities for additional high-grade copper 
reserves in the Silver Bell district are associated with skarn mineraliza- 
tion in areas adjoining the E1Tiro and Oxide pits. The caldera model 
has significant implications for the search for skarn ore, because of 
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the perspective it will provide on the distribution of favorable 
Paleozoic sedimentary host rocks for replacement. In contrast to 
previous interpretations of the Paleozoic sequence at Silver Bell 
as being a complete section tilted homocl2nally to the east (Merz, 
lfi67), my work has shown the Paleozoic rocks to be affected by 
significant omission of strata caused by bedding plane thrust faults 
(Laramide, precaldera), as well as large scale structural juxtapositions 
of internally coherent caldera collapse megabreccia blocks. These 
structural complexities will take detailed geologic mapping to resolve, 
in order to have predictive understanding for locating exploration 
drill holes. 

W E1Tiro: (W of Daisy pit) Several exploration holes have been collared 
in the alaskite (biotite granite) and then crossed into strongly mineral- 
ized skarn, interspersed with minor dacite porphyry. (Confidence Peak 
lithic tuff). Grades have ranged up to 0.8 - 2%, though generally for 
not more than a couple of benches (except in hole D219 where 368' of 
1.09% Cu was intercepted; hole 241 also has higher-grade ore). Some of 
this mineralization is moderatly deep, occurring between 2300' and 1800' 
elevation. The contact between the biotite granite and lithic tuff 
(and enclosed sedimentary rocks),is an expression of the ring fault zone 
and appears to dip steeply west. Significant areas in the footwall of 
this contact zone remain to be tested for the distribution and grade 
of high-grade Cu skarn ore. 

N W Oxide: (area from just E of N Bu~e to NE side of Copper Butte, N of 
Dump #3, W of the dike). Strong skarn alteration exists at the surface 
in this area, but the downward extension of it has not been thoroughly 
tested. Unfortunately, some areas at the surface have been covered by 
waste dumps. Moderate grade Cu skarn mineralization (0.5 - 1.0% Cu) 
has been drilled in this area, but the vertical and lateral extent of 
this mineralized zone and its overall grade has not been determined. 
High-grade potential would seem to be strongest toward the SW, adjacent 
to the contact between the lithic tuff and the biotite gTanite or quartz 
monzonite porphyry. 

° 

Nightingale Mine area: (basin midway between Oxide and E1Tiro). Skarn 
alteration in this area, particularly to the W as the contact between 
the lithic tuff and biotite granite is approached, is locally strong 
but to my knowledge potential mineralization has never been tested by 
the drill. An orthoclase quartz porphyry pluton occurs in this vicinity, 
and is very similar to one associated with ore in deep drill holes in 
the E Extension area. The pluton is relatively unaltered but the 
possibility exists of deeper mineralization associated with its contact 
margins. 
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POTENTIAL LOW GRADE RESERVES 

By this I generally mean areas of hypogene or low-grade supergene 
mineralization in silicate igneous rocks, at Silver Bell ranging in 
grade from .2 - .5% Cu. Two main areas strike me as having poorly 
constrained potential reserves in this range of cutoffs, though 
undoubtedly more remain. In fact, most of the area beneath the present 

exploration drill coverage in E1Tiro and Oxide pits (which bottoms 
out close to the present mining surface) could be considered as 
potentially containing low-grade reserves. 

Imperial Stock: This is the pluton which occurs between the main E1Tiro 
and E extension pits, and is well exposed on the W side of the E extension 
pit. In previous works, it is often referred to as the "barren pluton". 
However, my interpretation of the drill logs from the very few holes 
drilled into its margins indicate that no holes have been drilled much 
below the leached oxidized zone, or evaluated the grade of hypogene 
copper mineralization below through most of its area of outcrop. The 
observed "barren" quality of the pluton may in part be a function of 
surface leaching. Inspection of leached capping in outcrops shows no 
evidence that would indicate a high-grade chalcocite enrichment blanket 
at depth. However, there may have been weak enrichment of a hypogene 
protore which would constitute a potential low-grade Cu resource. At 
least a few exploration drill holes should be drilled to evalute hypogene 
Cu grades in the Imperial stock and potential low-grade enrichment. 

E of Oxide: In the area between Oxide pit and the deep drilling associated 
with the E Silver Bell exploration project in the mid 70s, there exists 
an area of moderately strong to strong alteration tested by only a low 
density of drill holes. The potential exists in this area for weak 
enrichment forming low-grade chalcocite bodies, as well as deeper hypogene 
Cu mineralization. In this area the question of whether the ore bodies 
were tilted ENE along with the Laramide volcanic rocks in the central 
Silver Bell Mrs. assumes importance. If the ore bodies are tilted, then 
hypogene mineralized horizons would occur at progressively greater depths 
to the E of the main Silver Bell ore zone. A test to evaluate tilting 
of the ore bodies would be a paleomagnetic study of the Silver Bell 
district. Such studies in the Yerington, Questa, and Red Mt. (Henderson, 
CO.) mining districts have documented the extent and timing of tilting 
and their effect on ore distribution. 

DS/me 

cc: SAAnzalone 
WLKurtz 
JDSell 
FTGraybeal 
RCummings 
LJohnson 
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Southwestern Exploration Division 

July 13, 1983 
JUL i 5 I~83 

File Memorandum 

Comparison of Silver Bell, AZ 
Fault Pattern with 
Goldfields, NV 

Mr. David Sawyer, University of California, Santa Barbara, doing a Ph.D. 
dissertation in the Silver Bell region, remarked in his visit to this 
office in June that perhaps a caldera setting was possible at Silver Bell. 
Such a feature has been suggested in the past but I cannot recall any 
serious writings on the problem. 

It is interesting to compare the Ashley Figure 1 (attached) of the fault 
pattern of the Goldfield, NV District, with that of Richard and Courtright 
(Figure 1 attached) of the mineralized zone at Silver Bell, AZ. I have 
sketched on the equivalent portion of the Silver Bell zone onto the Gold- 
field map. 

Note the curving sweep of the E1 Tiro-oxide zone tailing eastward with the 
intense northeast fracture zones controlling the location of the orebodies, 
with that portion of the Goldfield zone. The Goldfield ore zone is also 
essentially where the northeast faulting intercepts the sweep of the curving 
fault pattern on the west to southeast. 

Also attached is Figure 8, Ashley, showing the hydrothermal altered and 
ore-bearing areas at Goldfield. 

In both cases--Goldfield and Silver Bell--the major deposit(s) found to 
date are at the northeast fracture junction with the inflection portion 
of the sweeping curve; equivalent to the southwest portion of a caldera 
root system. 

JDS/cg 

cc: JHCourtright 

mes D. Sell 

Reference 

Richard, Kenyon, and Courtright, James Ho, 1966. Structure and Mineraliza- 
tion at Silver Bell, Arizona, in Geology of the Porphyry Copper Deposits, 
Southwestern North America, Titley and Hicks, Editors, Univ. of Arizona 
Press, p. 157-163. 

Ashley, Roger P., 1979. Relation Between Volcanism and Ore Deposition at 
Goldfield, Nevada, in Papers on Mineral Deposits of Western North America: 
Nevada Bureau of Mines Report 33, p. 77-86. 
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ASARCO Incorporated 
S ~ l v e r  lh i l l  Unit 

Silver Ik:]l, Arizona 
/d 8 /v~ : 7~" 

LOCATION: 

PLANT: 

garch 1976 
3. H. C. 

S i l v e r  B e l l ,  A r i z o n a , 4 0  m i l e s  n o r t h w e s t  o f  Tucson ,  A r i z o n a .  

2 P i t s  - Known as Oxide and E1 T i r e  - A p p r o x i m a t e l y  2½ a i r l i n e  
m i l e s  a p a r t  o r  3½ m i l e s  by  hau l  r o a d ;  

C r u s h i n g  P l a n t  - 600 Tons p e r  hour  c a p a c i t y  - Ore c r u s h e d  from 
maximum s i z e  o f  48 i n c h e s  t o  1 /2  i n c h  f o r  m i l l  
f e e d .  :" 

Mill - 11,400 Tons per day capacity or 4,000,000 T o n s / Y e a r .  
C o n c e n t r a t e  s h i p p e d  t o  Hayden f o r  s m e l t i n g .  

HOUSING: 175 two and three bedroom houses - 24 two and three bedroom 
apartments. One trailer court for private trailers. 

300 Employees, living in Silver Bell, Avra Valley and Tucson. 

Recreation Facilities: Other Facilities: 

Recreation H a l l  
Swimming Pool 
Ball Park 

Post Office 
Grocery Store 
Barber Shop 

WATER: Wells drilled on ASARCO land in Avra Valley. 18 inch pipe line 
from wells to mill - 8 miles. Static Head 950 feet from water 
level to receiving tank. Estimated percent consumption 2000 gais/min. 

POIqER: Electrical power purchased from The Tucson Gas ~ Electric Company. 
Consumption: Six million kilowatt hours per month. 
Natural Gas used for heating. 

MINE PRODUCTION TO JANUARY I, 1976 

Oxide Pit: 33%689,000 Tons Ore 
17,817,000 Tons Leach 

: 30,825,000 Tons Waste 
82,331,000 TOTAL TONS 

E1 Tire Pit: 36,584,000 
38,023,000 
84,587,000 

159,194,000 

Tons Ore 
Tons Leach 
Tons Waste 
TOTAL TONS 

2 4 1 , 5 2 5 , 0 0 0  Total Tons moved t o  d a t e .  

PRODUCT PRODUCED: Copper Concentrates 
Cement Copper 

64,000 Tons/Year 
5~600 Tons/Year 
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ROAD LOG 
WEST SILVER BELL ~OUNTAINS 
1969 AGS Spring_Fie!d TriA 

Meeting begins at ASARCO parking lot, T150 N. 7th Avenue. 
Caravan will Lake Speedway west to the freeway (Casa Grande 
H~ghway} and travel north. Log begins at the Ruthfauff Rd. 
overpass. Truck stop complex on the r~ght. 

Total  
Mi les  l n te rva ]  

O 0 

Road Log 

Ruthrauff road overpass. 

1.I ~ ,1 Orange Grove Rd, Areola Peak at 9 o'clock Ts the high point in the 
Tucson Mounta ~. ns. 

5.8 4.7 Certaro Rd. overpass. Saf ford Peak a t  ~ o ' c t ock ,  is a dac i te  neck. 
The low r idges on the l e f t  are m i d - T e r t i a r y  vo lcan ics .  Picacho Peak 
is dead ahead on the sky l i ne  ( v i s i b l e  unless smog is unusual ly  heavy) 

8.1 z.3 Prepare to take r i 9 h t  hand ramp o f f  freeway at  Avra Va l ley  Rd., e x i t  
m i le .  Move to r rgh t  hand Tone. 

f.O Ex i t .  

9.3 8.2 STOP. Turn l e f t ,  Rd. sign po in ts  to RILLITO. 

O . l  DO NOT t u r n  right at  s~gn R1LLITO. Continue 

9,5 0.t Sma]l sign on the ]ef# d i r e c t s  to ASARCO, StLVER ~ELL--23.m~res. 
Fol low th i s  paved road. 

9.8 0.3 Crossing north tip of the Tucson Mountains. Bridge crosses 
Santa Cruz River. 

10.5 0.7 Road cut in mid-Tertiary andesite. 

10.6 0.1 TRUCK CROSSING, CAUTION. Ar izona Cement Company p lan t  at 3 o~clock;  
l imestone quarry  at £ o ' c l o c k  is an o u t l i e r  o f  Paleozoic s t r a t a ,  
known as Twin Peeks or (o lder  r e f . )  Picacho de Calera. 

10.8 0.2. At 9 o'clock: Looking south into Safford Peak, a volcanic neck 
intrusive into gently d[ppFn 9 mid-Tertiary vofcanics. The 
horizontal strip of white visible ahead just below the skyline is 
the S~Iver ~e] l  tailing pond. 

12.6 1.8 At  9 o ' c ]ock ,  Twin Peaks and a ]o{:, h i l |  to tile nor th ,  both Paleozofc 
]imestone 0utliers. Ahead on the skyline, the Silver Bell tellings 
pond is in a narrow va l l ey  bas in  between the S i l v e r  Bei~ Mountains 
on the nor th and the Waterman Ftountains an the south. The hi9h 
peaks in the Central  S i l ve r  Be]] Houn~ains are For~ed oF Laram~e 
fgnlmbrite; the jagged peak to the north is Ragged Top, an eroded 
mid-Tertiary plug. To the southwest, about ]0 o'616ck, K~tt Peak 
on the skyline, as is Baboquivari Pea~}about 9 o'clock. The low 
range in view on the southwest is the Roskruge Mountains, of Laram[de 
voi can ~rJs. 



Total 
miles In terva l  
14.8 2.2 

19.3 4.5 

23.8 4.5 

27.6 3 . 8  

28.5 0.9 

29.0 0.5 

30.2 1.2 

30.8 0.6 

3I .6 0.8 

31.7 O.1 

3) .8  o . i  

3 l. 85 o. 05 

3t .£  0.05 

32.2 0.3 

32.3 0.I 

32.6 0.3 

32.8 0.2 

3~-.4 l .6 

34.9 0.5 

35.1 0.2 

36~0 0.9 

. 1 2 1  , 

ROAD LOG r ~:- " 

• . .:7 ~- ~ :  
i 

Crossing Avra Valley--good farm land. 

Your car is pointed at the Silver Bell tellings pond. &agged Top 
on the skyline at I -otclock. The Sasco~Hills at 2 o'clock form 
the I o~7 skyline. Picacho Peak .and Picacho Mountains are at 3 o'clock. 

Low h i l l s  nearby on the r igh t  are post-mineral ,  mid-Ter t iary  andesites. 
A conglomerate beneath the flows contalns altered porphyry fragments 
with cavities derived from leached sulphides. 

Enter a s~[ght ly  trenched pediment carved on t i l t e d  Cretaceous ( ? )  
£1a~t lc  sediments. 

Tin Build~ngs in a l;ttle saddle at 10 o'clock, with the narrow 
road Jeading up to them, mark the indiana Nine, a lead-zinc 
replacement in Paleozoic limestone. The limestone bluffs on the 
l e f t  form the north edge of the Waterman Mountains. 

Ti tan Hiss le s i t e  at 9 o'cJock. 

Tailings pond on the right. 

Road swings northerly toward Si]ver Be]] camp. Brown colors Jn t~e 
foreground hills indicate a pervasively mineralized zone of igneous 
rocks. The hump-back hill at I o'clock is Portland Ridge--possibly 
an intrusive ignimbrite; Silver Bell Mill is at its base. 

ResFdence area on the left. Hine offices are ahead. 

Slow, |E mph. Turn Taft at the speed ITmit sign. 

Swing around the loop and enter the paved road going south. 

Cattle guard. You have gone too far. Back up lO0 feet and turn 
right on a graded dirt road, a part of tlqe old Silver Bell road 
maTntained by P;ma County. Please do nat gee ~ost here. 

Turn sharp ] e f t  and fo]]o~,' ~he graded rood. 

Cretaceous red beds, 

Corrals and ranch house. 

Leaching plant at 3 o 'c lock.  Al tered i£neous h [ I ] s  at 1-2 o 'c]ock.  

~4eak a l t e r a t i o n  of K? sediments. 

From the las t  point  the road has run para l le l  and s f i g h t l y  west of 
the l im i ts  of pervasively mineral ized zone. 

From last  point  road is on weak~y a l tered and mineral ized igneous rock. 

Old smelter slag dump. " , " !  . . . .  

Point of dump by road. Frc~ l a s t  po[nt road has crossed s~reaks 
of ~eEy weak mineral izat ion. The main zone of pervasive mineral[zatlon 
is to the east. 



To ta 1 
#tiles interval 
36.3 

3 6 . 8  0.5 

"3- 
ROAD LOG 

Road enters unaltered igneous rock, 

Cat t le  :guard: A t las  ~ine ( lead-z inc  replacement) at 2 o 'c lock .  

t 

37.2 0.4 County road curves right. Take left fork. 

37.8 0.6 Cross road, turn l e f t .  

37.9 0.1 Graveyard. 

38.o 

38.8 

O.1 Take left fork .  

0.8 Road leading north. Cont;nue straight. 

40.0 I .2 

40.3 0.3 

Fence and 9ate. ContTnue ahead. 

Fence and gate. Enter Papa~o Ind|an Reservation (S~J Cor,Sec 31, T l l  SIR8E), 

41.0 0.7 5harp ridge of Claflin Ranch formation, at 3 o'clock, dips 30°E. 

41,7 O.7 Low hilss of andesite and Cretaceous sediments. 

42. I 0.4 Road leads north to Gato Peak. Continue ahead, 

42.3 0.2 Take r igh t  fo rk .  

42,5 0.2 Cretaceous sediments on the r i gh t .  Paleozoic l imestone makes sharp 
gray ridges ahead. 

42,6 O.! Take f e l t  fo rk ,  aTon~ power l~ne, 

42.8 0.2 PaTeoza[c l imestone, dips east, on rTdges ahead. 

43.2 0.4 Take road leading north ( to  the r i gh t ) .  

43.5 

43.7 

0.3 

0.2 

Take r~ght fork. 

Stop I.  Hike about 600 yards up to Cretaceous-Paleozo;c contact,  
A basal conglomerate is present, overlain by arkoses and siltstone 
of presumed Cretaceous age. The lithology is similar to that of the 
Amole Arkose in the Tucson tlountains. 
From Stop I drive northerly following bulldozer road and tire tracks 
overland as required. 

44,.£ 1.2 

45.5 0.6 

45.8 0.3 

46. t 0.3 

Desert Auto road crosses bu l ldozer  t r a i l .  Turn r i gh t .  

Gato Peak at ~ o'clock, Claflin Ranch fm~ dips NE. Sharp peak of 
K sediments, at 3 oecTock, dips steeply ~$E. Ahead, Ridges and Peaks 
formed from Si]ver Bell and C~af]in Ranch formations. Begin detour 
to stops 2, 3, and 4. Take bulldozer road south (turn right). 

Stop 2. CTafTin Ranch formetTon, iso lated outcrop of g r i t s  and 
s|Itstone, d(pping t~O°tlNE. Icjnlmhrlte at this stop micjht be intruslve. 

£tc~p 3 (brieF) Small exposure isolated [n alluvium. Ledge of typical 
limy grit and conglomerate of the Cretaceous section. Dips 70°NE. 



, • ,' / 

Total 
Miles Interval 
46.5 0.4 

68. o 1.5 

~8.8 o.8 

49.6 O. 8 

t~9.7 o.1 

50.0 0.3 

50.I o.1 

50.2 0,I 

50.3 O. I 

50.5 0,2 

51 .o 0.5 

51.1 0 . I  

5 1 . 6  o .5  

5 2 . 2  0.6 

52.3 O. I 

53.3 1.0 

: ROAD LOG 

Stop 4. Hike east ,  down slope and cross small wash onto next r~dge,- 
about 300 yards. Cross steeply inclined strata typical of the 
Cretaceous section. Th~n beds of arg;|Iite and sandstone, and some 
thin silty limestone. All slightly metamorphosed. Return to beginning 
o f ' d e t o u r .  T u r n  r i g h t ,  and c o n t i n u e  on d e s e r t  a u t o  r o a g .  

Begin detour to Stop 5. Take cress road right 0.8 miles to southern 
base of Gate Peak. Do not take any left hand forks. 

Stop 5. Claflin Ranch formation forms the resistant ledges of Gate 
Peak, overlying the andesite conglomerate and/or flows, and/or 
intrusive andesite. The attltude which can be seen in-a few places 
is parallel to the Cretaceous s~rataon each side og ,this andesltic 
complex, and is markedly divergent from the attitude of the overlying 
conglomerates of the Claflin Ranch. We interpreL ~he contact as an 
unconformity possibly equivalent to the Tucson surface in the Tucson 
Mountains. Refer to the geologic sketch map for better visual ization 
of structuraI relationships. 

Return to beginning of detour, turn right and contfnue on desert 
auto road. 

Abandoned windmi 11 . 

Large wash, Brive or walk south toward stops 6, 7, 8~ and 9. 

Stop 6. Cat l.%ountaTn rhyolite; Dipsf5 ° RE, Laramide welded ignimbrite, 

Stop 7, Arkose with a few pebbles, This could mark the erosion surface 
present in some localities at the base of the Cat Hountain (as in 
the Roskruge Hountair~s). 

Stop 8. Andes;te. This does not display the typical Iaharic breccia 
texture o£ the Silver Bell formation, but is probably more or less 
equivalent to that format?on (Note: if Caravan drives down the wash, 
turn around at stop 8). 

Stop 9. Sandstone and andesite-conglomerate of the Claflin Ranch 
formation underT~e ~ndesfte breccia of the S~ver Bell formatron. 
The length of time at this stop will depend partly on the temperature 
and general state of decay oF the dead cow in the pothole et the 
contact above described. 

Return to detour point and continue. 

Stop IO. ~,~'alk east up slope for outcrops of Cat Hountain rhyolite. 
Begin return route, crossing the northern part of the Silver Bell Mts. 

Cat t l e  Nuard. 

Take road leading east (right), Before turnFng, pre-Cambrian granite 
ridge forms skyline at 10 o~clock. 

The black mesa ahead fs Mrd-Tett{ary='basa[t. 

Crossing the point of a rfdge of mid-Tertiary basalt. 



Total 
Miles Interval 
53.4 O.l 

53.9 0.5 

s 4  1 0 .2  

54.9 0,8 

56.2 t .3 

57.6 ! .4 

59-9 2.3 

ROAD LOG 
m 

:7-*-. "~-i 

Connection with desert road, turn l e f t .  

Turn r i g h t  on road, along fence. 

Take rTght fork, 

Turn right, then }eft and pass through gate on a road crossing easterly. 

L igh t  tan rock on lower slope of Mesa, at ~0 o t c lock ,  is pre-CambrTan 
g ran i te  which I~es beneath the basaft ~/ow. 

& 

Cat t l e  guard. Turn l e f t  on the old S i l v e r  Bel l  road., ~efore turn ing,  
Ragged ~op is at  1 o | c l o c k .  The m l d - T e r t i a r y  v o l c a n i c - t e x t u r e d  pIug 
intrudes along a f a u I t ,  s i r ; k i n g  WNW, which br ings pro-Cambrian 
granite on the north against taramlde volcanics on the south. 

Le f t  bend in road. The s t r a i g h t ,  even l i ne  of the road ahead Ts 
because the road is b u i l t  on the old r a i l r o a d  grade which connected 
the Sasco Smelter with the Imperial Copper Company mines at Silver Bell. 

6o .o  0.1 Turn r i g h t  and re~urn on the Cocio Ranch road. Note: This turn o f f  
is eas i l y  passed up as the road is sh ie lded from view by brush. 

6i .5 I ,5 

63.1 1,6 

Ragged Top at 3 o'clock. 

Pediment cut on crumbly pre-Cambrlan granlte. 

63.6 0.5 

66,5 2,9 

El Paso gas line. 

Enter ing  a l l u v i a l  slope to the Santa Cruz drainage. Post-minerat  
vo lcan ic  hF l ] s  (Sasco H i l l s )  are to the nor th ;  an iso lated volcanic 
knob is to the south. 

7 2 . 2  5-7 Connection with road crossing. Turn right. 

74.6 2.4 Trico Compressor Plant. 

79,2 4,6 Connection w i th  cross road, Turn r i g h t ,  

79.7 

85.9 

0.5 

6.2 

Connection with Avra Valley road. Turn left. 

Casa Grande Highway (freeway). Turn right and return to Tucson. 

NOTE: Alternate route through Red Rock to Tucson. Continue past 
60.0 m~[eag~ at Coc[o Ranch road. 

62. ] 

65 .4  

2. i Pro-Cambrian g ran i te  on the r i g h t .  Sasco h' iTls TmmedlateTy ahead, 
made of mld-Tertiary volcanics and conglomerate. 

3.3- Ruins of Sasco camp on the right. 

65.7 

67.6 

0.3 

1.9 

Ruins of Sasce Smelter on the left. 

Santa Cruz River (with water, toot ) 

72.7 5.1 Re& Rock. Turn right to connect with Casa Grancle High,~ay to Tucson. 
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AMERICAN SMELTING AI'ID REFINING CO/4PANY 
Tucson Arizona 

January 12, 1972 

Mr. R. B. Meen 
Building 

Silver Bell District 
Pima County, Arizona ' 

Dear Sir: 

Enclosed is a copy of my letter to Mr. Collins recommending a thorough 
study of the "greater" Silver Bell district. Both Mr. Collins and Mr. 
Snedden have given their approval for this work. Mr. Snedden requires 
that the Silver Bell geologist not neglect his normal duties to help 
the Southwestern Exploration Division and, further, that the Exploration 
Division will inform Mr. Jameson whenever they will be working on the 

Silver Bell Unit's ground. 

I am assigning Mr. Graybeal to conduct this study and I am sure you, 
14r. Jameson and Mr. Cameron will help him in any way you can. Because 
of the need to find outlets for the acid produced at Hayden, Mr. Graybeal's 
immediate attention will be placed on the search for and development of 
oxide copper reserves. 

Mr. Graybeal will plan to start work in the Silver Bell District 

immediately. 

Very truly yours, 

W. L. Kurtz 

WLK:Iad 
Enc. 

CC: JJCollins - w/o enc. 
TASnedden - w/o enc. 
JHCourtright - w/o enc. 
DkJameson - w/enc. 
FTGraybeal - w/enc. 
JWCameron - w/enc. ~ 

bc: RBCrist - wlo enc. 
JDSell - wlenc.~ 



AMERICAN SMELTING AND REFINING COMPANY 
Tucson Arizona 

December 20, 1971 

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

Silver Bell District 
Pima County, Ariz0na 

Dear Sir: 

For sometime now I have considered that a thorough geological study of the 
Silver Bell District should be conducted by the Southwestern Exploration 
Division. For this study I would consider the Silver Bell District to mean 
a large area surrounding Silver Bell and not just the known, exposed alteration 
z o n e .  

The purpose of this study is to locate copper targets both within and outside 
of Asarco's ground. The work within the main district would be coordinated 
with the Silver Bell Unit and, hopefully, the Silver Bell geologist will have 
time to aid in this study. 

This work would utilize all existing information (geology, drilling, assays, 
geochemistry, geophysics) coupled with the appropriate field and laboratory 
work. This in-depth study will point up not only residual targets within the 
main district, but also new possibilities outside of the main district. The 
study will be concerned not only with near-surface targets, but also 
possibilities at depth. Though testing of the deeper targets may not be 
undertaken at this time, it is an integral part of any thorough study of a 
major mining district. An important part of thisstudy will be the endeavor 
to locate oxide copper reserves. As you recall, in our discussion of oxide 
copper deposits earlier this month, the Silver Bell District was thought to 
hold one of the best potentials available to Asarco. 

An important outgrowth of this study should be a better understanding of the 
copper mineralization at Silver Bell, its regional setting, and its similar- 
ities and dissimilarities to the Lowell-Guilbert model. The information 
gained in this study should greatly aid in our continued exploration for 
porphyry coppers in the southwest. 

With your approval, I should like to appoint one of the Division's geologists 
to this interesting and difficult assignment of a thorough, intensive study 
of the "greater" Silver Bell District. Since the work will involve a study 
of the records of the Silver Bell Unit, will you please obtain Mr. Snedden's 
permission for us to have access to the property and pertinent records. 

WLK:Iad 
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AMERICAN SMELTING AND REFINING COHPANY 
Tucson  A r i z o n a  

December 4, 1969 

TO: 

FROM: 

J. H. Courtright 

W. G. Farley 

Geophysical Surveys 
East Silver Bell Area 
Pima County~ Arizona 

On September 5, 1969, a report was submitted to you Covering geo- 
physical surveys in the East Silver Bell Area. Attached to that report 
was a Silver Bell Peak Quadrangle base map with geology after the 
Arizona Bureau of Mines Pima County Geological Map. Following a review 
of the East Silver Bell geophysical report, Mr. W. E. Saegart suggested 
several revisions in the geological base map. Attached to this memo is 
an updated geological base map of the Silger Bell Area which is to be 
substituted for the earlier base map. Also attached to this memo is an 
expanded ASARC0 Aeromagnetic Map of the Silver Bell Area. 

On the Aeromagnetic Map are also Afmag crossovers from a 1968 McPhar 
survey which suggest fault locations. Of particular interest are the 
fault type Afmag anomalies near the Ragged It. Fault and the fault type 
Afmag anomalies over the aeromagnetic low lobe southeast of the Ragged Mt. 
Fault. These coincident features would tend to confirm the author's 
earlier interpretation in the September 5, 1969, report suggesting that 
the aeromagnetic low east of Silver Bell was caused by e southeast ex- 
tension of the Ragged It. Fault Zone having hydrotherma] alteration and 
possibly base metal mineralization. 

Another bit of favorable information recently brought forward is an 
exploration note file by J. D. Sell reporting a shear zone in precambrian 
granite containing weak alteration and spotty mineralization in the 
vicinity of the coincident aeromagnetTc low lobe and the Afmag crossover. 
(See attached note file by J. D. Sell.) 

At this time additTona] i.P.-resistTvity depth probes are planned 
for the center of the East Silver Bell Aeromagnetic Low to try and de- 
tect sulfides at depth. Also, I.P.-resistivity traverses will be run 
over the aeromagnetic low lobe in the area reported by Mr. Sell for the 
detection of possible shallower sulfides° Revision of the author's 
earlier recommended deep drilling program may follow the additional 
l.P.-resistivity surveys. S//~.~.~ ;;~ ~ .... ~ 7 , , .  

Wayne G. Farley 
WGF/kvs 

CC: RJLacy 
WESae~art 

JDSell 
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EXPLORATION NOTE FILE-RECONNAISANCE ~ J.H.C. 

Location: N ½, Sec. 34 
T IIS, R9E 
Pima, County 

/ 

P,ope.y Red~i"~"i V 19~°~ 
Area Silver Bell Peak Quadrangle 

DistrictNE Silver Bell 

Mt. Range 
• State A r i z o n a  

Field Check by: 
J a m e s  D. Sell Oo,e _J__a _n_u_ a _ry__ _6 ,__ _19 6_ ~ .... ............ ! 

Recomm'en de d Company 
Interest Classification: 

[ ]  First Order 
[~] Second Order 
[ ]  Inactive 

None i 
[ ]  Technical 

Conclusion= The coloration is fresh Precambrian granite 
with only minor aplite zones. No alteration or mineralization 
was noted,all other rocks surroundin 9 the hill is either 
volcanic tufts and flows or alluvium. 

Notes on RecconnQissonce: Red Hill is fresh Precambrian granite with only minor aplite 
zones. The granite covers the main hill and extends outward to the west, north, east 
and goes under the alluvial cover. On the south contour bulge an andesite feeder 
system and flows cover the granite and dip off to the south. The andesite also 
covers eastward. Reconnaissance was continued along the roads and float checked 
at each wash crossing. Specific hill outcrops were visited in the center of Sec° 3 
(T 12S, RgE) and the ~ ¼, Sec. 4 (T 12S, RgE). All outcrops and float checks 
showed various volcanic flow rocks with some tuff. The reconn continued northwest 
along the pipeline road and then cut over to the old Silver Bell Road completing 
the traverse around Red Hill. Some weakly altered and mineralized granite was 
found near the center of Sec. 29 (T IlS, RgE) and is reported on a seperate note 
file. 

r-i ,~.~ ̂ ,~°A nn,~ January 6, 1969 ~v James D0 Sell 
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UPDATING THE GEOLOGY AND STRUCTURAL ORE CONTROLS 

AT SILVER BELL~ ARIZONA 

by Barry N. Watson 
ASARCO Geologist - .... 

A talk to be presented to the Miming Geology Division 
of the Arizona Section of A.!.M.E. on May 20~ 1968. 

i 

• " "''I " ' ° 

I 

One of the more complete stratigraphic sections in 
southern Arizona can be pieced together in the Silver Bell 
area. Much of the geology has been worked out by ASARCO 
geologists, while a few important areas have been mapped by 
students as thesis problems. Other portions of the Silver 
Bell area have yet to be mapped in any kind of detail, and 
some of this yet-uncharted geology could well be critical to 
a better understanding of the complex Mesozoic and Cenozoic 
stratigraphy. 

It is my strong belief that a knowledge of certain 
of the stratigraphic units in the.Silver Bell area--their 
lithologic characters and structural settings--would be of 
considerable help to field geologistsdealing with similar 
phenomena• elsewhere in southern Arizona. Parts of the 
Silmer Bell stratigraphic section are accessible only by washes 
or somewhat obscure truck trails, and other portions of the 
section are on~ or readily reachable only by passage through , 
• private property owned bY ASARCO. 

In the following, ! will attempt to briefly describe 
the geologic history of the Silver Bell area/with particular 
emphasis on the Mesozoic Era. ~ knowledge of the area has 
been greatly enhanced through field excursions and conversations 
with Harold Courtright, Kenyon Richard, Jim Briscoe~ Craig Clarke, 
Chuck Haynes, Nick Nuttycombe, Joy Merz~ Fred Graybeal and 
Dr. Willard Lacy. I must take~ howeverj the responsibility for 
the interpretations drawn herein. ' . .  

Figure i is a location map showing the principal topo- 
graphic features mentioned below. Figure 2 is my diagrammatic 
representation of the Silver Bell Stratigraphic column. 

PREC~A[BRIAN - .  

Pinal Schist 

The only outcrop of the basement Pinal Schist known to 
the author in the Silver Bell vicin~.ty straddles the E1 Paso 
Natural Gas pipeline road about two miles east of Ragged Top. 
Relationships with other rock units are obscured by cover, except 
on the south where the schist is bounded by a mid-Tertiary dike 
filling the major W~:7-trending Ragged Mountain fault. 
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Many fragments (ranging up to boulder size) of Pinal- 
like schist are seen in Cretaceous sediments just south of 
R~M Top indicating the presence of ~ considerable area of 
that schist at the surface in the near vicinity during the 
Laramide igneous activity. 

Granite 

A coarse-grained granite is found extensively to the 
north of the Ragged Mountain fault. Large and numerous quartz 
grains--frequently.25 inch in diameter--are set among pinkish 
crystals of feldspar and clumps and books of biotite. In many 
places orthoclase porphyroblasts up to an inch in length are 
co~on. This granite megascopically resembles the Precambrian 
Oracle granite seen near the town of Oracle. 

Paleozoic ~ediments in the Waterman Mountains s~utheast 
of Silver Bell are also underlain by porphyroblastic granite. 

Apache Group 

Younger Precambrian Apache Group metasediments lie on 
granite just northeast of Ragged Top. Locally more than 200 
feet thickj these south-dipping beds are sharply cut off to the 
south by the Ragged Top intrusive which we!~s up along the 
Ragged Mountain fault. The Apache Group stratigraphy here is 
not well worked out~ but it appears as if a few tens of feet 
of probab!~ Pioneer Formation (mixed.sandy and shaly beds) are 
overlain by 2-3 feet of Barnes Conglomerate~ which is in turn 
overlain by thin-to moderately thick-bedded quartzites of the 
Dripping Springs Quartzite. 

Apache Group metasedimemts are missing in the Waterman 
Mountains where McClymonds (!957) notes Cambrian Bolsa Quartzite 
to conformably overlie basement granite. 

s 

Diabase ° 

Well-altered diabase of possible Precambrian age irre- 
gularly intrudes the granite on the northern slopes of Ragged 
Top. As it is found only within granite, it's relative age 
cannot be stated with certainty. The principal period of Pre- 
cambrian diabase intrusion in southern and central Arizona is 
post-Apache Group. 

PALEOZ01C ERA 

The Paleozoic stratigraphy of the Waterman Mountains has 
been deciphered by McClymonds (1957) and Ruff (1951) who mapped 
a well-faulted pile of limestones~ cuartzites, siltstonesj and 

[ shales amounting to a thickness of I~,~00~ feet. In the Silver 
Bell Mountains~ Pa].eozoic stratigraphy was unravelled b$, Kingsbury, 
Entwistle and Schmitt in 191'1 in a ~rivate report to the American 

~. Smelting and R,.~ining Co. Merz (!9~7) undertook the difficult 
study of the altered and mineralized Paleozoic sediments on Union 
Ridge east of ASARC0's E1 Tiro pit. The alteration and mineraliza- 
tion of these Union Ridge sediments will be described in the next 
paper this morning. 
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The Paleozoic section in the Silver Bell Mountains is 
well faulted, locally intensely altered, and generally inundated 
by various Laramide intrusive "units. Although each of the 
Paleozoic periods represented in the Waterman Mountains also show 
in the Silver Bell range~ the section in the latter is obviously 
incomplete. A brief tabulation of units with thickness estimates 
is presented below: 

-" P e r m i a n  q u a r t . z i t e s ,  l i ~ n e s t o n e s ,  s h a l e s . ,  f t .  approx•  
Pennsy !va r~ ian  H o r q u i l l a  L imes tone  . . . . . . .  220 f t .  max. 
Mississippian Escabrosa Limestone ....... 275 ft. max. 
Devonian Martin Formation 300 ft max 
Cambrian Abrigo Formation.. ............. 430 ft. max. 
Cambrian Bolsa Quartzite ................ 230 ft. min. 

• Total 2 "665~ ft e ~ w o • , • 

In the E1Tiro Hills section of the West Silver-Bell 
Mountaims, Clarke (1965) mapped 1,200+ feet of uppermost Permian 
sediments.. Approximately 300 feet of quartzites and do!omitic 
limestones belonging to the Scherrer Formation are overlain by 
@$20 feet of Conchs Formation Limestone and +550 feet of Rain- 
Valley Formation limestone and argillite. T~ese Permian rocks 
protrude from alluvial cover and are overlain by Mesozoic sediments. 

MESOZOIC ERA 

Amole-type arkose 

A clearly exposed contact between Mesozoic and Paleozoic 
sediments is found in the E1 Tiro Hills where Clarke (1965) has 
mapped an estimated 5,000+ feet of probable Cretaceous ~no!e-type 
sediments overlying Permian Rainvalley rocks. The basal Amole- 
• type units, lying on a disconfo~nity, is a massive arkosic con- 
glomerate containing rounded quartzite cobbles up to several inches 
in diameter. This unit of the Cretaceous (?) is several feet 
thick~ the remainder is generally more thin!y, bedded. 

Hayes and Drewes (1968) consider the ~1ole Arkose of the 
Tucson Mountains to be more or less a time-equivalent of the 
lower Middle Cretaceous Bisbee Group sediments. If the Amole- 
type materials in the E1Tiro Hills can be considered correlative 
with the ~mole Arkose~ then Clarke's basal quartzite pebble 
conglomerate qualifies as a far-western equivalent of the basal 
Bisbee Glance Conglomerate. The presence of Cretaceous (?) beds 
lying disconformab!y on the uppermost Permian Rainval!ey certainly 
suggests that the Silver Bell area did not experience~ at least 
locally, the degree of structural unrest manifested farther to the 
east. . 

Another interpretation suggested by the near-conformable 
nature of the Paleozoic-Mesozoic contact related to recent U.S. 
Geological Survey recognition of Triassic sediments in southern 
Arizona. Possibly the hiatus between Permian and ~.lesozoic deposit'on 

~,pe is not as great as might be thought~ and the lowermost Amole-~y 
sediments are of Triassic age? 
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A few tuffaceous beds are scattered through the .~ole- 
type arkosess indicating periodic volcanic activity in the o~n=~ eral 
region. Red-colored shales and conglomerates are found he~'e and 
there through the sequence and are most prevalent in the upper 
portions. A 20-30-foot thick sandy limestone occurs near the top 
of the exposed older Cretaceous beds. 

- The Amole-type sediments are overlain in angular uncon- 
f'ormity by in~ero~ad~d tuffs and coarse c!astic sediments of 
the Cliflin Ranch-type. A similar mid-to late Cretaceous uncon- 
formity has been noted elsewhere across southeastern Arizona. 
It is felt that this unconformity reflects initial upheaval 
related to Laramide d~1ormatlon. 

Amole-type arkoses~ conglomerates and sandstones also 
crop out in the val!ey between the Waterman and Silver Be!l 
Mountains. Immediately overlying the arkoses near the south- 
east corner of the older Silver Bell tailings dam is a limestone 
unit probably exceeding 200 feet in thickness. Donald Bryant 
of the University of Arizona was able to identify recrystalized 
pelecypods here as of definite Cretaceous age. Outside of the 
Bisbee Group Mural Limestone s this localized unit is probably 
the thickest Cretaceous limestone known in southcentral Arizona. 

Vlllage Redbeds and red c0nglomerates 

A sequence of red-co!ored elastics is found overlying 
the limestone unit and Amo!e-type arkoses south of the Silver 
Bell tai!ings dams. These clasticss which also underlie Silver 
Bell villages are locally several hundreds of feet thicks but 

_ ~hlckness determinations faulting and alluvial cover prevent ~ " " 
The author originally considered this unit to be an equivalent 
of the Recreation Redbeds of the Tucson ~.[ountains, Howevers 
detailed mapping plus radiometric age-dating have" recently proven 

=-~ and evidence is the Recreation Redbeds to be of pre-~,o!e a~=~ 
now overwhelming ~n_~ red coloration reoresents restricted 
enviro~menta! conditions that could~ and dos appear at various 
times throughout the Mesozoic. Consequent!y~ ! am here desig- 
nating the Cretaceous redbeds and red conglomerates near the 
Silver Bell townsite the "Village Redbeds'j 

In places redbeds and light-colored Amole-type arkoses 
are found interbeddeds --o~~'=~ting a ~ .... ~ ~ gradual transition 
from the Amole to the Vi!lage environment. Several hundred 
feet of red silts~ sands and arkoses occur in the lower portions 
of the Village Redbeds and are seen to grade upward to red 
conglomerates. At first these conglomerates contain only 
sedimentary detritus. Higher in the sequence igneous materials 
begin to appear~ however~ and in the uppermost known portions 
the red conglomerate consists almost entirely of purple andesitic 
frag~aents set in a detrita! matrix. Deformation of an ancient 
Silver Bell landscape and a. gradual increase in volc?.nic activity 
is readily evidenced in the continuing depos'.tien of the redbods 

C- ~ .... DU~ and red conglomerates. Thus the ~r=ns~.on -~ram no;-ma! ~'~-'-:'---~ '= 
subaeria! sedimentation to coarse and rapid Laramlde accumulation 
is not always marked by an obvious stratigraphic break. 
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The Village red conglomerates are cut off by a major 
W~)l-trending fault in the tai!ing pond area, and their relation 
to overlying units is not presently known. 

Claflin Ranch Formation 

The Claflin Ranch Formation is something of a catch-all 
term~ and the rocks it represents are not limited to any one 
specific time of deposition. The fo~ation represents a type 
of sedimentation associated with a terrane undergoing volcanic 
upheaval and rapid erosional defo~nation. Thus, in the Silver 
Bell Mountains where Richard and Courtright first used the n~me 
(1960), the conglomerates, mudflows, landslide blocks, aeolian 
ruffs, water-lain tuffs and pyroc!astic layers included within 
the Claflin Ranch Formation have ambiguous relationships with 
associated volcanic, units. They are pre-dacite and post-dacite~ 
pre-Silver Bell andesite and post-Silver Bell andesite, l In the 
West Silver Bell Mountains Claflin-like congloraerates are inter- 
bedded with pyroclastics and overlie earlier Cretaceous sediments 
by angular unconformity. 

The thickest continuous Claflin Ranch sequence in the 
Silver Bell Mountains--approximately 1800 feet--occurs south- 
west of Ragged Top. This accumulation is, at least in good 
part~ pre-dacite porphyry (the earliest of the Laramide volcanic 
and sub-volcanic rocks in the Silver Bell range). Coarse, 
greenish c!astic materials megascopica!!y identical with parts 
of the Claflin Ranch Formation are found as a matrix of the 
Tucson Mountain Chaos in the Tucson Mountains. Claflin Ranch- 
type rocks also are seen in roadcuts north of Sonoita along 
Arizona State Highway 83. 

It seems reasonable to expect that the C!aflin Ranch- 
type of surface accumulation of detrital and volcanic debris 
might be found throughout southern Arizona wherever Laramide 
volcanic piles exist. Such depositional sequences--seemingly 
thickest in earlier Laramide time--would run the gamut from 
fairly thin-bedded sands to chaotic masses of landslide-block 
accumulations. 

Alaskite 

I 2- • J' 2- Richard and Courbrlgn~ (lO66), in accounting for the 
}1~-striking zone of alteration at Silver Bell, conclude that 
"indirect evidence suggests a fault representing a line of 
profound structural weakness existed in this position prior 
to the advent of Laramide intrusive activity." This line is .. 
referred to as the "major structure." They go on to note that 
this major structure "was largely obliterated by the Laramide 
int.rusive bodies~ but it effected a degree of control on their 
emplacement, as evfdenced by their shapes and positions." 

The first indication of activity along the Silver Bell 
f~ult zone came in early Laram~de time with the intrusion of a 
coarsely granitoid alaskite along the southwest side of the 

t 



p.O 
0~ 

g 

( 

major structure. This alaskite~ which contains a very low 
ferromagnesian mineral content, intrudes Paleozoic sediments 
and Cretaceous ~zaole-type arkoses in the E1 Tiro area. Aplite 
dikes are found through the alaskite, and, locally, fine-grained 
border phases of alaskite are found in cbntact ~ith other rock 
units. 

The alaskite is one of the principal hostsfor the 
later porphyry copper mineralization. This coarse-grained 
felsicrock locally shows high cha!copyrite-to-pyrite ratios. 

Dacite psrphyry 

The dacite porphyry is a sub-volcanic rock character- 
ized by numerous rounded or triangular quartz "eyes" set in 
a very fine-grained matrix. Orthoclase and sanidine phenocrysts, 
vague but consistent flow structure, and up to 20~ of xenoliths 
are also commonly seen. Chemically~ the dacite porphyry is 
more accurately a quartz latite porphyry. 

The dacite occurs extensively northeast of the major 
structure in the form of sills and dikes within Paleozoic 
and Mesozoic sediments. The largest body of the porphyry-- 
a sill + 3,400 feet thick--occupies the stratigraphic interval 
in the ~iver Bell range proper where Amole-type arkose should 
occur. This sill is floored by Paleozoic sediments and roofed 
by an 1800-foot sequence of Claflin Ranch materials. The dacitel 
Claflin Ranch contact is gradational over several feet, but dikes 
of dacite porphyry are found locally in the overlying C!aflin 
Ranch beds. 

An explosive history for the dacite porphyry is strongly 
suggested by the n~merous xenoliths, the large fragments of 
quartz, and the shards of fo~aer glass in the matrix. The 
nature ~f the rock is believed to reflect an emplacement by 
fluidization in the following manner: 

The gas-and fragment-charged dacite porphyry magma 
(actually quartz latite in composition, suggesting greater visco- 
sity and more explosive potential) rose along the Silver Bell 
fault zone into Paleozoic strata. The higher the porphyry 
magma ascended~ the more the confining pressure decreased, 
causing exsolution of gases and thus lending an explosive and 
dilative nature to the intrusive material. 

Its extension to the southwest blocked by the large' 
body of alaskite, the dacite porphyry welled up, sending small 
dikes and sills northeastward into the Paleozoic beds. • Dmmp 
Amole-type Cretaceous (?) sediments were reached and more gas 
evolved. The magmatic material, expanding constantly, spread 
laterally to the northeast in the weak Cretaceous (?) sediments. 
Dilation occurred, as did the incorporatio n of fragments 
broken by churning gas action. 
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The dacite porphyry probably surfaced in one or more 
places, venting gases as it did. Gas also escaped laterally 
through the just-formed sill and vertically into overlying 
Claflin Ranch sediments. The heat and vapor action altered 
the i~mediately overlying quartzo-felspathic elastic sediments~ 
giving rise to the gradational contact seen today. 

The dacite porphyry was a poor host rock for porphyry 
copper mineralization because of its flinty, "tight" nature. 

Silver Bell Formation 

The Silver Bell Formation (Richard and Courtright, 
1960) consists of laharic, autobrecciated~ and intrusive andesitic 
to dacitic breccias, andesitic to dacitic flows, and andesitic 
intrusions. These materials overlie Claflin Ranch sediments and 
dacite porphyry in the Silver Bell Mountains. The rugggd nature 
of the basal Silver Bell contact and the fact that it locally 
lies on unroofed dacite porphyry points to a period of rapid 
uplift and erosion following intrusion of the dacite porphyry 
sills. 

Purplish Si!ver Bell-type breccias are seen to be inter- 
layered in places with overlying Mount Lord Ignimbrite. Such a 
transition from andesitic activity to more fe!sic and explosive 
volcanism is seen throughout the world and is commonplace in 
the Laramide rocks of southern Arizona and southwestern New 
Mexico. ~ 

It is believed that the Silver Bell Formation is roughly 
correlative with the Demetrie Formation of the Sierrita Mountains, 
the Picacho Peak volcanics (Briscoej 1967), the 0wl Head vol- 
canics~ and that portion of the Cloudburst Formation north and 
east of the San ~[anuel mine. 

Mount Lord Ignimbrite 

A welded ignimbrite lithologically similar to, and 
stratigraphically a time-equivalent of, the Cat Mountain Rhyolite 
of the Tucson Mountains overlies the Silver Bell Formation in the 
Silver Bell Mountains. This ~uartz latitic ignimbrite is up to 
800 feet thick, including an ~O-foot thick cap of lithic vitric 
tuff. As Silver Bell Peak was formerly known to residents of the 
area as "Mount Lord" and since the peak is composed of the pyro- 
clastic unit~ the name "Mount Lord Ignimbrite" has been given to 
this Cat I,iountain-type unit. 

" Intrusive ignimbrites--genetical!y related to the .qount 
Lord Ignimbrite,and megascopically and petrographica!ly identical 
with it--occur as dikes and sills in the underlyi.ng Silver Bell 
Formation and dacite porphyry. These feeder materials once en 

~ o~ m~ ~ion.~,l contacts, route to the surface spread along bedding and ~ .... 
apparently w h e n  vents became choked. 
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The Cat Mountain Rhyolite of the Tucson Mountains evinces 
an average age of 68 million 2ears (Damon, 1968), and it is felt 
that the Mount Lord Ignimbrite is of similar age. 

Syenodiorite porphyry 

. . .  The syenodiorite porphyry is an early and somewhat exten- 
sive pyroxene-bearing phase of the composite intrusive thought to. 
be related to the copper mineralization at Silver Bell. Later 
phases-of this composite intrusive are monzonitic and quartz 
monzonitic. The syenodiorite porphyry is found principally in 
the southeastern portion of the Silver Bell Mountains. It occurs 
as massive bodies in Oxide pit (where it was previously called 
both "andesite" and "dacite") and east'of Oxide pit along the 
major structure~ and is found as east-trending dikes north of Oxide 
pit in the mountain range. 

The syenodiorite porphyry • is the best host rock~in Oxide 
pit. It shows the highest primary copper sulfide content of any 
of the igenous rocks at Silver Bell and has allowed precipitation 
of a substantial chalcocite blanket. 

Only occasional dikes of syenodiorite porphyry are seen 
in E1 Tiro pit. 

Monzonite porphyry 

The later monzonitic and quartz monzonitic phases of the 
composite intrusion are found as massive bodies scattered along 
the major structure. They occur also as generally east-trending 
dik%s in the mountain range to the northeast of the major structure. 

The principal porphyry copper mineralization followed 
emplacement of the monzonite porphyry~ and a zone of alteration 
was superimposed on the major structure. K-Ar age-dating (~_[auoer~ 
Damon and Gi~etti~ 1965) has shown that the solidification of the 
monzonite porphyry and the subsequent hydrotherma! alteration 
occurred at approximately 65 million years and within a short enough 

a_tes • time span so that~ considering the limits of error of the age-~ 
the two events are radiometrica!ly indi ~" : o~zngu.Lshable I do not 
mean to imply here on_u the Silver Bell deposits are to any great 
extent syngenetic as has been suggested recently (~.lauger~ 19oo). 
It may be that a small amount of chalcopyrite became trapped as 
discrete grains in the monzonite mo~o at the time of solidification 

. ~ " T z ~  "~ however~ was The great preponderance of copper miner=l_ _t_on~ 
emplaced in the various host rocks through veins~ vein!ets~ and 
hairline fractures with values diffusing into w.allrocks~ possibly 
with the aid.of a certain amount of igneous rock recrystallization. 

It is interesting to note that both the Oxide and E1 Tiro 
orebodies occur at structural intersections (see Figure 3). Oxide 
pit is located at the junction of the !.1~Z.1-~~ ~ • ......... o m~..~o~ structure 
with an ~"~.~ trending s..:arm of syenodiorite and monzon ~ Dorohyry 
dikes Similar!y, E1 Tiro pit " " ~  ' -  ' -  e~s~s a~ the " " ' ~  ..... jun~,.on of the 
major structure with a northeast-trending swarm of monzonite porphyry 
dikes. 
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CENOZOIC ERA 

It is preferred here to set the Mesozoic-Cenozoic time 
boundary at 63 million years as defined by Folinsbee, Baadsgaard, 
and Lipson (1961). This allows the Silver Bell mineralization 
to fall at the end of the Cretaceous Period. 

Regional northeasterly tilting of 20o-30 ° occurred some- 
time between the emplacement of the composite Laramide intrusion 
and the mid-Tertiary volcanism. It probably was a result of 
late Laramide upheaval. This ti!ting~ sh.~wn by the present 
orientation of L_r~.m_de depositional units, appears to h.~.ve tauten 
place by rotation of WNW-elongate, fault-bounded blocks in the 
Silver Bell a.rea. 

The mineralized rocks at Silver Bell were exposed to 
weathering and probably supergene enrichment in early Tertiary 
time. This is strongly suggested 3 miles east of Oxide pit 
where pieces of leached capping were found in a conglomerate 
immediately underlying an. andesite flow dated at 28 million 
years (Damon and Mauger~ 1966). A mid-Tertiary period of 
rhyolitic to andesitic volcanism evinced widely over southern 
Arizona probably Covered and thus preserved the Silver Bell 
mineralization. This minerali{ation hzs been exhumed in more 
recent times and is presently undergoing destruction through • 
wea~nerlng processes. 

North-northwest-trending auartz latite porphyry and 
andesite porphyry dikes of the mid-Tertiary volcanic epoch 
cut all earlier rock units in the Silver Bell Mountains. 
The quartz latite dikes have a strangely discontinuous line 
of outcrop which is caused not by faulting~ as has been pre- 
.viously suggested oy Schmitt (]ob~)j but by intrusion into 
a very broken and faulted terrane. A few of the andesite 
porphyry dikes are conspicuous in E1 Tiro pit where they are 
locally collectors of green copper oxide. 

The Ragged Top Latite Porphyry dated at 25-+1.0 million 
years ~,..~#~'~er, Damon • and Gi!etti, 1965) intruded the ~Drominent 
Ragged Mountain fault which had dropped Laramide rocks on the 

Precamorman granite south some 5,000-7,000 feet against ..... . 
Andesitic and rhyolitic flows of probably similar age are seen 
several miles west of Ragged Top in the northeastern part of 
the West Silver Bell Mountains. 

A lite and minor lead-silver-copper mineralization is 
found in the Silver Bell range. North-trending epithermal 
veins carrying galena, native silver and cerargyrite with a 

~ ~ mined in the early barite-quartz-calcite-fluorite o_n~ue were 
d~ys. Copper stain is seen on the old dumps. This later 
period of mineralization has been superimposed very locally 
on the porphyry copper deposits to the south. On the other 
hand~ a mid-Tertiary quartz latite porphyry dike cuts one 
of the epithermal veins, thus establishin.s a general minimum 
date to this mineralization. 

Quaternary-Tertiary basalt cones and flows are found 
£oun~aln fault. north of the Ra~ged ..... 



.. p.10 

SOURCES USED 

Briscoe, J.A., 1967, General geology of the Picacho Peak areas 
Pinal County~ Arizona: Unpublished Master's thesis, 
Univ. Ariz. 

I 

Clarke~ C.W.~ !9~5, The geology of the E1Tiro Hills, West 
Silver Bell Mountains, Pima County, Arizona: Unpublished 
Master's thesis, UnivArizona. 

Damon, P.E., and Mauger~ R.L., 1966, Epeirogeny-orogeny viewed 
from the Basin and Range Province: Soc. Mining Engineers 
Trans., v. 235~ P. 99-112. 

Damom, P.E.~ 1968~ Application of the potassium-argom method 
to the dating of igneous and metamorphic rock within 
the Basin ~amges of the Southwest: Ariz. Oeo!.~Soc. 
Southern Arizona Guidebook III, p. 7-21. 

Folinsbee~ R.E., Baadsgaard, H., and Lipson~ J., 1961~ Potassium- 
argon dates of Upper Cretaceous ash fa!isj Alberta, Canada: 
Annals of the New York Acad. Sci., v. 91, art. 2, p. 
352-359. 

Hayes~ P.T.~ and D rewes, H.~ 1968, Mesozoic sedimentary and 
volcanic rocks of southeastern Arizona: Ariz. Geol. 
Soc Southern Arizona Guidebook III, p. 49-58. 

Kingsbury~ H.M.~ Entwistle~ L.P., and Schmitt~ H.~ 19~i, 
- Geology and ore deposits of Silverbell~ Arizona: private 

report. 

r ~u y of Mauger~ R.L.~ 19o6~ A petrographic and geochemical s ~ d 
Silver Bell and Pima mining districts~ Pima County~ Arizona: 
Unpublished Ph.D. dissertation~ Univ. Arizona. 

Mauger~ R.L.~ Damon~ P.E., and Giletti~ B.J.~ 1965, Isotopic 
dating of Arizona ore deposits: Soc. Mining Engineers 
Trans.~ v. 232~ p. 81-87. 

McClymonds, N.E.~ i957~ The stratigraphy and structure of the 
Waterman Mountains, Pima Countyj Arizona: Unpublished 
Master's thesis, Univ. Arizona. 

Merzj J.J., 1967, The geology of the Union Hill area, Silver 
i ...... Pima County~ Arizona: Unpublished Master's Bell d.sor].cu, 

tbesis~ Univ. Arizona. 

O f Richard K. and Courtright, J.H ~ i~o0~ Some Cretaceous-Tertiary 
relationships in southern Arizona and New i,lexico: Ariz. 
Geol. Soc. Digest, v. III. 

• 1966, Structure and mineral'.zation at Silver Be~l, ~-~...J~.~: 
G~o_.J~y of the Porph Coooer Deoos!ts, SW i[o. ~neric~.~ 
Univ. Ariz. Press~ p. 1571!6~. 



d i ; • - 
s.. 

Q• 

Ruffs A.W., 1951, The geology and ore deposits of the Indiana 
mine-area, Pima County, Arizona: Unpublished Master's 
thesis~ Univ Arizona. 

Watson~ B.N.~ 196~, Structure and petrolosy of the eastern 
portion of the Silver Bell Mountains, Pima County, Arizona: 
Unpublished Ph.D. dissertation, Univ. Arizona. 

1965, Geo!ogy of the area east of Oxide pit, Silver Bell, 
• Arizona: private report• 

1968, Intrusive volcanic phenomena in southern and 
central Arizona: Ariz. Geol Soc. Southern Arizona 
Guidebook III, p. 147-15L'. 



Watson, Plate 1 

To "1;ap P L - ~ "  

o, '~ I., ~ 
Plantsite 

o V 
% 

0oi 

? - + 
+ 

l + 

auortz 

Qmf 

o 
o 

h 
I "x 

', W'+: ~a~ ~ 

\ %  

East 

Oxide 

"~ ,~)ql ' ~ ~  
aol v /  Dump 

" , " ~  ,, 
v/ Kdp H ', 

\'.. #, ,., ~_~ ,, : ' "  ~.~ .C.~J 

~ , (~ fT. : 

~ s  

mb I 

- X  k% 
%.%% 

.'it+ ""..N. t'+ 

• 0 

~ \\ ~lxKml/1 

. X  n 

f / 

/ :, 
/ , 

~ . . ' 3  :" ~ i '  P'=" ",m~" -~, - - ' "  

. --  ,~_~ 

"~""?~ t - ' "~ - ' . . b~ ,  
'~2"' .*m,  ;'~-~ 

0 
"~  I t .  • I 

% - 

,o # -  

£ :L '  : ." "-. "':-~ 

• +e ~ \ 

. P.%,. 

.%.,.+ :,.. 
• ¢ ,  i i . ,  e • 

I ~ • ,~'),,+; +,) "•. 

• , I  I I \ 

Y , ).~;'-,, , - - - , .  
I / l \ - : x - ~  

/ / L .-"~ ~, Kml 

"x ~- I "~67' 
/e " . 

5 ;0 I ~. - , ,'- J 

. "~,85 k r--~> [ Oal 
. ~ , ~ . ' ,  , ~ .  ~ 

.. " • 

• -. ~,o, ~ u 

• ~ , % I "~  /k~[So,.. "" - . ~ x~A t t  
65 "~" . ~' 

.-I"':" .-Tql .. ~ 8 o  ~ / ~ . \  
. -  ~ """N~ /~ / 6 7 ~  

• . • ~ ) ,  Oli . %~ 

"".~ 5 ".~ ~% 

• .e~.~,..-~.-.~, . " ~  

• -- . I-r~a ~ Kr 
' 'L... %,, . "111 

'"~"". F~ y "I '  oo, k "~',~..~.'... 

°1} " 4 ,.\. 

Kmp 

CDH 14 
e 

e,- & 

/ 

1 ~ . ~ . ~ . ~ :  :"~' ~ 

t ~ RR Kml 

ICDH I0 

' ' " i  L' : 

# 

4" • • • i 'I" 

) --  ,~  ~,,, •+ + ++ • *• **~ 

- . .... . + + _  
Vei~ ..~ N,. 

KcI? 

• Q • • % • 

e +  I 

"w %+ • 

U p p e r  

Toilings 

I L • 

e 

Qmf 

% 

.~5 
).--1,t __, ~, 

k ~)•)* , 

"* "~C> ~ ,  ", 
c ~:~2.--. oo,% 

,.,,, 

L~. 
I 

L._... 

" • . # ~rI $',. # ~ ,  [, a ~. - \ % ¢ • 

. . - . " , : : , ,  " ' ~ ' - . . :  . . . .  ~-, K+ ~ , ,  ", ' , , : . . ' , ~ : +  , L I 

~"~o"z "- ,~. ~ '~  ,= ' t ~,, ,~*-" • + • :~. 

I : "'-~,'J'. :"'~ ~ ' "  ~ ~ "--..... 

amf 

,!% 

"~LL% 

9 

~._=.-.~.~ 

\ Kml ~3~. " , ,  \~" X " 
I ,  :Fi ~ "', C | / .  kc~ ~ ~ .  .~ . 

l:; - - . , 3 ,  > ' ' 
4 ' 

~ ' ~  ~ .,Kc 

~ " : ' i  z~'~: . 

- I 

".,~. ,~ ,4~. ~' 

~ \ Ksb 
] ~2e 

Main Tai l ings Pond 
Ka. 

Qmf 

) • I • • . e ~ 

~ _  67 

%,.  
Tql ~. 

Qmf 

J 
aol 

Qol 

~'"~.45 
bx (~+~-,K o 

g q U ~ i  q 

% 1  

35 

75FL'% ~ 

~ ~ ",,58 
, .  ,Kfs ~ _ ~ , .  

~, X ~,~so 

Valley Road 
Avra 

~ Tailings 

Qmf 

Pore 

(,,i~1 Kr 

( ~ "  "--.rTQp ? \ 

: > /'"~"'~ 
Qol "'" 

me 

QUATERNARY- 

TERTIARY - 

CRETACEOUS- 

E X P L A N A T I O N  

Sedimentary rocks 

Man-made fill 

Qot ] " , I j 

Alluvium 

Stream conglomerates 

? 

I 

Claflin Ranch formation 

UNCONFORMITY 

Recreation-type redbeds, 

Limestone 

[ - ]  
Amole- type arkoses, 

red conglomerates 

c o n g l o m e r a l e s  

Igneous rocks 

Quartz latite porphyry dikes 

Andesite porphyry dikes 

1~ ~LJ ~ 

Monzonite porphyry stocks, dikes 

Syenodiorite porphyry stocks, dikes 

makes 
earlier 

Con tac t - - dashed  where approximate, dotted where concealed 

U . . . .  .-.-=.. 
D 

High-angle f au l t - - dashed  where approximate, dotted where 

~" 57 *.':': 
Strike and dip of beds Silicification 

CDH ~ 7 3  • 

Strike and dip of overturned beds . Old 'Mudd' churn 

Strike and dip of fol iat ion : 141°3 
Section corner 

Mineralized structure (quartz and or calcite) 

Probable Ksp, but alteration 
indistinguishable from 
andeslte porphyries 

Mount Lord ignimbrite 

Silver Bell comp lex - -b recc ias ,  
flows, intrusions 

Dacite porphyry 

concealed 

AREAL GEOLOGY 

dril l holes 

Silver Bell, Ariz. 

Scale 1"=500'  

of Area East of Oxide Pit 
A.S. 8 R. Co. 

May, 1965 

B . N .  Watson 

1757 



AMERICAN SMELTING AND REFINING COMPANY 
Tucson Arizona 

March 7, 1973 

FILE MEMORANDUM 

AMAX Drilling 
Silver Bell East Area 
Pima County, Arizona 

Mr. Bud Himes of Himes Drilling Company, Grand Junction, Colorado, was in 
yesterday to relate that he had a Gardner Denver 1500W with air package 
and two Longyear 44's available for work. 

He stated that he had recently completed three rotary holes, some to 
2000 feet, for AMAX east of Silver Bell on the gas line road. After 
setting 3-l/2" pipe, his core rigs are now coring below the rotary hole 
bottom. He did not relate at what depths he is presently drilling, but 
said he had cored to 4000-4700 feet NX with the rigs. 

Himes Drilling Company was involved in some of the Monticello, Utah 
uranium work of ASARCO. 

/James D.Sell 

JDS:Ib 

cc: HLCrittendon 



A M E R I C A N  S M E L T I N G  A N D  R E F I N I N G  C O M P A N Y  
TUCSON A R I Z O N A  

July 26, 1974 

FILE MEMORANDUM 

S i l v e r  Bel l  D i s t r i c t  
Pima County, Ar izona 

, m , , ,  , 

Freepor t  Minera ls  h i red  Kenyon Richards to review w i th  them and 
Jim Br iscoe Br i scoe 's  ideas o f  the extens ion o f  the S i l v e r  Bel l  
a l t e r a t i o n  zone ( o f f s e t  to the south along the "cemetary f a u l t " ) .  
Apparent ly  Kenyon is more i n t r i g u e d  w i t h  the idea now than he was 
a number o f  years ago. 

When they discovered our NWS c la ims,  Br iscoe c o u l d n ' t  be l i eve  
anyone would stake tha t  ground f o r  mineral  p o t e n t i a l .  Kenyon 
was non-commi t ta l .  

WLK:lb 

cc: JHCourtright 
FTGraybea1~ 
JDSell~ j 

W. L. Kurtz 



........ ,SZ._4~_ 

_ _ ~ , . , . < ~ . _  ~ S _ _ ~ ~ _ _ _ . - I / , - < + , _ . _ _ . - J ~ _ _ ~ _  - - ~ ' Z _ ~ ~ _ _ , . / ~  ............. 

, - . :  ~ lT j " )  • . 

: 9  ' . .,. . ~  - 

~ ,.,Ji "t ..7 , / 9  .,.? 

° 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



A M E R I C A N  S M E L T I N G  A N D  R E F I N I N G  C O M P A N Y  

TUCSON A R I Z O N A  

August 14, 1974 

FILE MEMORANDUM 

West Silver Bell 
Sec. 34 

Bob Radabaug in a telephone conversation stated tha~ the NJ2 hole 
is located about 1500 feet due west of the shaft. They no longer 
have any cuttings. An abbreviated log is: 

0-20 
20-195 

195-505 

Qal 
Dacite porphyry, quite fresh, no min. 
mod. magnetite 
Rhyodacite flow, fresh, no min. 
mod. magnetite 

Water encountered at 430'. Sufficient magnetite 
to account for the anomaly. 

He has a more d e t a i l e d  log i f  we want to  see i t .  There is  ment ion 
o f  e p i d o t e ,  and some zones be ing more s i l i c e o u s .  

WLK:Ib 

cc: JHCourtri/ght 
J D S e l l /  
FTGraybeal 

W, L o Kurtz 
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Exploration Department 
Frederick T. Graybeal 
Chief Geologist 

July 27, 1983 

Mr. J. D. Sell, Manager 
Southwestern U.S. Division 
Tucson Office 

Dear Mr. Sell: 

Regional Structural Control of 
Mineralization at Silver Bell 

I have your note of July 13 which resurrects the hypo- 
thetical caldera setting at Silver Bell. I have wondered 
about this for the past 20 years or so and am not the first 
one as you note. Control of the alteration at Silver Bell 
by a ring structure is certainly a possibility particularly 
in view of the vast volumes of volcanic rock which must have 
generated some type of collapse phenomenon subsequent to 
eruption. In addition, because Silver Bell is eroded to 
moderate depth, it is likely that the perfectly circular 
symmetry common in high level calderas might become dis- 
torted by basement structures and one could therefore argue 
that the lack of perfect symmetry at Silver Bell is merely a 
function of depth. 

The major structural feature between Oxide and E1 Tiro 
pits is a healed fault structure which separates alaskite 
and Mesozoic sedimentary rocks on the southwest from Paleozoic 
sedimentary rocks to the northeast. This line can be seen 
on the hydrothermal alteration map prepared by Richard and 
Courtright as it follows the southwestern limit of silicated 
limestone. It is interesting that this very fundamental 
structure actually cuts across the alteration zone in the 
E1 Tiro area rather than running parallel to it even though 
the structure is of pre-mineral age. It is likely that the 
near north-south orientation of the alteration zone between 
E1 Tiro and north Silver Bell follows a swarm of high level 
quartz monzonite porphyry stocks which, in this area, have 
a nearly north-south elongation. On a larger scale, however, 
when the alteration zone is traced farther to the north be- 
yond the limits of the Richard and Courtright map it actually 
bends back to the west again taking the shape of a giant 

R~CE|VE[~ cymoid loop with the E1 Tiro area in the bend of the loop. 

AUG- 1 i983 ASARCO Incorporated 120 Broadway New York, N. Y. 10271 (212) 669-1000 
Telex: ITT 420585 RCA 232378 WUI 62522 Cables: MINEDEPART Telegrams: WU 1-25991 



Mr. J. D. Sell - 2 - July 27, 1983 

I want to emphasize very strongly that the northeast- 
striking veins at Silver Bell do not follow pre-existing 
structures. They are the structures and probably formed by 
a phenomenon similar to hydraulic fracturing. The same 
also applies to the quartz monzonite porphyry and monzonite 
porphyry dikes extending northeast from E1 Tiro pit. It is 
important to recognize that the E1 Tiro area does not owe 
its location to pre-ore northeast-striking structures, but 
rather to an intersection of a northwest structure and a 
north-south structure. The northeast structures in the E1 
Tiro area and elsewhere within the alteration zone at Silver 
Bell are all syn-ore. 

Very truly yours, /I 

F~T. { G r ~  ~ 

cc: WLKurtz 
JHCourtright 



j Southwestern Exploration Division 

July 13, 1983 

File Memorandum 

Comparison of Silver Bell, AZ 
Fault Pattern with 
Goldfields, NV 

Mr. David Sawyer, University of California, Santa Barbara, doing a Ph.D. 
dissertation in the Silver Bell region, remarked in his visit to this 
office in June that perhaps a caldera setting was possible at Silver Bell. 
Such a feature has been suggested in the past but I cannot recall any 
serious writings on the problem. 

It is interesting to compare the Ashley Figure 1 (attached) of the fault 

pattern of the Goldfield, NV District, with that of Richard and Courtright 
(Figure 1 attached) of the mineralized zone at Silver Bell, AZ. I have 

sketched on the equivalent portion of the Silver Bell zone onto the Gold- 
field map. 

Note the curving sweep of the E1 Tiro-oxide zone tailing eastward with the 
intense northeast fracture zones controlling the location of the orebodies, 
with that portion of the Goldfield zone. The Goldfield ore zone is also 
essentially where the northeast faulting intercepts the sweep of the curving 
fault pattern on the west to southeast. 

Also attached is Figure 8, Ashley, showing the hydrothermal altered and 
ore-bearing areas at Goldfield. 

In both cases--Goldfield and Silver Bell--the major deposit(s) found to 
date are at the northeast fracture junction with the inflection portion 
of the sweeping curve; equivalent to the southwest portion of a caldera 
root system. 

~ James D. Sell 

JDS/cg 

cc: JHCourtright 
~×c: Fz-~ ~-~-'~.~'/ ~7~'~'Y ~ 
Reference 

Richard, Kenyon, and Courtright, James H., 1966. Structure and Mineraliza- 
tion at Silver Bell, Arizona, in Geology of the Porphyry Copper Deposits, 

Southwestern North America, Titley and Hicks, Editors, Univ. of Arizona 
Press, p. 157-163. 

Ashley, Roger P., 1979. Relation Between Volcanism and Ore Deposition at 

Goldfield, Nevada, in Papers on Mineral Deposits of Western North America: 
Nevada Bureau of Mines Report 33, p. 77-86. 
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ASARCO Southwestern Exploration Division 

December 13, 1983 

To: SAAnzalone 

RBCummings 

FRKoutz 

HGKreis 

WLKurtz 

GJStathis 

JRStringham 

From: JDSell 

Dave Sawyer will present a talk on his dissertation work - "Volcanic 

Geology of the Silver Bell Mountains" - in the 3rd floor Conference 

Room at 9:30 a.m. on Wednesday, December 21, 1983. I hope you can 

attend. 

JDS/cg 

/~i// J. D. Sell 
/..i 

r 

~ • ~ ii~i~ ' 



SOME CRETACEOUS-TERTIARY RELATIONSHIPS 

IN SOUTHEASTERN ARIZONA AND NEW MEXICO 

By 

Kenyon Richard and 5. H. Courtright 

Amer ican  Smelting and Refining Company 

In Courtright's (i) report on this subject it was pointed out that the presumed 
age of certain volcanic rocks described in the literature as Cretaceous was sub- 
ject to question. It was concluded that the field evidence in the Silver Bell, 
Stanley, Winkleman-Christmas and other areas indicated that the rocks which 
frequently have been mapped as Cretaceous volcanics are distinctive in charac- 
ter, being composed predominantly of andesite breccia of probable volcanic-mud- 
~low origin, and are not interbedded with sediments of certain or probable Cre- 
taceous age. Instead, they are resting on an erosion surface cut in deformed 
Cretaceous and older sediments, and are probably early Tertiary in age. These 
andesitic rocks are locally termed the "Silver Bell" formation. Field inlorma- 
tion accumulated since the first report expands and lends further support to these 
concepts. 

The accompanying chart which covers nine localities, including five of those 
previously reported, shows postulated age relationships and correlations based 
on lithology and stratigraphic position. We are aware of the great distances 
between some of the observation points, and admit a deficiency of supporting 
detail. Nevertheless, we believe these correlations meri~ consideration. 

The presence of igneous pebbles (most andesitic porphyries) in some Cre- 
taceous beds in southern Arizona suggests contemporaneous or earlier igneous 
activity somewhere in the region. However, we contend that volcanism on a 
widespread scale did not begin until after the destruction of Cretaceous sedimen- 
tary basins had started, and that the age of these eruptions is most probably early 
Tertiary. 

The principal purpose of this paper is to call further attention to the problem 
and to encourage the undertaking of critical field studies. 

DESCRIPTION OF PRINCIPAL OCCURRENCES 

Silver Bell 

Recent field studies have determined that the "Silver Bell" formation is under- 
lain by a thick series of clastic beds termed the "Claflin Ranch" formation. From 
their composition it may be judged that the arkoses of this formation were derivl 
ed in part from erosion of underlying dacite agglomerate; some beds are conglom- 
erates which contain abundant arkosic fragments derived from probable Cretac- 
eous rocks, while others contain much schist and andesite. Enclosed within 
these thin- to thick-bedded clastics are a few angular blocks of "Cretaceous-type" 
arkose as much as i0' in length, and a few blocks of andesite-schist conglomerate 
over 50 i in length and 25' in thickness. Except for the absence of large limestone 
blocks, this formation resembles Kinnison's (2) Tucson Mountain chaos as it is 
exposed 1/2 mile south of Gates Pass. 

The "Silver Bell" formation consists largely of angular to sub-rounded frag- 
ments of andesite in a mud-like andesitic matrix. It unconformably overlies the 
"Claflin Ranch" formation and in turn is overlain by ~velded pyroclastics which 
are lithologically identical to the Cat Mountain rhyolite in the Tucson I%4ountains. 

South Tucson Mountains 

Except for the absence of the "Silver Bell" formation, the sequence here is 
similar to that in the Silver Bell district. 
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As described by Kinnison~ the Tucson ~vlountain chaos is a giant breccia 

--unusually large rock blocks in a clastic matrix--that was deposited on an 
early Tertiary(?} erosion surface (the Tucson surface). Parts of this formation, 
and also a series of andesite-pebble conglomerate beds in the Piedmontite Hills~ 
had previously been mapped by Brown (3) as Cretaceous volcanics. A recent 
study of the Piedmontite HiLls was made by Colby {4) who reported the occurrence 
of a rhyolite tuff in these clastics. The field e~.ddence indicates to us that this 
rhyolite is an intrusive rather than a pyroclastic. 

At this time none of the vo!canics of the Tucson l~o~_ntains can be demonstra- 
ted to be Cretaceous, Locally, andesite underlies the Tucson Mountain chaos; 
the relatinnship to older rocks is no~ definitely knoxvn, but we believe that it is 
most probably post-Cretaceous. 

South Twin Buttes District 

A considerable thickness of the Silver Bell-type formation is well exposed 
southeast of the Esperanza mill. From west to east~ massive andesite flows 
and "c!astic" breccias pass into unsorted, coarse conglomerates made up of 
angular to sub-rounded andesite fragments and well rounded boulders of granite, 
quartzite, and other rock types. A few thin~ pebbly beds are present. The for- 
mation is overlain uncomformab!y by rocks of the Cat Mountain rhyolite type. 
Its basal relations in this area are not known. 

Southwest Sierrita t~tountains 

M a s s i v e  a n d e s i t e  b r e c c i a s  of t he  S i l v e r  Be l l  type  a r e  u n d e r l a i n  by P r e -  
c a m b r i a n  (?)  g r a n i t e  and  o v e r l a i n  by  a f r a g m e n t - b e a r i n g  r h y o l i t i c  f o r m a t i o n  
which  m a y  c o r r e l a t e  wi th  the  Cat  Moun ta in  r h y o l i t e  of the  T u c s o n  Moun ta in s .  
Bo th  c o n t a c t s  a p p e a r  to be  e r o s i o n a l  u n c o n f o r m i t i e s .  

Sou thwes t  E m p i r e  Moun ta in s  

Galbraith (5) recognizes two major units {northern and southern) in the Cre- 
taceous(?) beds below the thrust fault on the west side of the Empire l~1ountains. 
Of the southern series~ he states: "Their relationship to the other Cretaceous(?} 
strata is not known, but they are presumably younger thegn the arkosic sandstone 
and she/e, because they contain numerous fragments of arkosic rocks which 
appear to be identical wish those exposed to the north. This series may in part 
be as young as Tertiary in age. " This implies that an unconformity may exist 
between these txvo series. 

This unconformity is exposed in  a south fork of Barrel Canyon, three quarters 
of a mile $60E from Barrel Springs. There, steep-dipping arkose and shale 
beds terminate against a thin arkosic bed containing scattered pebbles and bou!- 
ders of arkose, andesite and other rock types. This sharply angular unconfor- 
mity= near vertical in dips is ~isible on both sides of the canyon. The thin ar- 
kose bed passes stratigraphicaily upward into a coarse, unsorted conglomerate 
I00 feet or more in thickness, and then into andesite breccia of the Silver Bell 
type. The contact with the latter is not well exposed; but on the north slope of 
a ridge about a mile and a quarter N75W of the Martinez Ranch, the andesite 
breccia can he seen unconformably overlying arkose boulder conglomerates 
similar to those near Barrel Springs. These conglomerates contain occasional 
andesite blocks over 20 feet in diarneter~ and a few 5- to 10-foot blocks o5 arkose 
and limestone. 

A younger boulder-conglomerate which may overlie an erosion surface 
cutting the Silver Bell-type andesite~ the Cretaceous beds, and the intervening 
conglomerate crops out about one mile south of Barrel Springs. 

Tombstone 

Gilluly {6) describes the lower half of the Bronco volcanics as being made 
up largely of clastic andesite breccias--andesite fragments in an andesitic mud 
matrix--which probably originated as volcanic mud flows. As these rocks 
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unconformably overlie the Cretaceous Bisbee formation, he regards their age 
as late Cretaceous or early Tertiary. 

This lower unit of the Bronco volcanics is megascopically identical to the 
"Silver Bell" formation. In an outcrop about Z miles due east of Bronco Hill, 
or 7 miles S60W of Tombstone, red sandstone and mudstone beds of the Bisbee 
formation are overlain unconformably by 60 feet of conglomerate made up of 
well rounded cobbles of arkose, chert, quartzite, and limestone in a friable 
matrix of andesitic debris. Between the conglomerate and the overlying andesite 
breccia~ is a 50-foot thickness of greenish, gritty siltstone containing a few 
large (~-- 8 feet in dia.) angular boulders of limestone conglomerate and massive 
andesite or felsite. This bed and the underlying conglomerate together are 
considered a probable correlative of the "Claflin Ranch" formation. 

Hatchita Mountains (New Mexico) 

Perhaps the most detailed study of volcanic rocks of designated Cretaceous 
age in the region was made by Lasky (7) in the Hatchita Mountains, New Mexico. 
The principal unit, the Hidalgo volcanics, is described to be unconformably 
overlain by the Howell's R/dge formation which is assigned to the lower Cretaceous 
on .~ossil evidence. Other volcanics reportedly are interbedded in the Ringbone 
shale and Skunk Ranch conglomerate. The volcanics are confined to the north- 
ern part of the Hatchita Mountains, but the associated sedimentary formations, 
excepting the R/ngbone shale which underlies the Hidalgo volcanics, continue 
several miles into the southern part. This lack of continuity, which in the case 
of Hidalgo voleanics involves a decrease in thickness from 5000 feet to zero in 
4 miles along strike, is regarded by Lasky as being due to deep erosion both 
before and after extrusion of the volcanies. 

We suggest certain alternative interpretations. These are summarized on 
the accompanying chart which shows proposed correlation of the "Claflin Ranch" 
and "Silver Bell!' formations with the R/ngbone shale and Hidalgo volcanics res- 
pectively. 

As mapped by Lasky, the Hidalgo volcanics along the northeast slope of 
Howell's Ridge dip under the Howell's Ridge formation. The contact is mapped 
as depositional. Close inspection of all good exposures revealed that the two 
formations are separated by a fine-grained diorite intrusive. Elsewhere, the 
Miss Pickle fault forms the contact. Thus, evidence for Lasky's postulated 
age relationship between the Howell's Ridge formation and the Hidalgo volcanics 
appears lacking. In some outcrops, strong shearing in the volcanics was ob- 
served along the diorite contact, suggesting that the diorite may have intruded 
a fault plane--possible a thrust. According to teller (8) "...Lasky'ssection may 
include at least one duplication. If this contention is true, the section in the 
little Hatchet Mountains will be virtually the same in lithology, fauna, and in 
thickness as that of the Big Hatchet Mountains." Zeller's Lower Cretaceous 
section in the Big Hatchet Mountains contains no volcanic units. 

The only other occurrence of Hidalgo volcanics crops out as an irregular 
area surrounded by the Howell's Ridge formation, immediately south of Howell's 
Wells. Lasky interprets this exposure of the volcanics to be formed by erosion 
of overlying sediments along the axis of an anticline; however, the postulated 
anticline in this area is not evidenced by the attitudes recorded on the map. 
During our field check, an intrusive was found to occupy the western end of the 
area mapped as volcanics; and elsewhere the limits of the volcanics were either 
concealed or obscured by alluvium. The areal pattern of these volcanics in re- 
lationshlp to the topography suggests that they were deposited on an erosion 
surface cut in the sediments. 

The Kingbone shale is distinctive because of the abundance of andesitic ma- 
terial in many of its beds, which range in composition from fine silts to coarse 
conglomerates. Also, it contains unusually large blocks (over 50 feet in dia- 
meter) of andesitic rock. Lasky describes a basalt porphyry flow, interbedded 
in the R/ngbone shale and repeated in the outcrops by faulting. These outcrops 
were investigated and the basalt occurrences appear to be sills. It is notable 
that the few fossils col~lected in this formation are not among those listed by 
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Lasky as diagnostic of the Lower Cretaceous. His assignment of the Ringhone 
shale to the Lower Cretaceous, therefore, rests entirely on his structural and 
stratigraphic interpretations° There appears to be no question that the Ring- 
bone shale is stratigraphically lower than the Hidalgo volcanics; hut there is 
reasonable doubt that the Hidalgo volcanics are stratigraphically louver than the 
Cretaceous Howell's Ridge and overlying formations. 

The Hidalgo volcanics are lithological!y similar to other localities of S11ver 
Bell-t~e andesi~e breccia. In :,iew of this and of the possibility that they over- 
lie a post-H0well~s Ridge erosion surface, we tentatively suggest a correlation 
with the "Si lver  Bel l"  ~orrnation. 

Stanley and Winklernan-Christrnas Areas 

As pointed out by Courtright (I), the andesite breccias and flows are not 
interbedded ~th, but overlie, Upper Cretaceous sandstones and shales in the 
Stanley area; in the Winkleman-Christmas area they overlie Paleozoic lime- 
stones. The surface of deposition is marked by a few feet of greenish silt and 
g tit. 

GENERAL 

Volcanics and elastics of the Silver Bell-Claflin Ranch types have been ob- 
served in severe/ other localities, including the ~ilver City district of New 
Mexico. There, they have been mapped {9) as Cretaceous-Tertiary extrusives 
unconformably overlying the Upper Cretaceous Colorado formation. In the 
Chiricahua Mountains they have been mapped by Sabins {10) as the Nipper for- 
rnation which unconformably overlies Lower Cretaceous and older rocks. As 
mapped by Guillerman {II) in the Peloncillo ~v£ountains, they likewise overlie 
a post-Lov~er CretaceDus erosion surface. 

In the foregoing paragraphs we have described the interval between the Tucson 
surface (g} and the overlying acid pyroclastics of the Cat ~v[ountain rhyolite 
type as being occupied principally by two formations: the older elastics of the 
"Clef!in Ranch" or chaos type and the younger andesites of the "Silver Bell" 
type. This may be an over-simplifica~he inter-relation of these two 
rock t}~pes. Actually, there may have been repeated episodes of deposition of 
clasties and volcanics, with local intervals of erosion. Thus, the sequences 
may be found to differ in order and number of units from place to place. The 
important points are that these rocks as a group are lithogically similar over 
wide areas; they lie on an erosion surface cut in Cretaceous and older rocks; 
and this surface usually marks a pronounced change in the en~4ronment of sed- 
imentation. 

Thanks are due to the American Smelting and Refining Company for permis- 
sion to publish this paper, and to Mr. John Kinnison for his critical reading and 
useful suggestions ~ 
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Southwestern Exploration Division 

April I0, 1984 

F. T. Graybeal 
New York Office 

Dissertation by 
G. H. BallantYne 

Attached is a copy of G. H. Ballantyne's letter, the Cover, Abstract, 
Table of Contents, List of Figures, List of Tables, and Acknowledgments 
of his dissertation "Chemical and Mineralogical Variations in Propylitic 
Zones Surrounding Porphyry Copper Deposits." 

As Geoffrey requested your address I suspect he will be sending you a 
copy. He is expected to send two bound copies to the Tucson office, 
so I'm sure we can supply you with a volume in the event he does not 

send one to you. 

Please advise as time progresses. 

JDS/cg 

Attachments 

cc: WLKurtz (w/o attach) 

.-"...." James D. Sell 



Exploration Department 
Southwestern United States Division 
James D. Sell 
Manager 

April i0, 1984 

Dr. G. H. Ballantyne 

Kennecott Exploration Group 
P. O. Box 11248 
Salt Lake City, UT 84147 

Dear Dr. Ballantyne: 
/ 

/~/" 

Thank you very much for your note and the soft-bound copy of your disser- 
tation. I look forward to the two bound copies in the near future. 

The address you seek is: 

Dr. F. T. Graybeal, Chief Geologist 
Exploration Department 
ASARCO Incorporated 
120 Broadway, Room 3422 
New York, NY 10271 

Phone: 212-669-1267 

JDS/cg 

cc: WLKurtz 
FTGraybeal 

~L- 

Sincerely, 

.S d'f / 
James D. Sell 

ASARCO Incorporated P.O. Box 5747 Tucson, Az 85703 
1150 North 7th Avenue (602) 792-3010 



AS/URCO SILVER BELL UNIT  

May 18, 1984 

U-DS 

S-IO.IO 

Memo To: 

From: 

Subject: 

B.K. Malone 

David Sawyer 

Exploration Possibilities Around The Oxide And 
E1 Tiro Mineralized Centers, Silver Bell District 

At the end of my two year period of field work in the Silver Bell 
District, I felt it might be useful to write my impressions on areas 
of exploration potential that remain to be fully examined. These 
conclusions are based in part on my own work, having geologically 
mapped around the Oxide and E1Tiro areas at 1:24,000 scale, and in 
part come from having reflected upon previous geologic work on the 
district written in articles, reports, theses, maps and cross-sections; 
supplemented by my own ekamination of drill core and drill logs while 
collecting samples for my own study. The conclusions are certainly 
preliminary, and would need further geologic work to evaluate. Perhaps 
some of them can be laid to rest based on more detailed knowledge of 
other workers who are more familiar with Silver Bell than I. The 
discussion following will be broken down into areas of potential high- 
grade reserves, and potential low-grade reserves. 

POTENTIAL HIGH GRADE RESERVES 

Supergene Enrichment Blanket Mineralization 

After studying the geology of the Silver Bell District in detail for 
two years, I am confident that Kenyon Richard, Harold Courtright 
and other early workers have identified all areas of significant leached 
capping and potential high-grade chalcocite blanket-type mineralization. 
All potential targets inthe alteration/mineralization zone extending 
from North Silver Bell to E1 Tiro to Oxide (which my studies indicate 
is a ring fracture margin of a caldera) have been carefully identified 
and evaluated. Some potential for low-grade mineralization of this type 
exists and will be discussed in a subsequent section. 

Skarn or Tactite Mineralization 

I believe that the best possibilities for additional high-grade copper 
reserves in the Silver Bell district are associated with skarn mineraliza- 
tion in areas adjoining the E1Tiro and Oxide pits. The caldera model 
has significant implications for the search for skarn ore, because of 
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Exploration Possibilities Around The Oxide And 
E1Tiro Mineralized Centers, Silver Bell District 
May 18, 1984 

the perspective it will provide on the distribution of favorable 
Paleozoic sedimentary host rocks for replacement. In contrast to 
previous interpretations of the Paleozoic sequence at Silver Bell 
as being a complete section tilted homocl~nally to the east (Merz, 
1967), my work has shown the Paleozoic rocks to be affected by 
significant omission of strata caused by bedding plane thrust faults 
(Laramide, precaldera), as well as large scale structural juxtapositions 
of internally coherent caldera collapse megabreccia blocks. These 
structural complexities will take detailed geologic mapping to resolve, 
in order to have predictive understanding for locating exploration 
drill holes. 

W E1Tiro: (W of Daisy pit) Several exploration holes have been collared 
in the alaskite (biotite granite) and then crossed into strongly mineral- 
ized skarn, interspersed with minor dacite porphyry (Confidence Peak 
lithic tuff). Grades have ranged up to 0.8 - 2%, though generally for 
not more than a couple of benches (except in hole D219 where 368' of 
1.09% Cu was intercepted; hole 241 also has higher-grade ore). Some of 
this mineralization is moderatly deep, occurring between 2300' and 1800' 
elevation. The contact between the biotite granite and lithic tuff 
(and enclosed sedimentary rocks),is an expression of the ring fault zone 
and appears to dip steeply west. Significant areas in the footwall of 
this contact zone remain to be tested for the distribution and grade 
of high-grade Cu skarn ore. 

N W Oxide: (area from just E of N Bu~e to NE side of Copper Butte, N of 
Dump #3, W of the dike). Strong skarn alteration exists at the surface 
in this area, but the downward extension of it has not been thoroughly 
tested. Unfortunately, some areas at the surface have been covered by 
waste dumps. Moderate grade Cu skarn mineralization (0.S - 1.0% Cu) 
has been drilled in this area, but the vertical and lateral extent of 
this mineralized zone and its overall grade has not been determined. 
High-grade potential would seem to be strongest toward the SW, adjacent 
to the contact between the lithic tuff and the biotite granite or quartz 
monzonite porphyry. 

Nightingale Mine area: (basin midway between Oxide and E1Tiro). Skarn 
alteration in this area, particularly to the W as the contact between 
the lithic tuff and biotite granite is approached, is locally strong 
but to my knowledge potential mineralization has never been tested by 
the drill. An orthoclase quartz porphyry pluton occurs in this vicinity, 
and is very similar to one associated with ore in deep drill holes in 
the E Extension area. The pluton is relatively unaltered but the 
possibility exists of deeper mineralization associated with its contact 
margins. 
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POTENTIAL LOW GRADE RESERVES 

By this I generally mean areas of hypogene or low-grade supergene 
mineralization in silicate igneous rocks, at Silver Bell ranging in 
grade from .2 - .5% Cu. Two main areas strike me as having poorly 
constrained potential reserves in this range of cutoffs, though 
undoubtedly more remain. In fact, most of the area beneath the present 
explora£ion drill coverage in E1Tiro and Oxide pits (which bottoms 
out close to the present mining surface)could be considered as 
potentially containing low-grade reserves. 

Imperial Stock: This is the pluton which occurs between the main E1Tiro 
and E extension pits, and is well exposed on the W side of the E extension 
pit. In previous works~ it is often referred to as the "barren pluton". 
However, my interpretation of the drill logs from the very few holes 
drilled into its margins indicate that no holes have been drilled much 
below the leached oxidized zone, or evaluated the grade of hypogene 
copper mineralization below through most of its area of outcrop. The 
observed "barren" quality of the pluton may in part be a function of 
surface leaching. Inspection of leached capping in outcrops shows no 
evidence that would ifldicate a high-grade chalcocite enrichment blanket 
at depth. However, there may have been weak enrichment of a hypogene 
protore which would constitute a potential low-grade Cu resource. At 
least a few exploration drill holes should be drilled to evalute hypogene 
Cu grades in the Imperial stock and potential low-grade enrichment. 

E of Oxide: In the area between Oxide pit and the deep drilling associated 
with the E Silver Bell exploration project in the mid 70s, there exists 
an area of moderately strong to strong alteration tested by only a low 
density of drill holes. The potential exists in this area for weak 
enrichment forming low-grade chalcocite bodies, as well as deeper hypogene 
Cu mineralization. In this area the question of whether the ore bodies 
were tilted ENE along with the Laramide volcanic rocks in the central 
Silver Bell Mts. assumes importance. If the ore bodies are tilted, then 
hypogene mineralized horizons would occur at progressively greater depths 
to the E of the main Silver Bell ore zone. A test to evaluate tilting 
of the ore bodies would be a paleomagnetic study of the Silver Bell 
district. Such studies in the Yerington, Questa, and Red Mt. (Henderson, 
CO.) mining districts have documented the extent and timing of tilting 
and their effect on ore distribution. 

DS/me 

cc: SAAnzalone 
WLKurt z 
JDSell 
FTGraybeal 
RCummings 
L Johnson 



Exploration Department 
Southwestern United States Division 
James D. Sell 
Manager 

May 6, 1985 

Dr. Peter W. Lipman 
U.S. Geological Survey 
MS913, Box 25046 
Denver, Colorado 80225 

Dear Pete: 

Dave Sawyer dropped off the two recent papers you two have out on the 

Silver Bell, AZ area. 

I note several references which are in publications which our library 
does not receive. Is there any chance of receiving a copy of these? 
(Xerox or otherwise?) 

Lipman, P.W°, 1984, The Roots of Ash-Flow Calderas in Western 
North America: Jour. Geophys. Res., vol. 89, p. 8801-8841. 

Kluth, C.F., 1983, Geology of the Northern Canelo Hills and 
Implications for the Mesozoic Tectonics of Southeastern 
Arizona, in Mesozoic Paleogeography of West-Central 
United States: Rocky Mtns. Sect. Soc. Econ. Paleont. Miss., 

p. 159-171 

Sawyer, D.A. and Lipman, P.W., 1983, Silver Bell Mountains, 
Arizona: Porphyry Copper Mineralization in a Late Cretaceous Caldera: 

EOS, vol. 64, p. 874. 

Thank you very much. 

JDS:mek 

Sincerely, 

.... James D. Sell 

ASARCO Incorporated P.O. Box 5747 Tucson, Az 85703 
1150 North 7th Avenue (602) 792-3010 
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coarsen end thicken dramatically toward the Inclplent 
ring fracture, along which 225 m of normal dlsplecement 
took place. This precursory volcenotectontsm was 
followed by eruption of about 20 km~ of rhyolite esh- 
flow tu f f  and simultaneous'subsidence of the Vandever 
Mountain caldera, as shown by: (1) the Breat thickness 
(>0.5 km) of compos4tional!y zoned ash-flow tuf f ,  which 
accumulated very rapidly; (2) high-angle normdl faults 
which pond ths ash-flow tuf f  and offset underlying but 
not overlying stratigraphy; and (3) slide blocks up tO 
0.5 km long that were shed from the caldera wsll end 
incorporBted in to the ash-f l0w t u f f  as i t  f i l l e d  the 
caldera. Disruption of the caldera floor was intense 
near  t he  caldere margins but negligible along most of 
its length, due to  plston-llke subsidence of an intact 
cylinder of crust. Suppression of a vertical eruptive 
column by the pressure of an overlying water column may 
be indicated by the restricted dispersal of extra° 
caldera ash-flow l u f f s  gad the unusually small v01ume 
of associated foll-out tuff• A topographic depression 
was not crested by caldera collapse because relatively 
l i t t l e  pyroclastic material exited the caldera. The 
Vandever Mountain caldera was not affected by resurgent 
doming or late-stage rhyolite mogmotism in the cross- 
sectional view afforded by thB Mineral King roof pend- 
ant. 

sional network in favor of a mOre depolymertzed structure. 
Further~re, activetion energies tndtcate significant 
differences i n  the flow properties of  diopstde versus 
alumina-bearing molts across the join. 

The Effect of  ~uortne on Viscosities in the System 
Na20-A1203-S|02: A Mode] for Phonolttes r Trach~,~i~ 
and. Rh~l ires. 

U. ~. DINGWELL and C. M. 5~ARFE, Experfmental 
Petrology Laboratory,  Department o f  Ge01ogy, 
University o f  Alberta, Edmonton, Alberta, T6G 2E3 
O. J .  CRONIN, Center f o r  Materials Science, National 
Bureau of Standards, Washington D. C., 20~34 

Viscosities were measured to test the effect o f  
fluorine on aluminum-saturated, peralkaltne and 
peroluminous melt-~ in the system Na20-A1203-$102. 

F Fluorine was added to elbtte, jadeite and nepheline 
~ "  - - ' ~ .  melts on the St02-NaA1D2 join and to pera]kaline and 

~ ~ peralumimous compositions of f  the jotn, Viscosities 
V'J_~-I~ ~ were determined by concentric-cyllnder viscometry 

~%over the temperature range I000°C-1600°C. 
Si l ve r  Bel l  Mt~., Arizona :  porphyry copper " :\ ,  The vtscositieB ( logn} o f  a l l  c~mposttions were 
mlneralizatio, in a late Cretaceous caldera . f i t t e d  within error to Arrhentan functions of 

temperature, and activation energies (En} were 
D.A. SA$CYER usgs, obtained. Melts o f  albtte, jadeite and nephe]lne 

with 5-6% F added show large reductions in logn 
~.w. LII~4AN Denver,CO 80225 (e.g. at 1400°C: 1.60, 1.18  and 0.86)and En (40, 32 

T~o porphyry copper deposlts i n  t he  S i l v e r  Bel l  and 16 keel /mole) .  The pera lka l tne melt  (3.6% F) 
mining district, NN of  Tucson, Ag, are spatially shows a 1.0 toga drop and only a 5 kca]/mo]e 
associated with a thick sequence of late Cretaceous ~reductlon in in; whereas the peralumlnous melt 
volcanle rocks related to an ash-[l~w caldera. A /(6.4% F} shows a 0.94 logn drop and a 16 kcal/mole 
>]-km-thick ltthtc-rtch rhyolite welded tuff 472- ~ reduction in En. These results, combined with 
73~ $t02) forms the base of the volcanic sequence ~ unpublished data on fluorine-doped Si02, indtcate 
snd is overlain by volcaniclastlc sediments incorp- ~ that reductions in toga and En are positive linear 

functions o f  XSt02 on the join NaAI02-Si02 between 
o r a t i n g  c l a s t s  of l i t h i c  t u f f .  E x t r u s i o n  of d a c i t i c  ~ nephe]ime and St02. 
(63-65z SlO 2) breccias and flows fo l l oved ;  these and ~ According to published data on hydrous rhyo l i t e  
other voleanlc rocks are hfgh-K varletles~ low in Ca ~ melt (:a]blta), the vlscoslty-reducing effect of 
and Mg w i t h  little Fe enrichment. Capplng the sequence 
is a eucaxitlc rhyolite welded tuff ranging from 71Z to ~ fluorine on albite is one half that of water and 
77Z SiO 2. The volcanic sequence is | n c r u d e d  by monzo- 
d~ orlte and quartz monzodiorlte dikes and plutons. The 
pinions have yielded K-Ar biotite ages of 65-68 m.y. 

Severa l  l i n e s  of ev idence  sugges t  t h a t  t he  e n t i r e  3 
volcsno/plutonle complex is a deeply eroded and faulted 
c a l d e r a .  The >I km t h i c k n e s s  of  the l i t h i c  t u f f  s u g g e s t s  
pondlng d u r i n g  caldera collapse. L t t h t e  and phenocrya t  
enrle~nent of the groundmass relative to cognat~ p~fce 
is consistent with sorting ef fec ts  observed in other 
intracaldera t u f f  accumulaclons. Paleozolc sediments 
that are enclosed by lithle t u f f  ~ay represent cal- j 
dera-collapse brecclas or disrupted caldera floor. The 
lOCUS of mineral ized and unmlnerallzed in t rus ions forms 
a 150 ° .arc on the west side of  the range, probably along i i 
a rlng-fra¢i~re zone. Alteratlon ~pplng by remote sens- 
ing suggests closure of the arc  on the pediment to the 
e a s t  of t he  range (R. Lyon, pe t s . comm. ) .  Porphyry  copper 
m~nerallzation associated with caldera-related sfllclc 
voleanlsm at Sliver Bell illustrates t h e  diversity of 
magmatlc processes  l e a d l n g  to copper m i n e r a l i z a t i o n ;  
no t  a l t  porphyry copper  d e p o s i t s  form benea th  a n d e s i t l c  ! 
s t r a t o v o l c a n o e s .  / 

Phase Equil ibria-----  " J  

CH, Presidio Mort AM 
Presider, C. M. Scarfe, Univ of 
Alberta 

the reduction in En is very similar (40 vs. 37 
kcal/mole). Thus, the viscous flow of highly- 
pol~mertzed melts is similarly altered by the 
addi t ion o f  F- o r  OH-. These resu l ts  are appl icable 
%0 the f low o f  rh~o l t te6 ,  t rachytes and phonoli tes, 

~11~-03 

! 
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~iscosity-temperature relationships of melts at one. 
atmosphere in the s2stem diopside-albite 

C. M. SCARFE (Experimental Petrology Laboratory,  
~ f  Geology, Un ivers i ty  o f  A lber ta ,  Edmonton, 
A lber ta ,  T6G 2E3) 
D. J. CRDNIN (Center f0rMaterials Science, ~lational 
Bureau of Standards, Washington, D.C. 20234) 

The viscosities of six molt compositions havB been 
measured along the join diopside-albite with a con- 
centric-cylinder visco~eter. Measurements were madB 
between 16DO and ll50°C and viscosities were independent 
of shear rate, indicating Itewtonian viscous behavior. 
Viscosities decreased with increasing temperature and, 
at constant temperature, they decreased with increasing 
amounts of  diopside component in t h e  mixtures. The 
temperature dependence of the viscosity above the 
]iquidus was fi t ted to an Arrhenius relationship from 
which activation energies for viscous flow. ranging 
from 88 kcal/n~le for a n~lt of albite composition to 
38 kcal/n~le for a melt of diopside composition, were 
derived, Viscosities over the entire range of the melt 
and supercooled liquid temperatures were fitted to the 
Fulcher equation. Viscosity is Btrongly dependent upon 
the mole fraction of silica and alumina in tho meqt and 
on temperature. Addition of diopside to albite melt 
probably causes a reorganization of the three-dimen- 

u/d~ .  The CsSO 4 phe.ocrT, s t s  h~ve t he  foll~Ing co~pos ~_ 
i t i o n  ( i n  ppm) in  c o n t r a s t  tO the  r e s i d u a l  g l a ~ s t  

La Ce Nd Th Th O Ta Hf ~ S 
p ~ e n o =  159 258 77 2.O 2.4 1.1 - 1 ~  < 0 . 5  8 , - 

gla~ 3& 59 21 1.9 19.1 5.8 1.2 5.4 1320 2800 

an~ ate taken to represent equil lbT' /um. Thua~ In 'h i~  
fO 2 = a t l a s  (>NNO), ghe r e a c t i o n :  
Na8Al6Si602~SO 4 + C~AI2SI~O 8 + 16SI02 - 8N~klSi3OB~aS04 

d e m o n s t r a t e l  that ~nhydrlte plays  m ro le  in s i l i ceous  
mag-ma~ that i 8  timllar to that of  nosean in mar ie  r ~ l t ~ .  
The presence of pyr fhot t te  phenocz~sts in the Chichon 
samples  s u g g e s t s  t h a t  some of t he  s u l f u r  i n  the g l a s s  l e  

s u l f i d e  and the ba lance  more o x i d i z e d  s p e c i e s ,  
R e s u l t s  of others indicate that hlgh ~ulfur con- 

tents (S t ) can be produced in  synthetic ~Its at h f ~  
fSO~. We ~ v e  mode experiments fn  evacuate~ s i l i c a  tubes 
u s i n g  the SIO?-CaSI0~-CaSO 4 buffer at 1250 C and iS0 = 
0.029 b. PrelSmlnary~results indicate t h a t  S is 3 
greater in Lt~SI~O~ and K2SI~O ~ than in a SB~°~tO9 ande- 
site i n  24 hr~ruBs~ No S to t  ~<IO0ppm) was deteete~ In a~ 
a l b l t e  melt under  the same condit ions. Longe r  e x p e r i -  
ments  have produced up to 1.5 ~tZ Spot in LI2$t~O~. lLtp~. 
e r  S c o n t e n t s  a f t e r  l onge r  run  t fmes and c o n C e n t r a -  t o r  
tlon gradlencs indicate t h a t  these samples have n o t  
~eached e q u i l i b r i u m .  Further experiments in Eas ~t~xing 
a p p a r a t u s  a r e  underway, and su l fur  spectat ion determ.Tn. 
a~ions by ~et chemical techniques are being ~de. 

The Mab~matic - Hydrothermal Transition in Eare-Hetal 
peBmatltes: Fluid Inclu.slon Evidence from the Tan~co 
Mine, Manitoba 

D. LONDON (School of Geology & Geophysics, University 
of  Oklahoma, Norman, Okla. 7301g) 

P l u l d  Inclaslons in lithium alumlnosillcates f rom 
the ~anco pegmatite, gernlc Lake, Manitoba. contain a 
complex assemblage of daughter minerals that includes 
albite, cookelte, Cs-analclme or polluclte, quartz, 
and lithium tetraborate (Li2B407). This assemblage 
appears to represent crystallization products from a 
dense, silicate-rlch aqueous fluid, or from a dense 
two-phase suspension of aqueous fluid + silicate melt. 
The Li2gdo 7 component acts as a flux to increase mlse- 
Iblllty of H20 and silicate components and to depress 
the solldus (7) of this system to 450o-~80oc at approx- 
imately 3 khar. The system L~AIBiOd-NaAISI3Os-SIO2. . 
Lf2BdO?-H20 has been investigated experimentally as an 
analogue tO the natural fluids at Tents. The solidus 
of this model system lies at  SOO°C aC 2 kbar (fluld). 
Crystallization of albite, lithium aluminosilica6es, 
and quartz dr ives the melt composition toward the 
middle of  the alblte-Li2BdO 7 sidellne~ addition of CS 
Should further reduce the Solidus temperature and lead 
:O the crystallization of Cs-alumlnoslllcates. Aa in 
the Tents inclusions, the aqueous fluid and silicate 

EGRET SEPARATION N~ARI~ SILICATE SOLVUS 

D. WALKEg I ~nd C,E. Lasher 2 
~ D o h e r t y  Geol. Obs. and Dept.~ of  Geol .  Sci . ,  ~e l t  of  the model sys te~  exh ib i t  extensive ~L~sctb¢ltty 
Columbia O. Palisades, R. Y. 10964, ~Dept. of Geol• over a large range of bulk compositions. Evidence 
Scl., Harvard U. Cambridge, HA. 02138) from the fluld inclusions and these preliminary experl- 

• meats indicate chat (I) lace-stage fdulds at Tanco (and 
Thermal diffusion in  the single-phase liquid similar pegmatltes?) were dense borosilicate aqueous 

f i e l d  in the system KAISi2Oa-Fe2SiO~-SiO24LcFaS) is gels or  melts; (2) the g content of so lu t ion /me l t  
strongly affected by the  chemical potent /e l  " a ~ n o r -  ate phases may have reached 7 ~ Z ByO ~ or greater" and (3) 
m a l l t i e s "  which lead to  the  development of s i l i c  . . . . . . . .  r ~ t h e  r r a n s z t z o n  i tem mag~atxc to  n y a r o t h e r m a l  c r y s t a l -  
liquid imlsclbility (ELf) at Io er temperst res . . . . .  z -- - ~ been essential1 o w b d~ to # ~ u A n t ~  at~p~_~a~_~f~ d y c ntinuous ( i . e .  
S o r e r  e o m p o s l t l o ~ a l  a r r a y s ,  normal iy  su - r e  a l  S ~ O ~ % R ~ . n ~ L G ~  

• " e . . . . . . . . . . . . .  i n  other systems, fo l low the ELI t i e  l ines tn rh " 
c o m p o s i t i o n  r e g i o n  of  s t a b l e  SLI bu t  d e f l e c t  towards 
S o u t s i d e  t h i s  f i e l d ,  gemarkable  tempera ture -compo-  

served in the SLI composltlonal range. These re- 
suits sugges t  t h a t  the shape of thermal d i f f u s i o n  ~ ( 2 ~ J ~ -  
a r r a y s  may be used to  a e t e r m l n e  t he  s o l u t i o n  p r o p e r -  

P~edlptlo~•of f r e e  e n e r g i e s  of silicates and t r a c e  
t ies st silicate liquids. The analysis, which can ~W e~i'~]bution durln s hvdrothermal alteraclon 
a l s o  be a p p l i e d  to  s o l i d s ,  g ives  an excess  energy o f  
mixing of gig2 in many silicate solutions of 5-10 
kcal  and a h e a t  Of t r a n s p o r t ,  Q*(SIOz), g e n e r a l l y  D . A .  SVE~IENSK'Y (Department of E a r t h  and Space 
less t han  2 kcal. Sciences, S~NY at Stony Brook, NY I1794) 

FA The standard Gibbs f r e e  energies of formation aC 
~ ~eo ~ /@k LeUCITe- 25*C and 1 bar  of composit ional end-members of  

o ~ a J " ~ FAYALITe= silicate structures 4~£() exhibit linear correlations 
' ~  ~ ~ "~ S~O2 w i t h  the correspond£ng f r e e  e n e r g i e s  o f  f o ~ t l o n  of 

. • . . .  ; ,  , . . . . . .  , t~e aq ....... tton~ 4~ z+) to within ~7oo ca l .  m o l e  - ~  

AG°HX - ~ (~G°Hz+)  + b~x 

-"  ~" ~,, ~ ~ where M i s  Ha, Ha. Ee, Co, or NI, and MX refers to 
o l t v i nes ,  orthopyro~enes or clinopyroxenes (data frO~ 

-- PS~UDOBIN~RY Fa-SiO, '~ ~ [~,m'". Navrotsky, 1978 and Robie et el., 1982), or where S 
• t pS~UIX~<~ "~W ~ ' I '~ "7' \~, Is Na, K, Rb or Cs in dloctahedcal or trl . . . .  hedral 

~" ~ C s~: ~ .  " ~  micas (using free energies retrieved from experiments 
su=~arlzed by Volflnger and Robert, 1980 w i t h  
thermody~amlc data from Helgeson et  el., 1978. t981). LC SIL 
These linear correlations enable pred ic t ion  of the 
free energies of end-member Silicates with accuracies 
comparable to  that measurable. 

VlI~-0~ P~T~ ~.ssuming that other major sillcate families, for 
which the free energles of omly the Hg or Fe end- 

Solubility of Sol fur in Silicate Llqufds at Rich fO 2 meters are knouts, exhibit analogous linear 
correlations, free energies from Helgeson et el.. 

J . F .  STEBBINS ( E a r t h  Sciences Div~s lon ,  L ~ r e n c e  Berkeley (1978) were used to p r e d i c t  aHX and ~ and t h e  f r e e  
Laboratory. ~rkeley CA 94720) energies of amphibole, bier its. and chlorite 

Y.C. BISHOP (Depart~nt of Geological Sciences. north- scr~c~ures containing Mn. Co. Ni. Cu and Zn by taklmg 
western Unlverstty. Evansto. IU 60201) advantage of the ~emeerature independence st ~he 

I.S*Eo Caz~mlchael (Department of Geology and C~eophysles, ratios 4a~/aMy ) for different silicate s~ctures 
University of  Callf0r, lg, ~erkeley CA %720) and ~. Together with thermodynamic d a t a  for aqueous 

species at elevated temperalures and pressures, the 

The occurrence of CaEO~ phenoerysts in the 1982 p~mlce above free energies enable prediction of the 
eruption of El Chlchon has stimulated an experimental equilibrium distribution of trace elements during 
~tudy of  su l fur-oxygen gas solubilities in sllleate l l q -  hydrothermal alteratioo. 

Q P7 A This pate  may be fi'eelv copied. 
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Exploration Department 
Southwestern United States Division 

James D. Sell 
Manager 

September 30, 1985 

Ms. Margaret E. Hinkle 
U.S. Geological Survey 
P.O. Box 25046 
Denver Federal Center 
Denver, CO 80225 

Dear Ms. Hinkle: 

In the September issue of the "Journal of Geochemical Exploration," 
I note that you co-authored with C.A. Dilbert, the 1984 article 
"Gases and trace elements in soils at the North Silver Bell deposit, 
Pima County, Arizona" J-G.E., 20; 323-336 (1984). 

Would it be possible to secure a copy (or Xerox) of this paper? 

Thank you for your consideration. 

Sincerely, 

JDS:mek 
es D. Sell 

ASARCO Incorporated P.O. Box 5747 Tucson, Az 85703 
1150 North 7th Avenue (602) 792-30t0 
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Southwestern Exploration Division 

January 30, 1987 

~.J ,,LJ ~.-> 

FILE NOTE 

USBM Wilderness Appraisal 
Ragged Top Mountain WSA 
Silver Bell Mountains 
Pima County, AZ 

A Terry J. Kreidler, USBM, Denver, Colorado (phone: 303/236-3400) is one 
of the Wilderness Appraisal people and is with the Ragged Top WSA group. 

He will be down this Spring to complete the work. 
come in and chat when he is in town. 

I have asked him to 

JDS:mek 
c ~ '  James D. Sell 

cc: W.L. Kurtz 
W.D. Gay 
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STUDIES RELATED TO WILDERNESS 

Bureau of Land Management Wilderness Study Areas 

The Federal Land Policy and Management Act (Public Law 94-579, 
October 21, 1976) requires the U.S. Geological Survey and the U.S. Bureau of 
Mines to conduct mineral surveys on certain areas to determine their mineral 
values, i f  any. Results must be made available to the public and be submitted 
to the President and the Congress. This report presents the results of a 
geochemical survey of the Ragged Top Wilderness Study Area (AZ-020-197), Pima 
County, Arizona. 

INTRODUCTION 

In March 1987, the U.S. Geological Survey conducted a reconnaissance 
geochemical survey of the Ragged Top Wilderness Study Area, Pima County, 
Arizona. Additional samples were collected in December 1987. The wilderness 
study area and nearby sampled terrain are termed the "study area." 

The Ragged Top Wilderness Study Area comprises 4,460 acres (about 7 mi 2) 
in the north central part of Pima County, Arizona, and lies about 35 mi 
northwest of Tucson, Arizona (see f ig. 1). Access to the study area is 
provided by the Silver Bell, Avra Valley, and Red Rock roads. 

Topography of the study area is dominated by the rugged mass of Ragged 
Top Peak, elevation 3,907 f t ,  and a shorter subsidiary peak ca]led ~olcott 
Peak which rise abruptly to a maximum of 1,700 f t  above the surrounding 
bajada. The two peaks, which are collectively known as Ragged Top, are the 
northeastern peaks of the Silver Bell Mountains. Ragged Top is separated from 
the main mass of the Silver Bell Mountains by a mile-wide valley. 

Vegetation is characteristic of the Sonoran Desert. Common species 
include saguaro and other cacti, paloverde, acacia, ironwood, mesquite, and 
creosote bush. 

The southwest part of the study area lies within the Silver Bell mining 
d is t r ic t  (Richard and Courtright, 1966; Graybeal, 1982). The f i r s t  recorded 
mining activity in the d is t r ic t  was in 1865 about 2 miles south-southwest of 
the wilderness study area; silver and copper were recovered from skarn. 
Exploitation of porphyry copper deposits at the El Tiro and Oxide pits began 
in 1954 and continued unti l 1985. The E1Tiro pi t  is about 2 miles southwest 
of the wilderness study area and the Oxide pi t  is about 3 miles south. A 
third, unexploited, porphyry copper deposit, the North Silver Bell deposit, 
lies about 1 mile from the southwest corner of the wilderness study area. 
Production from the El Tiro and Oxide deposits from 1954 to 1977 totaled 
75,655,000 tons averaging 0.80 percent copper, 0.07 oz/ton silver, and 0.022 
percent molybdenum sulfide (Graybeal, 1982). Copper has been the predominant 
commodity produced in the Silver Be]l d ist r ic t  but two mines about 2 miles 
southwest of the wilderness study area produced about 150,000 tons of ore 
averaging 16 percent zinc, 1.3 percent copper, 0.6 oz/ton silver, and minor 
lead and gold (Keith, 1974). Total production of base and precious metals in 
the Silver Bell d is t r ic t  from 1885 to 1981 amounted to 90,351,000 tons (Keith 
and others, 1983). 

Geology of the study area is included in reports by Sawyer (1986, 
1987). A major structural feature in the study area is the Ragged Top fault ,  
a probable str ike-sl ip fault that runs from near the southeast t ip of the 
wilderness study area west-northwest across the wilderness study area. 
Precambrian Oracle-type granite predominates on the north side of the fault 
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although Middle Proterozoic Apache Group sedimentary rocks crop out east of 
Ragged Top. Upper Cretaceous volcanic rocks predominate south of the Ragged 
Top fault. The volcanic rocks consist of andesite-to-dacite extrusive rocks 
and rhyolite tuffs. Upper Cretaceous sedimentary rocks southwest of Ragged 
Top contain clasts that include Precambrian schist, Paleozoic sedimentary 
rocks, probable Lower Cretaceous sandstone, Cretaceous algal limestone, and 
volcanic rocks. An Upper Cretaceous granodiorite porphyry laccolith underlies 
part of the southwestern section of the wilderness study area. Ragged Top is 
an Oligocene rhyolite dome that was extruded along the trace of the Ragged Top 
fault. Quaternary sediments that are mostly unconsolidated cover the f la t ter  
sections of the study area. 

Sawyer (1986, 1987) and Lipman and Sawyer (1985) present evidence to 
support the concept that the Upper Cretaceous sedimentary rocks, the Upper 
Cretaceous andesite-to-dacite extrusive rocks, and certain of the Upper 
Cretaceous rhyolite tufts are the results of the formation and later collapse 
of a caldera during Late Cretaceous time. 

METHODS OF STUDY 

Sample Medi a 

Analyses of stream-sediment samples represent the chemistry of the rock 
material eroded from the drainage basin upstream from each sample site. Such 
information is useful in identifying those basins which contain concentrations 
of elements that may be related to mineral deposits. Panned-concentrate 
samples derived from stream sediment provide information about the chemistry 
of certain minerals in rock material eroded from the drainage basin upstream 
from each sample site. The selective concentration of minerals in panned- 
concentrate samples, many of which may be ore related, permits determination 
of some elements that are not easily detected in stream-sediment samples. 
Analyses of unmineralized or unaltered rock samples provide background 
geochemical data for individual rock units. Analyses of mineralized or 
altered rocks may provide useful geochemical information about the major- and 
trace-element assemblages associated with a mineralizing system. 

Sample Collection and Preparation 

Sampling sites are represented on plate 1. During the in i t ia l  
reconnaissance sampling in March 1987, a stream-sediment sample and two 
panned-concentrate samples derived from stream sediment were collected at each 
of the 11 sites (numbers 105-108, 113-118, 126). The two panned-concentrate 
samples from each site were treated differently, as described below, and after 
preparation were respectively termed a "nonmagnetic heavy-mineral-concentrate 
sample" and a "raw panned-concentrate sample." Average sampling densit~ 
during the reconnaissance sampling wasoabout one ~ample site per 0.7 mi and 
the drainage basins ranged from 0.2 mi ~ to 1.5 mi ~ in area. During the 
follow-up sampling in December 1987, nonmagnetic heavy-mineral-concentrate and 
raw panned-concentrate samples were collected at 15 localities (numbers 7301- 
7305, 7312-7314, 7317-7323) except that no nonmagnetic heavy-mineral- 
concentrate sample was collected at site 7321. Samples were collected by Gary 
A. Nowlan and David A. Sawyer. 



Stream-sediment samples 

The stream-sediment samples consisted of active alluvium collected 
primarily from first-order (unbranched) and second-order (below the junction 
of two first-order) streams as shown on U.S. Geological Survey topographic 
maps (scale = 1:24,000). The stream-sediment samples were dried, then sieved 
using 30-mesh (0.595-mm) stainless-steel sieves. The portion of the sediment 
passing through the sieve was pulverized to approximately minus-lO0 mesh 
(minus-O.15 mm) for analysis. 

Nonmagnetic heavy-mineral-concentrate samples 

Ten to twenty pounds of stream sediment were collected from the active 
alluvium. Most of the samples were panned without screening. However, 
samples from sites 105-108 and 113-114 were screened with a 2.0-mm (lO-mesh) 
screen to obtain about 20 Ib after removal of the coarse material. The 
samples were panned to remove most of the quartz, feldspar, organic matter, 
and clay-sized material. The resulting concentrates were estimated to weigh 
between 1 and 4 oz. 

After drying, bromoform (specific gravity 2.8) was used to remove the 
remaining quartz and feldspar from the samples that had been panned. Each 
heavy-mineral sample was then separated into three fractions using a large 
electromagnet (in this case a modified Frantz Isodynamic Separator). The most 
magnetic material, primarily magnetite, was not analyzed. The second 
fraction, largely ferromagnesian silicates and iron oxides, was saved for 
archival storage. The third fraction (the least magnetic material which may 
include the nonmagnetic ore minerals, zircon, sphene, etc.) was spl i t  using a 
Jones spl i t ter.  One spli t  was hand ground for spectrographic analysis; the 
other spl i t  was saved for mineralogical analysis. These magnetic separates 
are approximately the same separates that would be produced by using a Frantz 
Isodynamic Separator set at a slope of 15 ° and a t i l t  of 10 ° with a current of 
0.2 ampere to remove the magnetite and ilmenite, and a current of 0.6 ampere 
to spl i t  the remainder of the sample into paramagnetic and nonmagnetic 
fractions. 

Raw panned-concentrate samples 

Raw panned-concentrate samples were collected and panned in the same 
manner as the heavy-mineral-concentrate samples except that the samples were 
panned to a smaller amount. The raw panned-concentrate samples were dried and 
then were analyzed for gold without further preparation. 

Rock samples 

Sixty-four samples of bedrock were collected (table I) .  The 28 samples 
from the RTR130 series were collected from outcrops at generally lO0-ft 
intervals along a traverse crossing an area of altered bedrock along the west 
side of the wilderness study area. Sample RTRIO6A is from a shear zone. The 
seven samples from the 82S series were collected in 1982 and are 
representative of bedrock units where mineralization is absent and alteration 
is slight. The 28 samples from the RT7300 series are samples of mineralized 
rock, altered rock, and vein material. Descriptions of the rock samples are 
in table 1. Rock samples were crushed and then pulverized to approximately 
minus-lO0 mesh (minus-O.15 mm) with ceramic plates. 



Sample Analysis 

Spectrographic method 

The stream-sediment samples were analyzed for 31 elements and the 
nonmagnetic heavy-mineral-concentrate and rock samples for 35-37 elements 
using a semiquantitative, direct-current arc emission spectrographic method 
(Grimes and Marranzino, 1968). The elements analyzed and their lower limits 
of determination are listed in tables 2 and 3. Spectrographic results were 
obtained by visual comparison of spectra derived from the sa~le against 
spectra obtained from standards made from pure oxides and carbonates. 
Standard concentrations are geometrically spaced over any given order of 
magnitude of concentration as follows: 100, 50, 20, 10, and so forth. 
Samples whose concentrations are estimated to fa l l  between those values are 
assigned values of 70, 30, 15, and so forth. The precision of the analytical 
method is approximately plus or minus one reporting interval at the 83 percent 
confidence level and plus or minus two reporting intervals at the 96 percent 
confidence level (Motooka and Grimes, 1976). Values determined for the major 
elements (iron, magnesium, calcium, titanium, sodium, and phosphorus) are 
given in weight percent; a]l others are given in parts per million (ppm). 
Emission spectrographic analyses were performed by John H. Bullock, Jr. 

Other methods 

Table 4 l is ts other methods of analysis used on samples from the Ragged 
Top Wilderness Study Area and l ists limits of determination, precision, and 
references for the methods. Rock and stream-sediment samples were analyzed 
for gold by graphite furnace atomic absorption spectroscopy and for antimony, 
arsenic, bismuth, cadmium, and zinc by inductively coupled plasma emission 
spectrometry. Rock samples were analyzed for mercury by cold vapor atomic 
absorption spectroscopy, for tellurium and thallium by flame atomic absorption 
spectroscopy, for fluorine by ion selective electrode, and for tungsten by 
visible spectrophotometry. Stream-sediment samples were analyzed for uranium 
by ultraviolet fluorimetry. Raw panned-concentrate samples were analyzed for 
gold by flame atomic absorption spectroscopy. Analysts were Paul H. Briggs, 
Alonza H. Love, John B. McHugh, Richard M. O'Leary, Theodore A. Roemer, John 
D. Sharkey, and Eric P. Welsch. 

Analytical results for stream-sediment, nonmagnetic heavy-mineral- 
concentrate, raw panned-concentrate, and rock samples are listed in tables 5, 
6, 7, and 8, respectively. 

DATA STORAGE SYSTEM 

Upon completion of analytical work, the results were entered into a U.S. 
Geological Survey computer data base called PLUTO. This data base contains 
both descriptive geological information and analytical data. Any or all of 
this information may be retrieved and converted to a binary form (STATPAC) for 
computerized statist ical analysis or publication (VanTrump and Miesch, 1977). 

DESCRIPTION OF DATA TABLES 

The numeric portion of each sample identification in tables 5-7 and of 
RT7300-series rock samples and sample RTRIO6A in table 8 corresponds to the 
site number on plate 1. However, only the last three numbers in sample 
identifications for 82S-series rock samples in table 8 correspond to site 



numbers on plate 1. Sites A-Z on plate I show the sampling sites of RTR130- 
series rocks and correspond to the letter immediately following 130 in each 
sample identif ication in table 8. 

A letter "N" in the tables indicates that a given element was looked for 
but not detected at the lower l imi t  of determination. I f  an element 
determined by emission spectrography was observed but was below the lowest 
reporting value, a "less than" symbol (<) was entered in the tables in front 
of the lower l imi t  of determination. No distinction was made between "not 
detected" and "less than" for samples analyzed by methods other than emission 
spectrography. I f  an element was above the highest reporting value, a 
"greater than" symbol (>) was entered in the tables in front of the upper 
l imi t  of determination. The lower l imit  of determination for gold in raw 
panned-concentrate samples by atomic absorption spectroscopy is 0.05 ppm, 
based on a lO-g sample. Because the sample weight for raw panned-concentrate 
samples was variable, the lower limits of determination varied from 0.02 to 
0.07 ppm. The weights of the raw panned-concentrate samples (table 7) are 
given in grams and are in the column headed by "weight". 

Because of the formatting used in the computer program that produced 
tables 5-8, some of the elements listed in these tables (Ca, Fe, Mg, Na, P, 
Ti, Ag, Be, Cd-i, Au-a, Hg-a, Te-a, and Tl-a) carry one or more nonsignificant 
digits to the right of the significant digits. The spectrographic 
determinations for As, Au, Bi, Cd, Mo, Sb, Th, and W in stream-sediment 
samples; for As, Co, Ge, Nb, Pd, Pt, Sb, and Th in nonmagnetic heavy-mineral- 
concentrate samples; and for As, Au, Ge, Sb, Sn, and Th in rock samples were 
all  below the lower limits of determinations shown in tables 2 and 3; 
consequently, the columns for these elements were omitted from tables 5, 6, 
and 8, respectively. The spectrographic determinations for Zr in nonmagnetic 
heavy-mineral-concentrate sables were all greater than the upper l imi t  of 
determination and so that element was omitted from table 6. 
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Table 1.--Descriptions of analyzed rock samles from 
the Ragged Top Wilderness Study Area, 
Pima County, Arizona. 

Sample Description 

RTR130AA 
RTR130BA 
RTR130CA 
RTR130DA 
RTR130DB 
RTR130EA 
RTR130EB 
RTR130FA 
RTR130GA 
RTR130HA 
RTR130IA 
RTR130JA 
RTR130KA 
RTR130LA 
RTR130MA 
RTR130NA 
RTR1300A 
RTR130PA 
RTR130QA 
RTR130RA 
RTR130SA 
RTR130TA 
RTR130UA 
RTR130VA 
RTR130WA 
RTR130XA 
RTR130YA 
RTR130ZA 
RTRIO6A 
B2S-023 
B2S-044 
B2S-122 
82S-133 
B2S-135 
82S-150 
B2S-382 
RT7306A 
RT7306BA 
RT7306BB 
RT7307A 
RT7308A 
RT7309A 
RT7309B 
RT730gc 

Granodiorite 
Granodiorite 
Granodiorite 
Granodiorite 
Granodiorite 
Granodiorite 
Granodiorite 
Granodiorite 
Granodiorite 
Granodiorite 
Granodiorite 
Granodiorite 
Granodiorite 
Fine grained 

porphyry 
porphyry 
po rp hyry, 
porphyry, 
porphyry, 
porphyry, 
po rp hyry, 
porphyry, 
po rp hyry, 
po rp hyry, 
porphyry, 
po rp hyry, 
porphyry, 
rock, high 

Granodiorite porphyry, 
Potassium-rich rock 
Potassium-rich rock 
Granodiorite porphyry, 
Granodiorite porphyry, 
Granodiorite porphyry, 
Granodiorite porphyry 

sl ightly altered 
sl ight ly altered 
altered 
altered 
altered 
altered 
highly altered, brecciated 
highly altered, brecciated 
highly altered, brecciated 
highly altered, brecciated 
highly altered, 
ly altered 
altered 

sl ightly altered 
sl ightly altered 
sl ightly altered 

Granodiorite porphyry, sl ightly altered 
Granodiorite porphyry, sl ightly altered 
Granodiorite porphyry 
Diabase 
Oracle-type granite 
Diabase 
Oracle-type granite 
Oracle-type granite from shear zone 
Granodiorite porphyry 
Granodiorite porphyry 
Lithic tuff  
Rhyolite welded tuf f  
Rhyodacite porphyry 
Rhyodacite porphyry 
Rhyolite 
Barite-fluorite vein 
Barite vein 
Altered wall rock by barite vein 
Granodiorite porphyry, altered 
Granodiorite porphyry, altered 
Sulfide minerals and calcite 
Granodiorite porphyry with sulfide minerals 
Granodiorite porphyry with sulfide minerals 



Table 1.--Descriptions of analyzed rock samples from 
the Ragged Top Wilderness Study Area, 
Pima County, Arizona--Continued. 

Sample Description 

RT7309D 
RT7309EA 
RT7309EB 

RT7309F 
RT7309G 
RT73 IOA 
RT73 lOB 

RT7311AA 
RT7311AB 
RT7315A 
RT7315B 
RT7315CA 
RT7315CB 
RT7316A 
RT7324A 
RT7324B 
RT7324CA 
RT7324CB 
RT7325A 
RT7326A 

Dolomite (?) vein with sulfide minerals 
Rhodochrosite (?) vein with sulfide minerals 
Granodiorite porphyry with rhodochrosite (?) 

and sulfide minerals 
Granodiorite porphyry with sulfide minerals 
Granodiorite porphyry with sulfide minerals 
Granodiorite porphyry 
Granodiorite porphyry with calcite and sulfide 

minerals 
Quartz vein 
Quartz vein 
Quartz vein 
Quartz vein 
Quartz vein 
Altered granite 
Diabase 
Barite vein 
Barite vein 
Quartz vein 
Quartz vein 
Quartz vein 
Quartz vein with sulfide minerals 



TABLE 2.--Limits of determination for the spectrographic analysis of 
stream-sediment samples, based on a lO-mg sample 

Elements Lower determination limit Upper determination l imit 

Percent 

Iron (Fe) 0.05 20 
Magnesium (Mg) .02 10 
Calcium (Ca) .05 20 
Titanium (Ti) .002 1 

Parts per million 

Manganese (Mn) 10 5,000 
Silver (Ag) 0.5 5,000 
Arsenic (As) 200 10,000 
Gold (Au) 10 500 
Boron (B) 10 2,000 
Barium (Ba) 20 5,000 
Beryllium (Be) 1 1,000 
Bismuth (Bi) 10 1,000 
Cadmium (Cd) 20 500 
Cobalt (Co) 5 2,000 
Chromium (Cr) 10 5,000 
Copper (Cu) 5 20,000 
Lanthanum (La) 20 1,000 
Molybdenum (Mo) 5 2,000 
Niobium (Nb) 20 2,000 
Nickel (Ni) 5 5,000 
Lead (Pb) 10 20,000 
Antimony (Sb) 100 10,000 
Scandium (Sc) 5 100 
Tin (Sn) 10 1,000 
Strontium (Sr) 100 B,O00 
Vanadium (V) 10 10,000 
Tungsten (W) 50 10,000 
Yttrium (Y) 10 2,000 
Zinc (Zn) 200 10,000 
Zirconium (Zr) 10 1,000 
Thorium (Th) 100 2,000 
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TABLE 3.--Limits of determination for the spectrographic analysis of 
heavy-mineral-concentrate samplesbased on a 5-mg sample 

[The spectrographic limits of determination for rock samples are based on a 
lO-mg sample and are therefore two reporting intervals lower than the limits 
listed in this table] 

Elements Lower determination limit Upper determination l imit 

Percent 

Iron (Fe) 0.1 50 
Magnesium (Mg) .05 20 
Calcium (Ca) .1 50 
Titanium (Ti) .005 2 
Sodium (Na) .5 10 
Phosphorus (P) .5 20 

Parts per million 

Manganese (Mn) 20 10,000 
Silver (Ag) 1 10,000 
Arsenic (As) 500 20,000 
Gold (Au) 20 1,000 
Boron (B) 20 5,000 
Barium (Ba) 50 10,000 
Beryllium (Be) 2 2,000 
Bismuth (Bi) 20 2,000 
Cadmium (Cd) 50 1,000 
Cobalt (Co) 20 5,000 
Chromium (Cr) 20 10,000 
Copper (Cu) 10 50,000 
Lanthanum (La) 100 2,000 
Molybdenum (Mo) 10 5,000 
Niobium (Nb) 50 5,000 
Nickel (Ni) 10 10,000 
Lead (Pb) 20 50,000 
Antimony (Sb) 200 20,000 
Scandium (Sc) 10 2,000 
Tin (Sn) 20 2,000 
Strontium (Sr) 200 10,000 
Vanadium (V) 20 20,000 
Tungsten (W) 50 20,000 
Yttrium (Y) 20 5,000 
Zinc (Zn) 500 20,000 
Zirconium (Zr) 20 2,000 
Thorium (Th) 200 5,000 
Gallium (Ga) 10 1,000 
Germanium (Ge) 20 200 
Platinum (Pt) 20 1,000 
Palladium (Pd) 5 1,000 
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TABLE 4.--Analytlca] methods used other than emission spectrography 

[AAC, cold vapor atomic absorption; AAF, flame atomic absorption; AAG, graphite furnace atomic absorption; 
F, ultraviolet fluorlmetry; ICP, Inductively coupled plasma spectrometry; ISE, ion selective electrode; 
VS, visible spectrophotometry; <, less than value shown] 

Element Sample Lower l imit  of Precision, percent 
determined type Method determination, relative s tandard  References 

ppm deviation 

r~ 

Mercury (Hg) rocks AAC 0.02 <5 
Tellurium (Te) rocks AAF 0.1 4.5-7.3 
Thallium (TI) rocks AAF 0.05 1.6-12.5 
Gold (Au) raw panned AAF 0.05 a 9.3-42.5 

concentrates 
Gold (Au) rocks, stream AAG 0.001 3.7-21.1 

sediments 
Uranium (U) stream F 0.1 6.9-14.2 

sediments 
Antimony (Sb) rocks, stream ICP 2 6.4-11 

sediments 
Arsenic (As) rocks, stream ICP 5 3.5-20 

sediments 
Bismuth (Bi) rocks, stream ICP 2 2.2-11.9 

sediments 
Cadmium (Cd) rocks, stream ICP 0.1 2.8-8.8 

sediments 
Zinc (Zn) rocks, stream ICP 2 1.4-11.9 

sediments 
Fluorine (F) rocks ISE b 100 0.98-5.51 

Tungsten (W) rocks VS I 2.9-6.9 

Crock and others, 1987. 
Hubert and Chao, 1985. 
Hubert and Chao, 1985. 
Thompson and others, 1968; 

O'Leary and Meier, 1986. 
Meier, 1980; O'Leary, 

and Meier, 1986. 
Centanni and others, 1956; 

O'Leary and Meier, 1986. 
Crock and others, 1987. 

Crock and others, 1987. 

Crock and others, 1987. 

Crock and others, 1987. 

Crock and others, 1987. 

Hopkins, 1977; O'Leary and 
Meier, 19B6. 

Welsch, 1983; O'Leary and 
Meier, 1986. 

aBased on 10-g sample 

bHot ni tr ic acid digestion 



F~ble ~.--Results o£ analyses 0£ stream-sedieen~ samples collec~ed From ~he 
Ragged Top Wilderness Stud) A)ea, Plea County, Arizona 

[H, not deteczed) <, deteczed below li~it o£ determination shown £or eezssion spectrographic analyzes, less than value 
shown £or other methods; >, 9rearer ~han value shown; ---, not determined, Methods: Au-a, ato#ic absorption; As-z, 
Bi- i ,  Cd-i, Sb-i, Zn-i, inductively coupled plasea spectroscopy; U-£, ultraviolet £1uoriuetr~; others, e.lssion 
spectrography. Ele,en~ values in ppe excep~ Ca, Fe, Mg, and Ti, which are weight percent] 

Sample Latitude Longitude Ca Fe M9 Ti A9 Au-a As-i B Ba He Bi-i Cd-i Co 

RTAIO$ 32 26 34 IIi 27 28 1.5 5 1.5 ,7 N --- 7 50 700 3.0 <2 ,8 30 
RTAL06 32 27 5 III 27 IB 1.0 tO 1.5 ,7 H .OOL 6 20 300 2,0 <2 2.3 70 
RTAI07 32 27 16 iii 27 29 1.0 ? 1.0 1,0 N <.001 <5 30 500 3.0 <2 1.4 30 
RTAIO@ 32 27 46 III 27 54 ,3 15 .3 ,~ N --- 7 70 300 3.0 <2 Z.$ 70 
RTAII3 32 2? 2 ill 27 I? .5 ? .7 1,0 N <.001 9 ?0 300 2,0 <2 1.9 30 

RTAll4 32 2B 8 111 28 50 .7 ? 1.0 1.0 N - - -  b 15 500 3.0 <Z 1.3 15 
RTAII5 32 28 31 III 30 4 .7 I0 1.5 ,7 N <.001 <5 30 500 3.0 <2 1.3 20 
RTAII6 32 2B 19 III 30 30 .7 10 .7 .7 N .002 ? 50 1,500 3,0 Z io¢ 30 
RTAII7 32 27 43 Iii 30 39 1.0 5 1.5 .5 .5 .005 B 50 1,000 2.0 <2 1.3 15 
RTAiI9 3Z 26 57 111 30 35 .$ 5 I.O .3 N .010 <5 10 500 1.0 <Z .7 5 

RTAI26 32 26 14 l l l  29 4 .7 ? 1.0 .5 N .001 7 10 300 1.5 <2 .8 10 

Sauple Cr Cu La Mn Nb Hi Pb Sb-i SQ Sn Sr U-£ V Y Zn Zn-i Zr 

RTAI05 30 30 30 500 ~20 30 50 2 15 N 200 I,I 150 20 N 68 500 
RTAI06 50 70 ~20 1.000 N 50 50 ii 15 <i0 <i00 2.Z 200 50 ZOO 8B 200 
RTAIO? 30 50 20 1,500 N 20 50 <2 20 N <I00 3.0 200 ?0 200 71 300 
RTAIOB 200 30 N ?00 <ZO 50 30 <2 10 N N 7.5 500 500 N 31 300 
RTAII3 30 50 <ZO 300 <ZO 30 30 14 15 <I0 N 1.9 ZOO 50 N 89 300 

RTA114 20 50 TO 700 <ZO 15 30 <2 20 <10 (100 3.7 150 100 N 75 1,000 
RTAII$ 30 30 $0 2,000 <20 I$ $0 <2 15 N 100 2.8 200 100 N 81 SO0 
RTAII6 50 50 50 1,000 (20 30 lSO <2 20 <I0 I00 2.9 300 70 N 77 1,000 
RTAII? 30 70 30 2,000 N 20 300 <2 15 N 150 l.l I00 20 200 150 200 
RTAII8 20 30 ~20 500 ~ ? ?0 <2 <5 N i00 1,2 70 <I0 <200 ~B 70 

RTAI2~ 20 20 <20 500 N 15 50 <2 5 N I00 1.1 100 10 N 80 100 

13 



Table 6.--ResulLs oF analyses oF noniagnetic heavv-mzneral-concen~a~e samples From the 
Ra99ed Top Wilderness S~udy Area. Fima County, Arizona 

[N. no~ oetec~ed: (, detec~eo Oelow limi~ 0£ de~ermznazzon shown~ >~ ~reazer Cnan value shown. Analyses by e~zsszon 
speo~rography, E1eMenZ values are ppm except Ca, Fe, Mg, Na, P, and Ti, which are weigh~ percen~ 

~ample Latitude Longitude Ca Fe ~ Na P Ti AO A~ B Ba ?e Bi Cd 

RTHI05 32 26 34 111 27 2B ~ 1,00 ,30 1.5 2.0 Z.O N N ZO >10.000 ] N N 
~THI06 32 27 5 111 27 18 3 1.50 .JO .7 Z.O 2.0 N N 20 5.000 ? 50 R 
RTHIO? 32 27 16 111 27 29 5 30 .20 ,5 5.0 1.0 N N 30 3,000 I0 70 N 
RTHIOB 32 27 46 I l l  27 54 5 1.00 .20 5.0 ~.5 .Z N N 20 1.000 5 N N 
RTHII3 32 27 2 Iii 27 17 5 1.00 .50 2,0 1.5 1.5 N N 30 >I0,000 5 N N 

RTHII4 32 2B B 111 2B 50 10 ,50 .ZO 1.5 I0.0 .7 N N <20 700 5 N N 
RTHiI5 32 28 31 111 30 4 10 1.00 .30 2.0 5.0 t.5 N N 20 3,0~ ? N N 
RTHII6 32 28 19 111 30 30 5 .70 .30 t.O 1.0 .7 N N <20 >I0,000 7 N N 
RTHII? 32 27 43 Ill 30 39 [0 1.50 .50 3.0 Z.O 1.5 <I N 30 >10,000 2 N N 
RTHIlB 3Z 26 57 111 30 35 2 .30 .10 t.O 1,0 .5 1 .000  ~1,000 N >10.000 N 30 N 

RTHI2& 32 25 14 111 29 4 7 30 .15 2.0 1.5 1.5 2 N <20 10,000 3 N <50 
RTff7301B 3Z 25 56 iii 30 34 7 .I0 .I0 N 2.0 .fl 2 N N >I0,000 N N N 
RTH?302 32 26 53 111 30 31 20 .20 ,I0 N 7.0 ,7 2 N N >I0,000 N N N 
@TH7303 32 26 55 111 30 27 30 .30 .lO N 7.0 .5 (1 N N >10,000 N N N 
RTH7304B 32 26 50 111 30 16 ZO .20 .15 N 1.5 .5 300 N N >10,000 N 300 70 

RTH7305B 32 27 I I11 30 43 [0 .I0 ,07 N .5 .I 30 N N >10,000 N N 
RTH7312 32 27 ? 111 27 44 15 .70 .15 .5 2.0 1.5 N N 20 3,000 5 30 N 
RTH7313 32 27 B i i i  Z7 43 !5 .70 .30 l.O .7 1.0 N N 20 >t0,000 3 N N 
RTH7314 32 27 5 111 27 21 ZO 1.50 1.00 2.0 1.0 2.0 N N 30 I0,000 2 30 N 
RTH7317 32 26 31 I I I  29 57 20 1.00 .15 N %0 1,5 N N N >I0,000 (2 N N 

RTH731B 32 26 39 111 30 3 5 ,ZO ,i0 <.5 .7 ,3 N N N )I0,000 <2 N N 
RTH7319B 32 26 42 111 30 13 10 ,ZO .I0 <.5 2.0 1.0 15 70 <20 >i0.000 N N N 
RTH7320B 32 26 40 111 30 14 .10 .07 N <.5 .2 N N N >10,000 N N N 
RTH7322 32 26 9 111 30 16 3 <.I0 .07 N <.5 .2 N N N )10,000 N N N 
RIH7323 32 26 15 III 30 IB 3 .15 .i0 N .5 .2 I N N )I0,000 N N N 

Saiple Cr C. Ga La Mn MO Hi Pb Sc Sn Sr V M Y In 

RTHI05 <20 ?0 20 N 300 N <10 ?0 50 N 700 50 N 500 N 
RTHI06 20 20 15 ,:I00 500 N <I0 t.O00 ZOO N N 200 N 1.500 N 
RTHI07 N 15 {0 ~IO0 700 N <10 70 200 N N 100 N 1,500 N 
RTHIO8 N <tO 30 N 700 N <10 50 ?0 N N 50 50 1.000 N 
RTHiI3 <20 50 70 N 700 N <10 2,000 100 N 200 I00 N 1,500 N 

RTHIt4 N N 15 100 1.000 N N 70 150 N N 50 N 1,500 ff 
RTHII5 N 10 30 tOO 700 N N tO0 100 N N 50 N 1,000 N 
RTHI16 N <10 15 N 700 N N 200 tSO N 700 30 N 1,000 N 
RTHII7 20 50 50 150 700 <10 (10 3,000 50 N 700 100 N 500 N 
RTHIIB N 150 ~itO <100 ZOO 150 N >50,000 30 N 1,500 15,000 N 150 <500 

RTHIZ& N <10 10 100 300 N N 1,000 50 N N 700 N 300 N 
RTH7301B N 70 N 100 500 10 N t5,000 20 N >10,000 1,500 N 300 500 
RTH7302 N 30 N 150 700 100 N 3,000 ZO N tO,O00 150 N 500 N 
RTH7303 N <i0 N 300 1.000 N N 1,500 20 N tO.O00 I50 N 300 N 
RTH7304B <20 t,O00 N 150 1,000 500 N )50,000 30 N 10,000 5,000 R 200 700 

RTH7305B N 20 N <lO0 200 20 N 500 N N >10,000 500 N 70 <500 
RTH7312 N 50 <tO 100 [,000 N N 50 200 N <200 200 N 1,500 N 
RTH7313 <ZO tO 10 I00 500 N N <20 200 N 500 150 N 1,500 N 
RTH7314 K20 20 30 [00 1,000 N N (20 100 50 500 150 N 1,000 N 
RTH73[7 N <10 N ZOO [,000 N N 30 I00 N 700 300 N 700 N 

RTH7318 50 50 R N 500 N N 50 15 N >10,000 700 N 200 N 
~TH7319B 20 20 N 150 700 ;tO N >50,000 70 N 7,000 LO,O00 N 700 N 
RTH73Z09 N 15 N N 150 30 N 3,000 <I0 N >10,000 300 N 100 N 
RTH7322 N N N N 300 200 N 1,500 N N >10,000 50 N ?0 N 
RTH7323 N <10 N N 500 <10 N 10,000 20 N tO,O00 3,000 N 150 N 
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Table 7.--Results of analyses o£ raw panned-concentrate 
samples collected From the Ra99ed Top Wilderness Study 
Area, PiMa County, Arizona 

[<, less than value shown. Au-a in ppm. Weight, 9rams 
o£ raw panned-concentrate sa,ple. Analyses by atomic 
absorption] 

Sa=ple Latitude Longitude Au-a ~eight 

RTGIO5 32 26 34 iii 27 28 <.05 II.01 
RTfiI06 32 27 5 111 27 18 <.04 13.09 
RTGI07 32 27 t6 III 27 29 <.05 11.02 
RTGI08 32 27 46 111 27 54 <.05 9.97 
RTGII3 32 27 2 III 27 17 <.06 7.95 

RTGII4 32 2B 8 iii 28 50 <.04 14.45 

RTfilI5 32 28 31 iii 30 4 <,05 10.04 
RTGII6 32 28 19 111 30 30 <.OS 11.35 
RTGII7 32 27 43 111 30 39 <.07 6.55 
RTGII8 32 26 57 Iii 30 35 150.00 7.44 

RTGI26 32 26 14 I11 29 4 (,05 ll,55 
RT67301 32 26 56 111 30 34 2.30 21.57 
RTG7302 32 26 53 111 30 31 ,20 15.18 
RTG7303 3Z 26 55 111 30 27 .03 19.68 
RTG7304 32 26 50 111 30 16 3.40 13.13 

RTG7305 3Z 27 I I11 30 43 ,03 17.80 
RT67312 32 27 9 111 27 44 <,03 21.45 
RTG7313 32 27 8 111 27 43 .03 19.83 
RT67314 32 27 5 111 27 21 <.03 16.69 
RTG7317 32 26 31 ill 29 57 ,06 15.89 

RT67318 32 26 39 t l t  30 3 <.02 26.66 
RTG73t9 32 26 42 t l t  30 13 .1t t6.62 
RTG7320 32 26 40 111 30 14 ,23 25.10 
RT67321 32 26 30 111 30 15 .03 18.29 
RTG7322 32 26 9 111 30 16 .04 13.32 

RTG7323 32 26 15 11i 30 tB .97 20.00 
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Table 8.--~esul~s 0£ analyses o£ rock samples collected £1"o= she Raooed_. Top Wildei'ness ,Study Area, Pima County. Arizona 

IN. not detected; <, detected below limit oF determination shown for eesss;en spectrographic analyses, less than value shown 
For other methods: >, _~reater than value shown. --- not determined. Methods: As-t, Bi-i, Cd-i. Sb-i, Z~-i. inductlvelv 
coupled spectroscop.y~ Au-a, Hg-a: Te-a, Tl-a. a~o=ic absorption" H-v, visible spect1"ophctcmetry," F-is. ion selective 
electrode: ..'.hers. emission spectro_araphy. Values in ppm except Ca, Fe, Hg: Na, P, Ti, and F-is, which are weiaht percent] 

Sa=ple Latitude Longitude Ca Fe H 9 Na P Ti AS B Ba Be 

RTRI3OA~I 32 27 4 111 30 31 ,70 5.0 1.0 3.0 N .500 N 10 3,000 1.5 
RTRI3OBA 32 27 5 ill 30 31 1.00 5.0 2.0 3.0 N .500 N 15 1,000 <I.0 
RTRI3OCA 3~ 2.7 6 III 30 31 .30 7.0 2.0 Z.O N .700 N 100 1,000 1.5 
RTRI30DA 32 27 7 1ii 30 31 .20 5.0 2.0 3.0 N .500 <.5 20 1,000 1,0 
RTRI3OI)B 3:7. 27 7 111 30 31 30 5.0 t.5 3.0 N .500 N 20 L,O00 1.0 

RTRI3OEA 32 Z7 8 i i1 30 30 .30 5.0 .5 1.0 N .300 N 70 1,500 <1o0 
RTRI3OEB 32 27 8 lIl 30 30 .15 3.0 .2 .5 N .500 N 50 700 <1,0 
RTRI3OFA 32 27 10 i l l  30 31 30 3.0 1.5 3.0 ~ .300 .5 30 200 1.0 
RTRI3OGA 32 27 I t  111 30 31 .07 7.0 .3 .5 N .700 1.0 300 1.500 1.0 
RTRI3OHA 3," 27 12 l i t  30 31 .20 7.0 .7 1.5 <.2 .700 <.5 500 1,500 1.0 

RTRI30IA 3Z 27 13 I l l  30 30 .15 5.0 1.5 2.0 N .300 N 150 11000 1.5 
RTRI3OJA 32 27 14 111 30 30 .ZO 7.0 1.5 3,0 N .700 N 50 1,000 <1.0 
RTRI30KA 32 27 15 ill 30 31 .30 7.0 2.0 2.0 N .700 N 50 2,000 1.5 
RTRI3OLA 32 27 15 111 30 32 .15 !0.0 3.0 Z.O N .700 N 300 1,000 1.5 
RTRI3OMA 32 27 16 111 30 33 .30 3.0 1.0 <.2 N .500 N 50 1,500 1.5 

RTRI3ONA 32 27 17 111 30 33 .30 7.0 .7 3.0 N .700 N 50 1,500 1.0 
RTRI300A 32 27 iB Ill 30 34 .15 5.0 1.0 Z,O N .700 N i00 2,000 1.0 
RTRI3OPA 32 27 17 111 30 34 Z.O0 7.0 2.0 3.0 N .700 N 70 1,500 1.5 
RTR13OQA 32 27 20 111 30 34 3.00 7.0 3.0 3.0 N 300 N 10 700 <l.O 
RTRI3ORA 32 27 21 111 30 34 2.00 7.0 3.0 2.0 N 300 N 30 1,000 1.5 

RTRI3OSA 32 27 22 111 30 34 1.50 7.0 3.0 3.0 N .500 N <tO 1,000 <I.O 
RTRI3OTA 32 27 25 Iii 30 35 1.00 7.0 1.5 3.0 N .500 N 20 1,000 <I.0 
RTRI3OUA 3Z 27 27 11I 30 34 .30 5.0 1.5 3.0 N .700 N 20 1,000 1.0 
RTRI3OVA 32 27 29 III 30 33 .20 3.0 .5 3.0 N .300 N tO 2,000 2.0 
RTRI3ONA 32. 27 30 I l i  30 33 3.00 lO.O 3.0 2.0 .7 1.O00 N 10 300 2.0 

RTRI3OXA 32 27 31 111 30 34 , .70 3.0 .7 2.0 N .500 N 15 1,000 
RTRI3OYA 32. 27 32 111 30 34 3.00 2.0.0 5.0 2.0 .2 >1.000 N 15 500 
RTRI30ZA 3Z 27 34 I l l  30 35 .30 5.0 .3 3.0 N .500 N 10 1,000 
RTRIO6A 32 27 5 111 27 IB t5.00 10.0 10.0 <.2 N .200 N <10 200 
82S-023 37. 27 29 III 30 48 .50 5.0 1.0 3.0 N .ZOO N <I0 1,500 

1.5 
2.0 
1.5 
1.5 

<I.0 

825-044 32 26 59 llI 31 20 1.50 7.0 Z.O 3,0 N .500 
825-122 32 26 ii III 30 15 1.00 2.0 .5 2.0 N .200 
825-133 3Z 25 32 111 30 25 .70 3.0 .3 3.0 i't .300 
825-135 32 25 29 111 30 23 1,50 5.0 1.5 3.0 N .300 
825-150 3?. 26 15 I l l  29 35 1.50 7.0 Z.O 3,0 N .300 

825-382 32 26 47 iii 29 18 .30 2.0 .2 5.0 N .200 
RT7306A 32 26 54 Iii 30 39 Z.O0 3.0 ,7 1.5 N 300 
RT7306BA 32 26 54 111 30 39 5.00 ,I .I N N .015 
RT?306BB 32 26 54 ill 30 39 3.00 2.0 .5 N N .070 
RT7307A 32 2b 5B 111 30 18 .50 2.0 .I N N .500 

RT?3OSA 32. 2.6 5B [I1 30 5 ,07 5.0 .5 3.0 N .300 
RT7309A 3Z 27 2 111 30 6 7.00 7.0 .3 >5.0 N .150 
RT7309B 3? 27 2 Iii 30 6 1.00 5.0 1.5 Z.O N .500 

RT7309C 32 27 2 111 30 6 .30 7.0 ,5 1.5 N .500 
RT?309I) 32 27 2 111 30 6 20.00 5,0 1.5 .3 N 300 

N 10 
N 10 
N <10 
N 10 
N 10 

N 
.5 
N 
N 

<.5 

.5 

150.0 
100.0 - 

20.0 .. 
1.0 

N 
10 
I0 
70 
2O 

I0 

I0 
I0 

ZO 

30 

1,000 
1,500 
2,000 
1,500 
t,O00 

1,000 
>5,000 
>5,000 
>5.000 
1,00o 

1,500 
150 

1,500 
300 

2.000 

N 
1.0 

<I.0 
<I.0 
<I.0 

1.5 
<1.0 

N 
5.0 
N 

N 
H 

<1.0 
<1,0 
1.O 
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Table B.--Res~Its oP analyses o£ rock samples collected £rom the Ra~ged Top Hiiderness Study Area. Pima County, 
Arizona--Continued 

Sa,ple 

RTRI30AA 
RTRI3OBA 
RTRI3OCA 
RTRI3OOA 
RTRI3ODB 

RTRI3OEA 
RTRI3OEB 
RTRI3OFA 
RTRI3OGA 
RTRI3OHA 

RTRI3OIA 
RTRI3OJA 
RTRI30KA 
RTRI3OLA 
RTRI3OMA 

RTRI3ONA 
RTRI3OOA 
R/RI3OPA 
RTRI3OBA 
RTRI3ORA 

RTRI3OSA 
RTRI3OTA 
RTRI3OUA 
RTRJ30Vh 
RTRI3OWA 

RTRI30XA 
RTRI3OYA 

RTRI30ZA 
RTRIO6A 
82S-023 

828-044 
828-122 
828-133 
82S-135 
B2S-150 

B28-382 
RT?306A 
RT7306BA 
RT7306BB 
RT7307A 

RT7308A 
RT7309A 
RT?3OgB 
RT7309C 
RT7309D 

Bi Cd Co Cr Cu Ga La Mn Mo Nb Ni Pb Sc Sr V W 

N N 10 N 50 70 50 500 N N N 30 5 500 10o N 
N N 20 ZO 30 70 <50 700 N N 20 20 10 500 450 N 
N N 15 30 70 50 50 500 N N 20 I00 15 ZOO 200 N 
N N 15 15 70 50 (50 1,500 N N 30 200 I0 300 ]50 N 
N N N N 70 70 50 300 N N 15 30 40 200 200 N 

<40 N <I0 40 30 70 <50 70 N N (5 ]50 7 ]50 150 N 
<i0 N N 30 30 50 <50 50 N N <5 500 7 I00 200 N 

N N <]0 15 50 70 <50 500 N N 5 300 7 200 100 N 
N N N 30 I00 50 <50 50 5 N N 15 I0 150 200 N 
N N <i0 ZO ]0 70 50 200 <5 N <5 30 tO I00 200 N 

N N I0 !F 50 50 <50 300 N N 20 15 7 ZOO 150 N 
N N 10 iO 50 70 <50 200 N N 5 20 45 300 200 N 
N N 50 i0 70 70 <50 1,000 ~5 N 30 ZO 10 200 150 N 
N N 30 20 50 50 <50 1,000 N N I0 15 15 100 300 N 
N N N 45 45 50 <50 I00 N N R 150 7 I00 150 N 

N N N 20 50 70 50 150 5 N N 30 10 150 200 H 
N N N L5 30 70 <50 70 <5 N N 50 10 I00 150 N 
N N 30 I0 50 I00 50 2,000 <5 N 15 50 I0 300 200 N 
N N 50 I0 70 70 <50 1,500 N N ZO 10 20 500 200 N 
N N 30 15 70 400 50 1,500 N N 20 I0 I0 200 150 N 

N N 70 I0 70 70 <50 1,500 N N 15 15 15 700 150 N 
H N I00 15 70 I00 N 5,000 5 N 20 15 7 500 150 N 
N N 15 15 70 I00 <50 I~500 <5 N I0 30 I0 500 200 N 
N N N N 5 i00 70 300 <5 <20 N I00 5 200 20 N 
N N 30 <i0 I00 i00 N 2,000 N N <5 I00 L5 150 150 N 

N N 15 <10 I0 30 <50 500 <5 N 5 I0 7 I00 50 N 
N N 100 50 [00 i00 N 3,000 N N 100 tO 30 300 300 N 

N N <10 <tO 30 70 50 300 <5 N <5 15 I0 I00 70 N 
N N 150 N 70 20 N 3,000 N N I00 I00 20 200 500 N 
N N 15 N 15 70 N 500 N N N 30 <5 200 [00 ---  

N N 20 L5 70 LO0 N 700 N N I0 30 I0 500 200 N 
N N 10 N <5 30 N 500 N N N 30 <5 150 50 --- 
N N N N <5 70 70 500 N N N 20 5 I00 ZO N 
N N 20 30 5 I00 N 500 N N 20 30 7 300 150 N 
N N ZO 20 SO !00 N 500 N N 15 15 ? 200 150 N 

N N N N <5 70 50 300 N N N 50 N ~I00 15 N 
N N <10 I0 30 50 N 200 N N 7 300 <5 3,000 I00 N 
N N N N 15 I0 N 200 N N N 300 N >5,000 150 N 
N N N <10 50 I0 50 1,000 N N 10 500 <5 Z00 200 N 
N N N <I0 5 20 N I0 N N N N <5 N I00 N 

N N <I0 LO 7 iO0 N 300 N N <5 ZO <5 <100 70 N 
[5 >500 ~10 N 3,000 30 N 2,000 150 N N >ZO,O00 ~5 N 50 N 
N N 20 !5 200 70 N 1,500 <5 N 20 150 ~ <I00 I00 N 

<I0 70 15 20 200 50 N 300 20 N i5 5,000 5 N 150 N 
N N [0 N 100 30 50 3,000 <5 N 5 200 <5 150 70 N 
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Table 8.--Results o£ ana}yses o£ rock samples collected £rom the Ra99ed Top Wilderness St,ldy Area, Pima County, 
Arizona--Continued 

Sample 

RTRI3OAA 
RTRI3OBA 
RTRI3OCA 
RTRI3OOA 
RTRI3ODB 

RTRI3OEA 
RTRI3OEB 
RTRI3OFA 
RTRI30GA 
RTRI3OHA 

RTRI30IA 
RTRI3OJA 
RTRI3OK~ 
RTRI3OLA 
RTRI3OMA 

RTRI3ONA 
RTRI3OOA 
RTRI3OPA 
RTRI3OgA 
RTRI3ORA 

RTRI3OSA 
RTRI3OTA 
RTRX30UA 
RTRI3OVA 

RTRI3OWA 

RTRI3OXA 

RTRI3OYA 
RTRI3OZA 
RTRIO6A 
928-023 

828-044 
92S-122 

82S-133 
828-135 
828-150 

82S-382 
RT7306A 
RT7306BA 
RT7306BB 
RT7307A 

RT7308A 
RT7309A 
RT?3OgB 
RT7309C 
RT?3OgD 

Y Zn Zr As-i 8 i - i  Cd-i Sb-i Zn-i Au-a Hg-a Te-a Tl-a W-v 

10 N 150 . . . . . . . . . . . . . .  <.001 . . . . . . . . . .  
15 <200 100 . . . . . . . . . . . . . .  <,001 . . . . . . . . . . . .  
[5 <200 I00 . . . . . . . . . . . . . .  ,004 . . . . . . . . . . .  

15 <200 tO0 . . . . . . . . . . . . . . .  .002 . . . . . . . . . . . .  
20 <200 200 . . . . . . . . . . . . . .  .004 . . . . . . . . . . . .  

[5 N 500 . . . . . . . . . . . . . .  ,002 . . . . . . . . . . .  
tO N 200 . . . . . . . . . . . . . .  .002 . . . . . . . . . .  
[5 200 IO0 . . . . . . . . . . . . . . .  ,005 . . . . . . . . . . .  
tO N 150 . . . . . . . . . . . . .  ,008 . . . . . . . . .  
15 N 200 . . . . . . . . . . . . .  .002 . . . . . . . . . .  

tO <200 tO0 . . . . . . . . . . . . . .  ,00! . . . . . . . . . . . .  
15 N 300 . . . . . . . . . . . . . . .  .001 . . . . . . . . . . . .  
20 <200 70 . . . . . . . . . . .  .004 . . . . . . . . . . .  

30 N 200 . . . . . . . . . . . . . . .  ,002 . . . . . . . . . .  

20 N 200 . . . . . . . . . . . . . . .  .002 . . . . . . . . . .  

20 N 200 . . . . . . . . . . . . . .  ,002 . . . . . . . . . . .  

15 N 200 . . . . . . . . . . . . .  .00! . . . . . . . . .  

20 N tSO . . . . . . . . . . .  ,003 . . . . . . . . . .  
30 (200 150 . . . . . . . . .  <,OOt . . . . . . .  
30 <200 200 . . . . . . . . . . . . .  < , O O l  . . . . . . . . . .  

15 <200 tOO . . . . . . . . . . . .  <.001 . . . . . . . .  
50 N 200 . . . . . . . . . . . . . .  .001 . . . . . . . . . .  
[5 N 150 . . . . . . . . . .  ,00! . . . . . . . . . .  
30 N zOO . . . . . . . . . . . . .  <,OOl . . . . . . . . . .  

50 <200 lO0 . . . . . . . . . . . .  <.001 . . . . . . . . .  

70 N tO0 . . . . . . . . . . . . . .  < , O O t  . . . . . . . . . . .  
50 <200 150 . . . . . . . . . .  <.001 . . . . . . . . . . .  
50 N ZOO . . . . . . . . . . . . .  <.001 . . . . . . . . . .  
70 <200 20 . . . . . . . . . . . .  ,00! . . . . . . . . .  

N N 100 l l  <2 .S 25 59 <o001 <,02 <.05 ,1~ - - -  

[0 N 70 <5 <2 ,7 3 37 <.OOt .04 <,05 .40 1.2 
10 N 70 <5 <2 .2 9 19 <.OOl <.02 <.05 .50 - - -  

15 N 500 (5 <2 .3 3 37 <.00! .02 <.05 .70 t.Z 
<tO N tO0 <5 <2 .8 5 54 <.001 .02 <.05 ,4S 1.5 

I0 N 150 <5 <2 ,7 3 44 <.001 .02 <.05 .30 .9 

10 N 150 <5 <2 <.! <2 29 <.001 <,02 <.OS 30  1.0 
tO 2.000 50 <5 <2 .8 <2 1,600 .006 .12 <.05 .50 2.0 
I~ <200 N 12 <2 ,3 <2 130 .002 .02 <,05 <.05 .~ 
30 500 30 23 <2 6,1 6 370 ,007 ,04 <,05 3 5  3.3 
N N ZO <5 <2 . i  <2 3 ,003 <.02 <.05 t . lO 3,4 

N N 50 27 <Z .4 <2 35 .015 <,02 ,55 ,85 2.2 

lO >10,000 15 <5 2 1,600.0 <2 >40,000 - - -  2.90 7.30 .50 1.6 
tO 300 tO0 17 <2 4.7 3 610 .015 <.02 .35 l.lO 2.5 
I0 >i0,000 tO0 16 6 53.0 5 6,400 .090-- .20 2.00 1.60 5.4 
15 200 tO0 13 <Z 3.5 ~ 580 ,020 ~ .02 . i0  .50 1.4 

F-is 

,03 

,03 
.02 

,03 
.03 
,03 

,02 
1.70 
[ ,30 
2.40 

.02 

,02 
.90 
,03 
.04 
.07 
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Table 8.--Results oF analyses oF rock samples cullecCed Frot Che Ra99ed Top Hilderness Study Area, Pila County, 
Arizona--Continued 

Sa.ple 

RT730?EA 
RT7309EB 
RTT30?F 
RT730?G 
RT73iOA 

RT7310B 
RT7311AA 
RT7311AB 
RT7315A 
RT7315B 

RT7315CA 
RT7315CB 
RT7316A 
RT7324A 
RT7324B 

RT"/32qCA 
RT7"324C8 
RT7325~ 
RT7326A 

Latitude Longitude Ca Fe M 9 Ha P Ti A9 B Ba 

3Z 27 Z 111 30 6 >ZO.O0 10.0 .3 N N .002 50.0 - 13 1,500 
32 27 2 111 30 6 15.00 3.0 .3 N N .150 I 5 . 0  13 150 
3Z 27 2 111 30 6 1.00 5.0 Z.O Z,O N .700 <.5 10 200 
32 27 2 111 30 6 .70 7.0 1.5 3.0 N .700 <.5 <10 Z,O00 
32 27 4 111 30 8 .70 5.0 1.5 1,5 N .700 1.5 10 700 

32 27 4 111 30 S 10.00 5.0 1.0 1.0 N .300 30.0- 10 500 
3Z 27 8 111 27 26 20.00 7.0 3.0 .2 N .030 N KtO 3,000 
32 Z7 8 111 27 26 20.00 3.0 1.0 N N .015 N <10 150 
3Z Z7 1 111 27 36 3.00 5.0 Z.O <.Z N .ZOO N 10 700 
32 27 I 111 27 56 1.00 5.0 .I N N .300 N 13 1,500 

32 27 [ 111 27 56 1.50 2.0 .5 Z.O N .ZOO N 10 300 
32 27 i 111 27 56 .50 5.0 .7 3.0 N .ZOO <.5 I0 200 
32 27 7 111 27 2B 7.00 10.0 5.0 3.0 N 1.000 N <I0 500 
32 26 11 1!I 30 34 .07 1.0 ,3 1.5 <.2 .I00 Z.O <10 >5,000 
32 26 t l  111 30 34 .50 1.5 .1 N <,2 .700 3.0 ~ N >5,000 

3Z 26 11 111 30 34 .10 ,5 .1 N N ,020 N <lO 700 
3Z 26 11 111 30 34 .ZO 2.0 .Z ,2 N ,100 Z.O ~ <10 1,000 
32 27 6 111 27 30 1.50 I0.0 3.0 2.0 N 1.000 N (lO 150 
32 27 8 111 27 34 5.00 7.0 3,0 2.0 N .050 N <10 150 

Be 

N 
N 

<I,0 
(1.0 

1.0 

<1.0 
N 

1.5 
1.0 

(1.0 
5.0 

~1.0 
<1.0 
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Table 8.--Resul~s o£ analyses o~ rock saeptes collected ~roe the Ra99ed Top Wilderness S~udy Area, Pima County, 
Arizona--ConLinued 

Sample Bi Cd Co Cr Cu Ga La Mn Mo Nb Ri Pb Sc Sr V H 

RT7309EA 
RT7309EB 
RT?3OgF 
RT7309G 
RT73IOA 

RT?310B 
RI"/311AA 
RT?311AB 
RT7315A 
RT7315B 

RT7315CA 
RT'/315CB 
RT?316A 
RT732&A 
RT?324B 

RT7324CA 
RTT324CB 
RT732~A 
Rr/326A 

~00 N (10 15,000 30 <50 >5,000 lO N <5 >20,000 20 500 I0 
:0 20 <I0 <tO 700 50 <50 2,000 I0 N <5 20,000 N lO0 50 
N N 20 20 i00 70 N 1,500 N N 20 50 5 N 150 
N N 15 15 200 100 N 2,000 N N I0 70 7 <100 I00 
N N 20 20 ?0 ~0 N 1,500 N N 15 50 ? <100 tOO 

15 N 15 I0 15 70 <50 2,000 <5 N I0 20,000 5 N I00 
N N 20 30 30 N N 3,000 N N 30 20 15 tOO 50 
N N <tO 10 tO <5 N 2,000 N N 10 N N <I00 30 
N N 10 N 15 30 <50 1,000 N N <5 10 <5 N 50 
N N 15 N 15 20 <50 700 N <20 <5 <I0 5 N 50 

N N N N 7 50 <50 500 N <20 <5 I0 N (I00 30 
N N N N tO 100 N 200 N N N 50 N N 50 
N N 100 900 100 ?0 N 1.000 N N 100 N 30 <I00 300 
N N N N 20 15 N 200 300 N N 1,000 N )5,000 I5 
N N N 150 tO0 :5 N tO0 200 g 5 500 <5 >5,000 70 

N N N N 5 I0 N 300 N N N N N N 10 
N N N N 20 ZO N 700 7 N <5 30 N N 20 
N N 70 300 50 70 N t,500 N N t50 50 30 N 300 
N N 70 <10 70 50 N 2,000 N N 50 50 <5 N 150 

N 
N 
N 
N 

(20 

20 



Table 8.--Results of analyses o£ roc~ samples collected from ~he Ra99ed Top Hilderness Study Area, Pima County, 
Arizona--Continued 

Saaple 

RT7309EA 
RT7309EB 
RT7309F 
RT730?G 
RT7310A 

RT7310B 
RT7311AA 
RT?311AB 
RT7315A 
RT7315B 

RT7315CA 
RT7315CB 
RT7316A 
RT7324A 
RT7324B 

RT7324CA 
RT7324CB 
RT7325A 

RT7326A 

Y Zn Zr As-i Bi-i Cd-i Sb-i Zn-i Au-a Hg-a Te-a Tl-a W-v 

200 >10,000 N <5 <2 410.0 ¢ 34,000 .080 ~ 1,20 2.00 .I0 <,5 
20 7,000 10 10 4 28.0 6 3,400 ,100 / .08 1.60 .90 2,7 

<lO <200 150 7 <2 .8 <2 II0 .009 <.OZ <,05 .70 2,9 
I0 (200 30 8 (2 6.0 8 160 .005 (,02 <,05 .85 1.7 

<I0 <200 I00 13 <2 .7 <2 II0 .026 ~ <.02 ,70 t.O0 2.5 

15 700 30 14 9 6.4 6 770 .3BO ~ .02 4.00 .80 1.7 
20 N 10 <5 <2 Z.4 <2 36 .007 .38 <.05 .15 <.5 

<I0 N N (5 (2 1.2 <2 13 .044 ~ 2.20 <.05 .15 <.5 
50 N [00 <5 <2 l . l  3 34 .001 .40 <.05 .55 1.3 
30 N 70 <5 <2 .4 5 50 (.001 <.02 <.05 .30 1.2 

LO N 50 ~5 ~2 .2 <2 23 ,002 <.02 <.05 ,50 .6 
<10 N 30 <5 <2 . l  <Z 2& .002 <.02 <.05 ,50 .7 
15 N 70 ~5 <2 .4 <2 20 .006 .10 <,05 ,10 ,5 
N H 15 ~5 <2 .2 4 69 .023 • .12 (,05 .30 3.2 
L5 N i00 9 <2 .4 3 71 .023 .50 <.05 1.60 7.4 

N N N <5 <2 .3 <2 10 .021 " ,02 <.05 .25 .5 
]0 N 20 5 (2 1.0 3 46 .250 "- .02 <.05 .55 l.b 
lO 300 20 <5 <2 1,B <2 290 .004 .04 <.05 .05 4.3 
10 <200 100 <5 <2 1.6 <2 190 .002 ,02 <,05 25 .6 

F-is 

(.01 
.02 
.02 
.02 
.03 

.03 
<.01 
<.01 

.01 

.02 

.01 
<.01 
< .01 
< .01 

.Or 

.04 

.03 

.02 

.01 
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GOLD IN THE SILVER BELL MOUNTAINS, PIMA COUNTY, ARIZONA 

A reconnaissance geochemical survey of the Ragged Top Wilderness Study 
Area, Pima County, Arizona, by the U.S. Geological Survey (USGS) revealed 
highly anomalous concentrations of gold in samples of stream sediment 
collected from ephemeral streams draining part of the wilderness study area. 
The samples also contain highly anomalous concentrations of silver, lead, 
vanadium, and barium, and weakly anomalous concentrations of strontium, 
molybdenum, copper, zinc, cadmium, and bismuth. 

OCT 1 9 198E  

~.W ExploratJor( 

The 4,460-acre Ragged Top Wilderness Study Area is in the northern part 
of the Silver Bell Mountains about 35 miles northwest of Tucson, Arizona. The 
Bureau of Land Management (BLM) recommended against wilderness status for the 
Ragged Top Wilderness Study Area in the Arizona Mohave Draft Wilderness 
Environmental Impact Statement, dated June 1987 and i t  has not been closed to 
mining or development. The anomalous samples are generally from an area 
adjoining the outer alteration halo of known porphyry copper ore deposits that 
have been mined in the Silver Bell mining d is t r ic t .  The d is t r ic t  has produced 
more than 90 mill ion tons of ore since 1885, including more than 1.3 b i l l ion  
pounds of copper and nearly 6 million ounces of silver, but only 2,200 ounces 
of gold. Because only minor amounts of gold have been mined in the past, the 
geochemical anomaly may represent a previously unrecognized type of mineral 
deposit in the Silver Bell mining d ist r ic t .  

Gold contents of anomalous panned-concentrate samples are as high as 
150 ppm (equivalent to approximately 0.12 ppm, or 0.0035 oz/ton, in the stream 
sediment), and more than three samples in the vic in i ty have gold contents from 
1 to 30 ppm (equivalent to 2-21 ppb in the stream sediment). Bedrock samples 
of vein and altered rock material contain as much as 380 ppb gold; several 
channel samples at the Ragged Top mine collected and analyzed by the U.S. 
Bureau of Mines (USBM) contain as much as 4 ppm gold. Concentrations of the 
highly anomalous elements in the nonmagnetic heavy fraction of stream-sediment 
concentrates were as high as 1,000 ppm for silver; >50,000 ppm for lead; 
15,000 ppm for vanadium; and >10,000 ppm for barium. 

The geochemically anomalous zone is located on the southwest side of 
Ragged Top, a middle Tertiary (Oligocene) rhyolite lava dome emplaced along a 
major west-northwest-trending fault, the Ragged Top fault.  Movement on the 
Ragged Top fault was probably strike-slip, and the fault was active between 
69 and 25 mill ion years ago. The fault separates two fundamentally different 
geologic terranes: Precambrian granite overlain by Tertiary volcanic rocks to 
the north, and Late Cretaceous volcanic and sedimentary rocks that accumulated 
within a caldera to the south. The porphyry copper deposits of the Silver 
Bell mining d is t r ic t  formed within granitic intrusions emplaced during the 
f inal stages of the Late Cretaceous caldera volcanism at Silver Bell. 



i '  

Details of the mineralization are not yet fu l ly  known, but at least three 
explanations are possible for the origin of the geochemical anomaly. The 
f i r s t  is that mineralization occurred during the Late Cretaceous, and was 
related to the outer precious-metal halo around the Laramide porphyry copper 
system. A second explanation is that the mineralization was caused by middle 
Tertiary volcanism and structural activity associated with the Ragged Top 
rhyolite dome and related north-northwest-striking dikes. The third 
possibil i ty is that mineralization was caused by middle Tertiary remobili- 
zation and concentration of precious metals deposited by the Late Cretaceous 
porphyry copper system. This last interpretation and its implications wi l l  be 
discussed in a poster session presented by David A. Sawyer and Gary A. Nowlan, 
USGS, at the Geological Society of America Annual Meeting in Denver, Colorado 
on November 3, 1988. The geochemical signature and geologic setting of the 
stream-sediment anomaly are very similar to the Mammoth-St. Anthony vein ore 
deposit, adjoining the San Manuel porphyry copper system. 

The geochemical survey was undertaken as part of a mineral survey of 
public lands administered by BLM. The Federal Land Policy and Management Act 
of 1976 (Public Law 94-579) instructed BLM to review all public lands under 
i ts jurisdiction to determine their suitabi l i ty for wilderness status. 
Mineral surveys by the USGS and the USBM were required for areas judged by BLM 
to be suitable for possible wilderness status. 

The results of the geochemical survey of the Ragged Top Wilderness Study 
Area are tabulated in U.S. Geological Survey Open-File Report 88-587, co- 
authored by USGS analysts John B. McHugh and John H. Bullock, Jr., and USGS 
geologists Gary A. Nowlan and David A. Sawyer. The report, t i t led "Analytical 
Results and Sample Locality Map for Stream-Sediment, Panned-Concentrate, and 
Rock Samples from the Ragged Top Wilderness Study Area, Pima County, Arizona," 
may be examined at U.S. Geological Survey Public Inquiries Offices at the 
following addresses: 

Room 169 
Federal Bldg. 
1961 Stout St. 
Denver, CO 80294 

Room 7638 
Federal Bldg. 
300 North Los Angeles St. 
Los Angeles, CA 90012 

Room 504 
Customs House 
555 Battery St. 
San Francisco, CA 94111 

Room 8105 
Federal Building 
125 South State St. 
Salt Lake City, UT 84138 

The report can also be purchased from the Books and Open-File Reports Section, 
U.S. Geological Survey, Federal Center, Box 25425, Denver, Colo. Prices are 
$4.75 for each paper copy and $4.00 for microfiche. Orders must specify the 
report number (OFR 88-587) and include checks or money orders payable to the 
Department of the Interior, USGS. 
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Sc.lentia~ with the O.S. Geological S~, c=rduc~ a 9ezhemical study 
in the aa~ Top Wilderness 8tu~, Azea of PAna C~, azi=., bare cllacnwred 
mumually h/gb oonoentratlon~ of gold In selected s~zem sed~umnts. 

l~mi~, ~m~1~s of st=esm sediment= have y t ~ l ~ d  ;o ld  c==en~a~Ao~s 
as high as 150 parr~ per million (pt=~), indicatL-R ~rat!ons of about 0.12 
pp~, or 0.0035 our=e 9er ton, in un~nn~ st=am Hdi~en~. T~ee and other 
geochemical data ate available in a ~ report: ~:eleased Monday (0~¢. !7, 1988). 

Gazy ~¢c~lan and ~avld Baw~:, OSBS geolo~Lslm in Denver, Colo., w~ 
corduc~ced the survey, term~ the conoen%=atlons "h~bl~ anm~lo~e." ~ qold in 
seem san~lee iB in yellow fLakea la~je enotcjh to be seen 4- paxts, No,fan said. 

~cause only minor a~ounts of gold bare been mined £c~  the a=~,  P.be 
detection by the ~ soi~mttsts may Indlca~e a p=ev~cusly unzec~~ gold 
deposit in or near 'r_he adjacent Silver Bell Mining DistrAct. 

Am=epeny~g the re,].a~,,'~.y hlgb am~m~ o'e gold in  the s a ~ l a  are  
s£~Lflcanrl~ high concen=ut/ons of silver e I~, vanadium and Ma~A~m. 
Addittor~l exploration wALl be nem~d~ howeWr,.:to congL.,'m t lw  ez~.ent ~ ~n¥ 
deposits of gold. 

Sawer and Nowlan wi l l  p=eHnt: a tx~tar  sesaton on the ex~tencs  ar~ 
;x=sible o=£gin of a gold deposit In the Ra~ed Top area a t  the Geological 
Societ7 of ~ r i c a t s  annual m e t i ~  Nov. 3 in 9em~,  C=1o. 

The 4,460-ec=s study etea An the hot,am SLier ~ Moun~inB is about 35 
mil~ nccthwest of Tu~on. Tbo ~tca¢Lons O~ 9~ld were L'I S ~  near the  

dls=Act. 

The dist:ric~ cor~i rm deposits  that have pcodu=~ , ,-re than 90 mi l l ion  tram 
of mineral ore since I885. The I~cdu~rAon has included more than 1.3 b i l l i o n  
pounds of cotEer and g roLl.lion ounces of salver, but ;Just 2,200 our~es of gold. 

T~s O.S. ~uCeau oE Land Ma~ge=ent = ~ r d e d  in a draf t  en~z:om~'LCei 
i~ac¢ s ~ t e , ~ t :  in 1987 ~hat the Ragged Top study arB not be dealgna~ a 
wildernms area by Concjrees, and i t  has not been clomd to mtnt~ or 
develol~mt. 

The Federal Zand Policy and ~ ~  Ac~ of 1976 instcuctcd the BZM to 
:ev~ew all the lands under its ju=tsd!ction to detemlne thai: suitability £o: 
wlldemeas deslc~at/on. ~Is study was one of a se=lea of mineral aSSeSa~nt 
surveys required of the U~S and the O.S. ~l~mea of Minea in areas selected by 
~he BIAM as pou~J~le wil~rneee areas. 

Crate) 
m | l  | i 
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~ were releaBed as UE~; O~r~-Ftle Repor~ S8-587, ~.~tle~ Anal1~Ic~ 
R~ults end ~ml~e Locality Map for S~E~nt, ~nnsd Concentrate, ~md 
~k S~lee f:o~ the ~g~ed Top Wtldem~ S~u~y A~ea, P~z~ County, Arlzona." 
Cop~ea are available at: $4.75 on 1:aper or ~4 on microfiche £Eom th~ USGS, ~oc~8 
ar~ O~:~1-~Lle Repor1~ ~on, 5ox 25425, .Derc~E, Colo. 80225. 

* * * U ~  * * *  

(Note to e ~ t ~ s ;  ~ . e ~  coFL~ of the cepon: are ~ ~ I e  to n ~  . ~ i a  
f:om the 1~IDl!= ~ i ~  Office, U.S. geolc~j~cel ~ ¥ ,  1~ ~t~o~11 Ce~t~, 
Rut~n, Va. 22092, telephone 703-648-4460~ o= fccm ~he P~l~c Alfalfa 
OffS~e, U.S. Geolcc/ical Survey, 345 Middlef£eld Road, Menlo Pan~, Calif. 
9402~, tel~ns 415-529-400D), 

i O 90 
m I i 



T i m o t h y  Conroy  ,~SARCO Inc0rp.0mma 
Box 539 Arizona City 
85223 ~ FEB 5 1988 

@ 

ph. 466-5113 " ....,~ l c ( = P ~  ~ 

To: Mr. Sell ~ / ~ - ~ . . ~ " " / - "  \ -  , . . ~ . ~ .  ~ - . ~ I -  
re: possible expZoration / .  3o, / \ _ 

t ~ _ - '  - } ~ o ~ - ~  ~ ~ I - / ~  . ' :~< :~ ,~-~ f  - - 
x " 

Dear sir: 
This is a brief p r o s p ~ e  surface on t~ area ' 

discussed by phone Feb ~, firstly, I realize that it would seem unlikely /~, 
that any mineralized area in southern Arizona would not have been thoroughly ~i~-. 
prospected by mlnlng#exploratlon companies or in part be noticed and cited 
by U.S. geog. survey teams that mapped the area, yet I feel this property 
was overlooked. 

The rocks of the area are monzonlte/dlorlte porphyries wltk quartz 
in excess (quartz monzonlte/dlorlte), these rocks were in turn intruded by 
dlabase dikes of irregular form. Limestone is scarce, some conglomerate beds 
were formed and cemented mostly by carbonates so little replacement is not- 
iced on veins in this area. 
What attracted me to this area was a Iron stalned leached outcrop which app- 
eared to be a fissure vein) faulting was evident as seen by sllckenslded 
quartz and the gliding plane down the fissures strike, there are no apparent 
walls on the surface. Specularlte and epldote are seen as contact minerals, 
in places specularlte floods the rock, copper stained barite with fluorite 
are also found in places, hematite and other iron oxides are abundant on and 
near this outcropping) although no carbonate veins are seen on the surface 
it appears that siderate velnlets were converted to iron as witnessed in 

' ~ other veins near this outcrop, in some places a greenish yellow clay appears, 
~/r~ thls~materlal showed .25 cu. and .001 an. on assay. The length of this vein 

. r~is 2000 ft. and 75 ft. in width. This outcrop may have been superficially 
i A ~  "+~f~explored.l~ before, some shallow holes are noticed along the outcrop) perhaps 

• ~ ' ~ t ' q ~ .  the low au. value discouraged further work, in checking with the state land 
~ ,  ~'~_.offlce and plnal co. records no claims were ever recorded in this area. 

• ~ r l  filed permits to explore this outcrop, but decided that after a year of 
" exploring that the outcropping was to lean of au. and to small to persue  

as a copper prospect. Last year I started searching away from the vein, in 
following a diabase ~i~e~l':w~se~rlsed at the amount of the oxidized vein- 
lets that ran from the dike laterally into the porphyry, in tracing these 
velnlets they showed to be slderate veins converted to iron, this dike was 
abruptly sheared between two small hills with diabase going In all directions, 
I followed a vein of rhodocroslte and found apple green copper stained quartz 
diorite going up one small hill, this rock showed disseminated blebs of cop- 
per material, but in places relic chalcopyrlte had not yet fully oxidized, 
I found more greenish iron stained clay at the base of the hill, the porphyry 
here was almost as altered as the vein I described earlier. 

2--12-x'  

<,.,, 
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~ h e  b i g  d i f f e r e n c e  w a s  t h e  a m o u n t ,  t h i s  s t a i n e d  p o r p h y r y  w a s  b e d d e d  w i t h  n o  
hills or rolling plain, I spent 3 months exploring this mineralized land, 
the porphyry was colored with subtle shades of brown,yellow and red, I found 
large kaolin blankets, anhydrlte veins and in places more apple green porphyry, 

calcite and quartz velns also run through this rock, aplfte velns'wlth a sugary 
Cezanne a~e common. I realized that I was'nt looking at 2 or more depost~Sj but 
one large mineralized deposit wlth a somewhat enriched peripheral zone, because 
o£ a11uvlum I cannot g~ve an accurate measure of the size, but a mile square 
would not to far o f f .  

~+As y o u  c a n  s e e  I ' v e  p a i n t e d  a p r e t t y  p i c t u r e ,  b u t  t h e  r e a l i t y  i s  t h a t  I d o n ' t  
k n o w  w h a t s  u n d e r  t h i s  r o c k .  I t  w o u l d  be  i m p r a c t a b l e  i f  n o t  f u t i l e  f o r  me t o  

+ e x p l o r e  t h i s  a r e a  o n  my o w n ,  my k n o w l e d g e  i s  l i m i t e d  t o  b a s i c  p r o s p e c t i n g ,  and  
my finances are llmlted to basic beer drlnklng. I believe this area warrants 
exploratlonon a different level than I'm able to give. If you or your company 
would+like to examine this ..... area please contact me. 

T h a n k  y o u ,  
' +" y o u r s  t r u l y ,  

Tim Conroy 
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ASARCO Mineral Beneficiation Department 

S e p t e m b e r  9, 1988 

Mr. J. D. Sell, Manager 
Southwestern Exploration Dept. 
TUCSON OFFICE 

T h e  s a m p l e  s p l i t t e r  in  u s e  a t  S i l v e r  Bell f o r  s a m p l e s  f r o m  t h e  c u r r e n t  
d r i l l i n g  p r o g r a m  is  in  p o o r  c o n d i t i o n ,  r e s u l t i n g  in l o s s  of  m a t e r i a l  
d u r i n g  s p l i t t i n g .  Fo r  t h i s  r e a s o n ,  I l o o k e d  f o r  a n o t h e r  s p l i t t e r  of  a b o u t  
t h e  same  s ize  a t  t h e  V e n t u r a  W a r e h o u s e .  I f o u n d  a s u i t a b l e  o n e  
( a p p r o x .  1 0 " x l 8 " x l "  r i f f l e  s p a c i n g )  a n d  b o r r o w e d  t h e  s p l i t t e r  a n d  s t a n d  
f o r  u s e  a t  S i l v e r  Bell d u r i n g  t h e  d u r a t i o n  of  t h e  d r i l l i n g  p r o g r a m .  
Hr .  Kre is  a d v i s e d  t h a t  t h i s  s p l i t t e r  s h o u l d  n o t  be  n e e d e d  in  t h e  n e a r  
f u t u r e .  T h e r e  a r e  a l so  s e v e r a l  o t h e r s  o f  a b o u t  t h e  s ame  s ize  o n  h a n d  
in  t h e  w a r e h o u s e .  

TDH:brw 

CC: D. C. D u n c a n  
H. G. Kre i s  
DEC/Fi le  - SB 2.18 

T. I)~ H e n d e r s o n ,  J r '  J ' 

SEP 9 1988 



Southwestern Exploration Division 

October 26, 1988 

F. T. Graybeal 
New York Office 

Gold Anomalies 
Ragged Top WSA 
Pima County, AZ 

You may have seen/heard of the Silver Bell gold rush -- or the gold 
rush that never happened -- and I now submit Mr. Miller's assessment 
and the OFR 88-587 for your files. 

Perhaps it can be summed up by saying: "One anomalous gold value in a 
panned concentrate does not make a project." 

However, as you note, Mr. Miller did collect a few more samples which 
he will report on later. 

Sawyer and Nowlan will also present this and additional data at a 
poster session at the Denver GSA meeting next week. 

JDS:mek " ames D. Sell 
At t .  j Y  

c c :  W.L .  K u r t z  



A,S/U ¢O Southwestern Exploration Division 

January 11, 1988 

W. D. Gay 

Silver Bell Mine Area 
Ragged Top WSA 
Pima County, Arizona 

Per your request I have looked at the "expanded version" of the Ragged 
Top WSA. As one can see from the attached map, the expanded WSA 
encroaches on the Silver Bell Mine area. From a mining point of view 
this encroachment might limit expansion at the Silver Bell Mine and 
especially with regard to the North Silver Bell deposit (as yet un- 
developed), and from a wilderness point of view this expansion of the 
WSA would impact on the wilderness experience; that being an operating 
mine within sight of the WSA. Reference is made to MLA 80-87 "Mineral 
Investigation of the Ragged Top WSA (AZ 20-197) Pima Co., AZ. '~ The 
author states in the report that within the WSA at the Ragged Top Mine 
the alteration seen there is consistent with being in the outside 
alteration zone of a large porphyry Cu orebody. 

This observation suggests that the entire WSA may have mineral potential. 

MAM:mek 
Art. 

/ 

Mark A. Miller 
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PREFACE 

The Federal Land Policy and Management Act of 1976 (Public Law 94-579) 

requires the U.S. Geological Survey and the U.S. Bureau of Mines to conduct 

mineral surveys on certain areas to determine the mineral values, i f  any, that 

may be present. Results must be made available to the public and be submitted 

to the President and the Congress. Th is  report presents the results of a 

mineral survey of the Ragged Top Wilderness Study Area (AZ-020-19?), Pima 

County, Arizona. 

] 

This open-file report summarizes the results of a 
Bureau of Mines wilderness study. The report is 
preliminary and has not been edited or reviewed 
for conformity with the Bureau of Mines editorial 
standards. This study was conducted by personnel 
from the Branch of Mineral Land Assessment (MLA), 
Intermountain Field Operations Center, P.O Box 
25086, Denver Federal Center, Denver, CO B0225. 
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MINERAL INVESTIGATION OF THE RAGGED TOP WILDERNESS STUDY 
AREA (AZ-020-197), PIMA COUNTY, ARIZONA 

by 

Terry J. Kreidler, Bureau of Mines 

SUMMARY 

In accordance with the Federal Land Policy and Management Act of 1976, 

and at the request of the Bureau of Land Management, the Bureau of Mines 

conducted a mineral investigation in May 1987 to appraise the mineral 

-esources of the 4,460-acre Ragged Top Wilderness Study Area. 

No mineral resources were identified in the wilderness study area. Base- 

and precious-metal anomalies,and enrichment in arsenic and barium in samples 

from in and near the study area are related to alteration halos surrounding 

the porphyry copper deposits at the Silver Bell Mine to the south and west. A 

barite occurrence in the southwestern part is not now or in the Foreseeable 

Future of commercial interest. 

INTRODUCTION 

In May 1987 the Bureau of Mines, in a cooperative program with the U.S. 

Geological Survey (USGS), conducted a mineral investigation of the 4,460-acre 

Ragged Top Wilderness Study Area (WSA), Pima County, Arizona, on lands 

administered by the Bureau of Land Management (BLM). The Bureau surveys and 

studies mines, prospects, and mineralized areas to appraise reserves and 

identified subeconomic resources. The USGS assesses the potential for 

undiscovered mineral resources based on regional geological, geochemical, and 

geophysical surveys. The USGS wi l l  open File the results of its report 

separately. A jo int  report, to be published by the USGS, wi l l  integrate and 

summarize the results of both surveys. Th is  report presents the results of 

the Bureau's study, which was completed prior to the USGS investigation. 
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Geographic and geologic setting 

The Ragged Top WSA is on the northeast side of the Silver Bell Mountains, 

about 3 mi northeast of the Silver Bell Mine, a porphyry copper deposit. The 

WSA is about 40 mi west of Tucson, AZ, and about 2B mi south of Casa Grande, 

AZ. Access is via the Silver Bell Road from Interstate Highway lO (f ig.  l ) .  

Topography in the northern and eastern parts of the WSA is desert 

pediment, a roll ing alluvial plain of low rel ief.  The southeastern part is 

marked by the Ragged Top, a steep-sloped, jutt ing outcrop of high rel ief .  

Elevations range from 3,907 f t  on Ragged Top to about 2,140 f t  at the 

northwestern corner. The climate, typical of the Sonoran desert, is very hot 

and dry (about 8 in. of precipitation a year); vegetation is mostly cactus and 

desert brush. 

The Silver Bell Mountains, a small, northwest-trending range in the Basin 

and Range physiographic province, comprise a complexly folded and faulted 

series of igneous, metamorphic, and sedimentary rocks ranging in age from 

Precambrian to Quaternary. Copper-lead-zinc-silver deposits occur in a 

relatively narrow band along the southwest flank of the range. Here, a thick 

sequence of Paleozoic- and Mesozoic-age clastic and c'arbonate sediments have 

been deformed and intruded by. a series of mineralizing Laramide- and 

Tertiary-age stocks, dikes, and s i l l s .  (See Keith, 1974, p. 44-45.) 

Ragged Top is an erosional remnant of Tertiary rhyolite, perhaps a 

volcanic plug or subvolcanic stock. Other rocks in the WSA include 

Precambrian granitics, mid-Tertiary sediments, and Laramide and Tertiary 

volcanics of intermediate composition. A northeast-trending fault cuts 

through the center of the WSA. (See Cruver and others, 1982, p. 98.) 
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Previous work 

Previous geologic investigations in the Silver Bell Mountains centered on 

the copper deposits on the southwest flank. Stewart (Igl2) did the f i r s t  

comprehensive studies of the Silver Bell mining d is t r ic t .  Richard and 

Courtright (1966) studied the structure and mineralization of both the Oxide 

and El Tiro porphyry deposits that make up the Silver Bell Mine; Graybeal 

(1982) discussed the geology of the El'Tiro deposit. The only known previous 

study of the WSA is the geology, energy, and minerals (GEM) report on the area 

by Cruver and others (1982) done under contract for the BLM, 

Methods of investigation 

Bureau personnel reviewed sources of minerals information including 

published and unpublished l i terature, Bureau f i les, and mining claim and oil 

and gas lease records at the BLM State Office in Phoenix. Discussions on the 

mineral occurrences in the study area were held with BLM personnel at the 

Phoenix District Office. 

Field work, completed in eight employee-days, consisted of mapping ~nd 

sampling mines and prospects. Twenty-four samples were taken, 16 from the 

Ragged Top Mine and 8 from prospects, 4 inside and 4 outside the WSA. All 

samples were analyzed for gold, silver, and 32 other elements by neutron 

activation; 4 for copper, lead, zinc, manganese, molybdenum, and silver by 

direct coupled plasma emission spectroscopy; and 20 for copper, lead, and zinc 

by wet chemistry and atomic absorption. Analyses were done by Bondar-Clegg, 

Lakewood, CO. Complete analytical data are available for inspection at the 

U.S. Bureau of Mines, Intermountain Field Operations Center, Building 20, 

Denver Federal Center, Denver, CO. 
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Mining and leasing acti'vity 

The nearest mining d is t r ic t  to the study area is the Silver Bell, about 1 

mi south and west (pl. l ) .  ~ The f irst  production from the district came in 
° 

1865 when oxidized copper ores containing minor lead-silver concentrations 

were mined at the Boot Mine from replacement deposits in garnetized 

limestone. By lg09 the economic possibi l i t ies of low-grade disseminated 

copper in igneous rocks were recognized, and over the next three years, 

extensive churn dr i l l i ng  part ia l ly  delineated the Oxide and El Tiro ore bodies 

of the Silver Bell Mine, which at that t ime were subeconomic. However, 

production from vein and replacement ore bodies similar to those at the Boot 

Nine continued intermittently until 1930. Asarco began further exploration 

dr i l l ing  on the Silver Bell porphyry copper deposits in Ig4B and production in 

1954. (See Richard and Courtright, 1966, p. 157.) The mine has been on 

standby since 1984; the only production since then has been from precipitate 

recovery (Asarco annual report, 1986). Total production from the d is t r i c t ,  

1885'1981, amounts to 1.3 b i l l ion lbs of copper; about 50 million lbs of lead, 

zinc, and molybdenum combined; about 6 mill ion oz of si lver; and about 2,000 

oz of gold (Keith and others, 1983, p. 48). Recently, Asarco dr i l led out 

another porphyry copper body, the North Silver Bell deposit, in sec. 33, T. II 

S., R. 8 E., less than 1 mi southwest of the WSA. The company has plans for 

future development of the deposit pending further increases in the price of 

copper (S. A. Anzalone, Asarco, Inc., Tucson, AZ, written commun., 1987). 

Within the WSA, l i t t l e  mining act iv i ty has taken place. Of a block of 

mining claims covering the Ragged Top Mine area, 21 l ie wholly or partly in 

the WSA (pl. l ) .  The history of the mine is not known beyond the fact that i t  

was previously known as the Franco Riqueza Claims and reportedly produced some 
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copper-lead-zinc ore (Cruver and others, 1982, p. g8). South of the Ragged 

Top Mine are two barite prospects, one p i t ,  and one shallow shaft; i t  is 

unlikely there was any production. 

There are no oi l  and gas leases in the v ic in i ty  of the wilderness study 

area. Ryder (1983) rated the petroleum potential of the study area as zero 

because i t  is in a region intruded by Mesozoic- and Tertiary-age igneous rocks. 

APPRAISAL OF SITES EXAMINED 

Sites examined include the Ragged Top Mine, two barite prospects, and 

five other prospect pits. Geochemical anomalies in the samples from these 

sites indicate that the southwestern part of the WSA is in the outer part of 
t 

the propy l i t i c  alteration zone surrounding the three ore bodies of the Silver 

Bell Mine. 

Ragged Top Mine 

The Ragged Top Mine is in the "cherry stem" on the western boundary of 

the WSA, in secs. 23 and 26, T. l l  S., R. 8 E., and can be reached by way of a 

four-wheel-drive road from the Silver Bell Road (pl. l ) .  Workings consist" of 

two adits, and a shallow prospect shaft. The upper.adit, 95 f t  long, was 

driven along a mineralized zone and ends in a partial ' ly collapsed and f i l l ed  

winze, now only 30 f t  deep. The lower adit ,  about 500 f t  long and 67.5 f t  

below the upper adit,  is a crosscut that intersects the mineralized zone 

approximately 300 f t  from the portal ( f ig.  2). Sixteen samples were taken in 

the mine, al l  but two ( f ig .  2, no. 17 and 18) from the mineralized zone. 

An alteration zone surrounds the deposit, extending over an area about 

200 f t  in diameter. Observed from a distance, this zone appears yellowish- 

orange, a color due in large part to altered and weathered sulfides, 

part icular ly pyrite. 

] 
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Figure 2.--The Ragged Top Mine. 



Sphalerite, galena, and minor amounts of" chalcopyrite occur in the 

mineralized zone as small irregular-shaped pods and veinlets f i l l i n g  fractures 

in a weathered and altered granodiorite porphyry. A select sample of sulfides 
-. 

was taken from several veinlets and pods in both levels to ascertain the 

base-metal content of the ore minerals; i t  contained 29% zinc, 15.3% lead, and 

1.56% copper (table l ,  no. 3). However, the average metal content (0.95% 

lead, 0.82% zinc, and 0.24% copper) of the remaining 13 samples from the 

] 

] 

] 

Table l . - - D a t a . _ f o r  samples from the Ragqed Top Mine, Raqqed To~ 
Wi lderness Study Area, Pima County , . .Ar izgna.  

[Gold (Au), si lver (Ag), barium (Ba) and arsenic (As) determined 
by neutron activation, detection l imits 5 ppb, 5 ppm, lO0 ppm, 

.and l ppm respectively; copper (Cu), lead (Pb), and zinc (Zn) 
determined by wet chemistry and atomic absorption, detection 
l imits 0.01%; symbols used: - - - ,  not detected.] 

Sample 
Length Au ~ Cu Pb Zn Ba As 

No. ( in . )  ppb ppm Percent ppm. 

3 select 58 8 1.56 15.3 29.0 760 20 

Mineralized zone .. 
4 45 66 7 .08 .21 .49 B20 34 
5 62 24 - - -  .01 .05 .08 II00 24 
6 55 35 ? .01 .01 .14 890 33 
7 44 75 25 .13 1.12 1.39 250 28 
8 42 4050 190 1.37 4.42 .98 390 35 
9 45 70 . . . . . . . . . . . .  850 39 

10 38 84 10 .20 .56 .54 700 34 
l l  48 3660 140 .69 2.32 2.70 - - -  33 
12 30 597 36 .21 .41 1.06 380 41 
13 33 240 5 .19 3 . ] 5  1.65 600 39 
14 54 4270 240 .04 .26 .22 - - -  29 
15 52 140 lO .06 .85 .83 300 33 
16 42 170 12 .16 .61 .5B 850 38 

Nonminera l ized zone 
17 37 64 . . . . . . . . .  .01 1100 38 
18 39 I I  - - -  .01 - - -  .01 880 8 

8 
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mineralized zone (table I ,  no. 4-16) shows the sparse concentration of the 

• metals in the rock, even though lead and zinc contents are local ly high enough 

to be of possible economic interest (table l ) .  

Of the 13 samples from the mineralized zone (table l ,  no. 4-16); 3 

contain concentrations of gold and-silver far above the average for the other 

samples (nos. 8, I I ,  and 14). The average gold content of the lO low-gold 

samples is 141.7 ppb; the 3 anomalous samples averaged nearly 4,000 ppb. The 

average si lver content in the lO low-silver samples is I f .8  ppm; the 3 

anomalous samples average 190 ppm. Several samples have greater than I% 

copper, lead, and zinc.• There is no apparent correlation between 

precious-metal content and base-metal content. 

Arsenic and barium are both highly mobile in a mineralizing environment, 

forming halos around deposits, and are often used as a geochemical-prospecting 

tool to locate deposits of base and precious metals. All 16 samples from the 

Ragged Top Mine have higher than average arsenic content, and ten samples, 

including the two from the nonmineralized zone, have higher than average 

barium content. The average content for an igneous, rock of intermediate 

composition is 2 ppm arsenic and 500 ppm barium (Levinson, 1980, p. 865). 

The errat ic nature and small exposed size of this occurrence precludes 

the ident i f icat ion of a base- or precious-metal resource at the Ragged Top 

Mine. However, the nature of the occurrence is consistent with being in the 

propyl i t ic  alteration zone of a large porphyry copper ore body. 

Barite prospects 

Two barite prospects are in the WSA (see. 27, T. I I  S., R. 8 E.) 

approximately 2,500 f t  west southwest of the Ragged Top Mine, (pl.  l ,  nos. 

19-21). 



The northernmost working (pl. I ,  no. 19, 20), a par t ia l l y  collapsed shaft 

about 30 f t  deep, was sunk on a 4.5-ft-wide, vuggy quartz vein. The vein 

strikes N. 15-20 ° E., dips ver t ica l ly ,  and contains pods of barite. The 

barite pods vary in size from a few inches to about 1.5 f t .  Other minerals 

observed in the vein are pyri te,"hematite, and limonite. The vein can be 

traced on the surface for about 20 f t  before i t  disappears beneath the 

alluvium. A select sample of barite pods contained 48.6% barium, equivalent 

to 82.6% barite, (table 2, no. 20); a grab sample of dump material, primari ly 

vein quartz, contained 5,100 ppm barium (0.86% bari te),  less than 36 ppb gold, 

and less than 5 ppm si lver (table 2, no. 19). 

The second working is a prospect p i t  (pl. l ,  no. 21) about 700 f t  

southwest of the shaft on a quartz-barite vein 2-6 f t  wide. Although 

untraceable on the surface, i t  appears to be an e~tension of the vein exposed 

at the shaft. The str ike of the vein is N. 21 ° E. and i t  dips ver t ica l ly .  

Unlike the vein at the shaft, the quartz and barite here are more 

homogeneous. A sample of the vein contained 4.8% barium (8.2% barite) (table 

2, no. 21). .. 

No barite resource was identi f ied. The lowest commercial grade in use 

today is 92% BaSO 4 (equivalent t o  a specific gravity of 4.2) for use in 

d r i l l i ng  Fluids, other uses require grades between 96% and 98% (Brobst, 1983, 

p. 486, 496). Barite exposed in the prospect p i t  is of too low a grade to be 

commercially of interest. Selective mining, of the vein and hand sorting of 

the barite pods at the shaft would yield a concentrate containing about 80% 

BaSO 4, requiring further beneficiation to bring i t  up to minimum commercial 

grade. Even so, the exposure at this site is limited and the extent of the 

pod-bearing part of the vein is not known. A d r i l l i ng  program would be 

lO 
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required to evaluate the extent and grade of barite mineralization, but the 

most crucial factor in any future development of this vein would be in 

establishing a local market for the Final product. This seems unlikely as 

barite has not been mined in Arizona for several years, and as of September 

IgBT, al l  domestic barite production comes from bedded and residual deposits; 

none is mined from veins (S. G. Ampian, U.S. Bureau of Mines, 1987, personal 

commun. ).  

J 
I 

I 

Table 2.--Data for samples I ,  2, and 19-24 from the R aqqed Top 
Wilderness Study Area, pima County, Arizona. 

[Gold (Au), si lver (Ag), and barium (Ba) determined by 
neutron activation, detection l imits 5 ppb, 5 ppm, and lO0 
ppm respectively; copper (Cu), lead (Pb), zinc (Zn), and 
manganese (Mn) determined by wet chemistry and atomic 
absorption, detection limits 0.01%; symbols used: na, not 
analyzed; - - - ,  not detected; >, greater than. Ba in ppm 
unless otherwise noted.] 

Sample 
Length Au ~ Cu Pb Zn Mn Ba As 

No. ( i n . )  ppb ppm pe rcen t  . ppm 

i ' ~  l .  grab . . . . . .  na na na 27. 5 >3% 489 
2 26 . . . . . .  0.14 0.02 0.01 .3 I,I00 71 

I ~  Ig grab - - -  9 - - -  . I  .02 ~na 5,100 .27 
20 select - - -  . - - -  na na na na 48.6~ 45 

I ~  21 35 . . . . . .  na na na na 4.8% 16 
• 22 27 170 63 1.3 4.2 3.1 na 1,400 I0 

23 55 220 - - -  .02 .23 .26 na 3,200 - - -  
24 42 34 2BO 1.8 3.3 4.5 na 1,800 - - -  

This localized enrichment in barium may be related to the mineralizing 

system responsible for the mineral occurrences at the Ragged Top Mine. 

I I  
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Other prospects 

Two prospect pits were found outside the northwestern t ip of the WSA (pl. 

l ,  nos. l ,  2). At local i ty  l ,  a manganese mineral covered the dump of a small 
. 

° 

pi t  dug in an intermediate volcanic rock. None was seen in place; however, 

indicating the manganese probably occurred in an isolated pod. A sample from 

the dump contained 2?.5% manganese and greater than 3% barium (table • 2, no.  

1). No resource is indicated. 

The second pi t  was dug in an altered volcanic rock of intermediate 

composition laced with thin veinlets of quartz or calcite, but no sulfides. A 

chip sample from the pi t  did 

(table 2, no. 2). 

Three prospect pits are 

northernmost pi t  (pl. l ,  no. 

not contain any appreciable metal concentrations 

near the southwestern corner of the area. The 

22) is in highly altered granodiorite porphyry. 

Malachite and azurite coat fractures and the rock is heavily iron stained. No 

structure is apparent, and no sulfide minerals were seen. A chip sample from 

the pi t  contained relat ively high concentrations of copper (I.3%)," lead 

(4.2%), and zinc (3.1%) (table 2, no. 22). 

The remaining two prospects are along the southern boundary, one inside 

and one outside the WSA (pl. l ,  no. 23, 24). Both are pits in an altered, 

highly fractured volcanic rock of intermediate composition. At local i ty  23, 

inside the WSA, fracture surfaces are stained by iron oxide; at local i ty  24, 

malachite and azurite" as well as a black, amorphous mineral, possibly an 

oxidized copper mineral, were also observed. Sample 23 did not contain any 

metal concentrations of interest. Sample 24, however, contained 

concentrations of copper (I.8%), lead (3.3%), and zinc (4.5%) similar to 

sample 22 (table 2). No resources were identi f ied. 

I 
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Samples 22-24 contained an average of 141 ppb gold, and samples 22 and 24 

contained 63 and 280 ppm silver, respectively. 

All samples From the prospects discussed in this section contained 
- .  

anomalous amounts of barium and all  but two (no. 23, 24) contained anomalous 

arsenic. . 

CONCLUSIONS 

No mineral resources were identified in the Ragged Top Wilderness Study 

Area. 

The geochemical anomalies in the samples from this study area are 

consistent with those Found in the propylitic alteration zone surrounding a 

large porphyry copper system. Since the mineralized area is within a mile of 

the North Silver Bell porphyry copper deposit, the alteration is most l ikely 

related to that mineralizing system. 

The barite-bearing quartz vein is not at this time or in the foreseeable 

future of commercial value. 
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Southwestern Exploration Division 

October 26, 1988 

F. T. Graybeal 
New York Office 

Gold Anomalies 
Ragged Top WSA 
Pima County, AZ 

You may have seen/heard of the Silver Bell gold rush -- or the gold 
rush that never happened -- and I now submit Mr. Miller's assessment 
and the OFR 88-587 for your files. 

Perhaps it can be summed up by saying: "One anomalous gold value in a 
panned concentrate does not make a project." 

However, as you note, Mr. Miller did collect a few more samples which 
he will report on later. 

Sawyer and Nowlan will also present this and additional data at a 
poster session at the Denver GSA meeting next week. 

C~ 

JDS:mek James D. Sell 
Att. ~y 

cc: W.L. Kurtz 



Southwestern Exploration Division 

October 26, 1988 

plL £ 

J. D. Sell 

Gold Anomalies 
Ragged Top WSA 
Pima County, AZ 

A newly released USGS Open File Report #88-587 has indicated anomalous 
amounts of gold in pan concentrates and rock chip samples within the 
Ragged Top WSA. The inference from discussion with the USGS is that 
gold mineralization may be associated with the formation and collapse 
of a cauldera during Late Cretaceous time along the trace of the 
Ragged Top Fault. I cannot refute this model" however, 
the trace elements signature (lack of As, Sb, Hg) etc. does not suggest 
an epithermal system at work. The best values obtained from an 
argillically altered granodiorite was 9 ppb with no trace element 
determination. The highest rock chip gold values were obtained in a 
Pb, Zn vein ~6" thick, hosted in an altered granodiorite. The highest 
pan concentrate values (150 ppm Au) were obtained from a major drainage 
downstream from the Pb, Zn vein. Additional samples were taken along 
the vein structure and at the high pan concentrate site, and results are 
pending. 

Public interest in the area has been slight since the article in the 
local newspaper (attached). If there is any significant impact at all, 
I think that it would be a reassessment of the wilderness designation of 
the area; but the implied gold potential does not appear to be very 
favorable. 

MAM:mek Mark A. Miller 



Table l.--Descriptions of analyzed rock sa~les from 
the Ragged Top Wilderness Study Area, 
Pl~County, Arizona. A~,. . /A~,  

Sample Description 

RTRI30AA 
RTR130BA 
RTR130CA 
RTR130DA 
RTRI30DB 
RTR130EA 
RTR130EB 
RTRI30FA 

• RTR130GA 
RTR130HA 
RTR130IA 
RTR130JA 
RTR130KA 
RTR130LA 
RTR130MA 
RTR130NA 
RTR1300A 
RTR130PA 
RTR130QA 
RTR130RA 
RTR130SA 
RTR130TA 
RTR130UA 
RTR130VA 

.RTR130WA 
RTR130XA 
RTR130YA 
RTRI30ZA 
RTRIO6A 
82S-023 
82S-O44 
82S-122 
82S-133 
82S-135 
82S-150 
82S-382 
RT7306A 

. . . .  ~i ~; RT7306BA 
',i RT7306BB 
i~ RT7307A 

RT7308A 
~RT~3OgA 
' RT730gB 
~_RT73QgC 

-~'!~",RT7309D 
: ~ RTZ3Q9EA 

RT7309F 
RT7309G 
RT7310A 
RT7310B 

RT7311AA 
RT7311AB 
RT7315A 
RT7315B 
RT7315CA 
RT7315CB 
RT7316A 
RT7324A 
RT7324B 
RT7324CA 
RT7324CB 
RT7325A 
RT7326A 

Granodiorlte 
Granodiorlte 
Granodiorlte 
Granodlorlte 
Granodiorlte 
Granodiorlte 
Granodlorlte 
Granodiorlte 
Granodiorlte 
Granodiorite 
Granodiorlte 
Granodlorite 
Granodlorlte 
Fine grained 

porphyry.~.oo¢~ 
porphyry~.oo~ 
porphyry, sl lghtly altered •-o~,~ 
porphyry, sl ightly altered . o o ~  
porphyry, altered . oo~.<-.r 
porphyry, altered . . . .  ~x~ 
porphyry, altered . . . .  ,~ 
porphyry, altered .oo~-, .~- 
porphyry, highly altered, brecciated .o~s ,~.~ 
porphyry, hlghly altered, brecclated "oo%~ 
porphyry, highly altered, brecciated -o°t, 
porphyry, highly altered, brecclated .oo~,~ 
porphyry, hlghly altered, .o~,,,~ 
rock, hlghly altered .oo,..,.,~ 

Granodlorlte porphyry, altered .~o~,~ 
:Potasslum-rich rock.o,~# 
Potasslum-rlch rock ~ 
Granodlorite porphyry, sl lghtly altered - . o - ~  
Granod16rite porphyry, s11ghtly altered ~ - ° ° ~  
Granodlorite porphyry, s11ghtly altered =.-°9~ 
Granodlorlte porphyry ~.oo~ 
Granodlorlte porphyry, sl ightly altered .oo~ 
Granodlorite porphyry, s11ghtly altered .*-u~ 
Granodlorite porphyry ~.o.9.~ 
D1abase < . o - ~  
Oracle-type granite ~ . ° ~  
Dlabase < .,o,,,v 
Oracle-type granite < '~ '~ /  
Oracle-type granite from shear zone.o%~ 
Granodlorite porphyry =.oo;,,, 
Granodiorlte porphyry<.oo~t~ 
Ltthtc tu f f  ~ - ~ / ~  
Rhyolite welded tu f f  ~ . o ~  
Rhyodaclte porphyry < . ° o ~  
Rhyodacite porphyryL.oo~N 
Rhyolite . . . . .  ~ 
Bar i te - f l uo r i te  vetn . o o ~  
Barite veln . . . .  , ~/ 
Altered wall rock by barite veln.=o= 
Granodlorlte porphyry, altered .ooz,.z.# 
Granodlorlte porphyry, altered .o,~ 
Sulflde minerals and calcite ,- .~  ~ 
Granodlorlte porphyry with sulflde minerals . ~ / ~  
Granodlorlte porphyry with sulfide minerals .o~=o.~ 

Dolomtte (?) vein wtth sulftde mtnerals .oz ,~o  
Rhodochrostte (?) vein wtth sulf ide minerals ,oe, so 
Granodiorlte porphyry wtth rhodochroslte (?) .,o,,s 

and sul f ide minerals 
Granod|orlte porphyry with sulf ide minerals .~ ,<~-  
Granodiorite porphyry wtth sulftde minerals .oo~,,.s 
Granodlortte porphyry . o = ~ , ~  
Granodiortte porphyry with calctte and sul f lde ~3~ 7o 

minerals 
Quartz velno,-V,~ 
Quartz vein .~#,~ 
Quartz vein .~o~,~ 
Quartz veln ~.oo~ ~" 
Quartz veln . o o ~ '  
Altered granite .~=,~.~ 
giabase .~=,~v 
Barite veln .~=~, z 
Barite veln .~=~,) 
Quartz veln .o=sw 
Quartz vein . - ~  = 
Quartz vein .oo<~  
Quartz vein with sulfide minerals . ~ o ~  
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STUDIES RELATED TO WILDERNESS 

Bureau of Land Management Wilderness Study Areas 

The Federal Land Policy and Management Act (Public Law 94-579, 
October 21, 1976) requires the U.S. Geological Survey and the U.S. Bureau of 
Mines to conduct mineral surveys on certain areas to determine their mineral 
values, i f  any. Results must be made available to the public and be submitted 
to the President and the Congress. This report presents the results of a 
geochemical survey of the Ragged Top Wilderness Study Area (AZ-020-197), Pima 
County, Arizona. 

INTRODUCTION 

In March 1987, the U.S. Geological Survey conducted a reconnaissance 
geochemical survey of the Ragged Top Wilderness Study Area, Pima County, 
Arizona. Additional samples were collected in December 1987. The wilderness 
study area and nearby sampled terrain are termed the "study area." 

The Ragged Top Wilderness Study Area co,r ises 4,460 acres (about 7 mi 2) 
in the north central part of Pima County, Arizona, and lies about 35 mi 
northwest of Tucson, Arizona (see f ig.  1). Access to the study area is 
provided by the Silver Bell, Avra Valley, and Red Rock roads. 

Topography of the study area is dominated by the rugged mass of Ragged 
Top Peak, elevation 3,907 f t ,  and a shorter subsidiary peak called Wolcott 
Peak which rise abruptly to a maximum of 1,700 f t  above the surrounding 
bajada. The two peaks, which are collectively known as Ragged Top, are the 
northeastern peaks of the Silver Bell Mountains. Ragged Top is separated from 
the main mass of the Silver Bell Mountains by a mile-wide valley. 

Vegetation is characteristic of the Sonoran Desert. Common species 
include saguaro and other cacti, paloverde, acacia, ironwood, mesquite, and 
creosote bush. 

The southwest part of the study area lies within the Silver Bell mining 
d is t r ic t  (Richard and Courtright, 1966; Graybeal, 1982). The f i r s t  recorded 
mining activity in the d is t r ic t  was in 1865 about 2 miles south-southwest of 
the wilderness study area; silver and copper were recovered from skarn. 
Exploitation of porphyry copper deposits at the El Tiro and Oxide pits began 
in 1954 and continued until 1985. The El Tiro pi t  is about 2 miles southwest 
of the wilderness study area and the Oxide pi t  is about 3 miles south. A 
third, unexploited, porphyry copper deposit, the North Silver Bell deposit, 
lies about 1 mile from the southwest corner of the wilderness study area. 
Production from the El Tiro and Oxide deposits from 1954 to 1977 totaled 
75,655,000 tons averaging 0.80 percent copper, 0.07 oz/ton silver, and 0.022 
percent molybdenum sulfide (Graybeal, 1982). Copper has been the predominant 
commodity produced in the Silver Bell d ist r ic t  but two mines about 2 miles 
southwest of the wilderness study area produced about 150,000 tons of ore 
averaging 16 percent zinc, 1.3 percent copper, 0.6 oz/ton silver, and minor 
lead and gold (Keith, 1974). Total production of base and precious metals in 
the Silver Bell d is t r ic t  from 1885 to 1981 amounted to 90,351,000 tons (Keith 
and others, 1983). 

Geology of the study area is included in reports by Sawyer (1986, 
1987). A major structural feature in the study area is the Ragged Top faul t ,  
a probable str ike-sl ip fault that runs from near the southeast t ip of the 
wilderness study area west-northwest across the wilderness study area. 
Precambrian Oracle-type granite predominates on the north side of the fault 
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although Middle Proterozoic Apache Group sedimentary rocks crop out east of 
Ragged Top. Upper Cretaceous volcanic rocks predominate south of the Ragged 
Top fault .  The volcanic rocks consist of andesite-to-dacite extrusive rocks 
and rhyolite tuffs.  Upper Cretaceous sedimentary rocks southwest of Ragged 
Top contain clasts that include Precambrian schist, Paleozoic sedimentary 
rocks, probable Lower Cretaceous sandstone, Cretaceous algal limestone, and 
volcanic rocks. An Upper Cretaceous granodiorite porphyry laccolith underlies 
part of the southwestern section of the wilderness study area. Ragged Top is 
an Oligocene rhyolite dome that was extruded along the trace of the Ragged Top 
fault .  Quaternary sediments that are mostly unconsolidated cover the f la t te r  
sections of the study area. 

Sawyer (1986, 1987) and Lipman and Sawyer (1985) present evidence to 
support the concept that the Upper Cretaceous sedimentary rocks, the Upper 
Cretaceous andesite-to-dacite extrusive rocks, and certain of the Upper 
Cretaceous rhyolite turfs are the results of the formation and later collapse 
of a caldera during Late Cretaceous time. 

METHODS OF STUDY 

Sample Media 

Analyses of stream-sediment samples represent the chemistry of the rock 
material eroded from the drainage basin upstream from each sample site. Such 
information is useful in identifying those basins which contain concentrations 
of elements that may be related to mineral deposits. Panned-concentrate 
samples derived from stream sediment provide information about the chemistry 
of certain minerals in rock material eroded from the drainage basin upstream 
from each sample site. The selective concentration of minerals in panned- 
concentrate samples, many of which may be ore related, permits determination 
of some elements that are not easily detected in stream-sediment samples. 
Analyses of unmineralized or unaltered rock samples provide background 
geochemical data for individual rock units. Analyses of mineralized or 
altered rocks may provide useful geochemical information about the major- and 
trace-element assemblages associated with a mineralizing system. 

Sample Collection and Preparation 

Sampling sites are represented on plate I .  During the i n i t i a l  
reconnaissance sampling in March 1987, a stream-sediment sample and two 
panned-concentrate samples derived from stream sediment were collected at each 
of the 11 sites (numbers 105-108, 113-118, 126). The two panned-concentrate 
samples from each site were treated differently, as described below, and after 
preparation were respectively termed a "nonmagnetic heavy-mineral-concentrate 
sample" and a "raw panned-concentrate sample." Average sampling densit~ 
during the reconnaissance sampling was^about one ~ample site per 0.7 mi and 
the drainage basins ranged from 0.2 mi z to 1.5 mi z in area. During the 
follow-up sampling in December 1987, nonmagnetic heavy-mineral-concentrate and 
raw panned-concentrate samples were collected at 15 localit ies (numbers 7301- 
7305, 7312-7314, 7317-7323) except that no nonmagnetic heavy-mineral- 
concentrate sample was collected at site 7321. Samples were collected by Gary 
A. Nowlan and David A. Sawyer. 
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Stream-sediment samples 

The stream-sediment samples consisted of active alluvium collected 
primarily from first-order (unbranched) and second-order (below the junction 
of two flrst-order) streams as shown on U.S. Geological Survey topographic 
maps (scale = 1:24,000). The stream-sediment samples were dried, then sieved 
using 30-mesh (0.595-mm) stainless-steel sieves. The portion of the sediment 
passing through the sieve was pulverized to approximately minus-lO0 mesh 
(minus-O.15 mm) for analysis. 

Nonmagnetic heavy-mi neral-concentrate samples 

Ten to twenty pounds of stream sediment were collected from the active 
alluvium. Most of the samples were panned without screening. However, 
samples from sites 105-108 and 113-114 were screened with a 2.0-mm (lO-mesh) 
screen to obtain about 20 lb after removal of the coarse material. The 
samples were panned to remove most of the quartz, feldspar, organic matter, 
and clay-sized material. The resulting concentrates were estimated to weigh 
between 1 and 4 oz. 

After drying, bromoform (specific gravity 2.8) was used to remove the 
remaining quartz and feldspar from the samples that had been panned. Each 
heavy-mineral sample was then separated into three fractions using a large 
electromagnet (in this case a modified Frantz Isodynamic Separator). The most 
magnetic material, primarily magnetite, was not analyzed. The second 
fraction, largely ferromagnesian silicates and iron oxides, was saved for 
archival storage. The third fraction (the least magnetic material which may 
include the nonmagnetic ore minerals, zircon, sphene, etc.) was spl i t  using a 
Jones spl i t ter.  One spl i t  was hand ground for spectrographic analysis; the 
other spl i t  was saved for mineralogical analysis. These magnetic separates 
are approximately the same separates that would be produced by using a Frantz 
Isodynamic Separator set at a slope of 15 ° and a t i l t  of 10 ° with a current of 
0.2 ampere to remove the magnetite and ilmenite, and a current of 0.6 ampere 
to spl i t  the remainder of the sample into paramagnetic and nonmagnetic 
fractions. 

Raw panned-concentrate samples 

Raw panned-concentrate samples were collected and panned in the same 
manner as the heavy-mineral-concentrate samples except that the samples were 
panned to a smaller amount. The raw panned-concentrate samples were dried and 
then were analyzed for gold without further preparation. 

Rock samples 

Sixty-four samples of bedrock were collected (table 1). The 28 samples 
from the RTR130 series were collected from outcrops at generally lO0-ft 
intervals along a traverse crossing an area of altered bedrock along the west 
side of the wilderness study area. Sample RTRIO6A is from a shear zone. The 
seven samples from the 82S series were collected in 1982 and are 
representative of bedrock units where mineralization is absent and alteration 
is slight. The 28 samples from the RT7300 series are samples of mineralized 
rock, altered rock, and vein material. Descriptions of the rock samples are 
in table 1. Rock samples were crushed and then pulverized to approximately 
minus-100 mesh (minus-O.15 mm) with ceramic plates. 



Sample Analysis 

Spectrographic method 

The stream-sediment samples were analyzed for 31 elements and the 
nonmagnetic heavy-mineral-concentrate and rock samples for 35-37 elements 
using a semiquantitative, direct-current arc emission spectrographic method 
(Grimes and Marranzino, 1968). The elements analyzed and their lower l imits 
of determination are listed in tables 2 and 3. Spectrographic results were 
obtained by visual comparison of spectra derived from the sample against 
spectra obtained from standards made from pure oxides and carbonates. 
Standard concentrations are geometrically spaced over any given order of 
magnitude of concentration as follows: 100, 50, 20, 10, and so forth. 
Samples whose concentrations are estimated to fa l l  between those values are 
assigned values of 70, 30, 15, and so forth. The precision of the analytical 
method is approximately plus or minus one reporting interval at the 83 percent 
confidence level and plus or minus two reporting intervals at the 96 percent 
confidence level (Motooka and Grimes, 1976). Values determined for the major 
elements (iron, magnesium, calcium, titanium, sodium, and phosphorus) are 
given in weight percent; all others are given in parts per mill ion (ppm). 
Emission spectrographic analyses were performed by John H. Bullock, Jr. 

Other methods 

Table 4 l is ts other methods of analysis used on samples from the Ragged 
Top Wilderness Study Area and l ists l imits of determination, precision, and 
references for the methods. Rock and stream-sediment samples were analyzed 
for gold by graphite furnace atomic absorption spectroscopy and for antimony, 
arsenic, bismuth, cadmium, and zinc by inductively coupled plasma emission 
spectrometry. Rock samples were analyzed for mercury by cold vapor atomic 
absorption spectroscopy, for tellurium and thallium by flame atomic absorption 
spectroscopy, for fluorine by ion selective electrode, and for tungsten by 
visible spectrophotometry. Stream-sediment samples were analyzed for uranium 
by ultraviolet fluorimetry. Raw panned-concentrate samples were analyzed for 
gold by flame atomic absorption spectroscopy. Analysts were Paul H. Briggs, 
Alonza H. Love, John B. McHugh, Richard M. O'Leary, Theodore A. Roemer, John 
D. Sharkey, and Eric P. Welsch. 

Analytical results for stream-sediment, nonmagnetic heavy-mineral- 
concentrate, raw panned-concentrate, and rock samples are listed in tables 5, 
6, 7, and 8, respectively. 

DATA STORAGE SYSTEM 

Upon completion of analytical work, the results were entered into a U.S. 
Geological Survey computer data base called PLUTO. This data base contains 
both descriptive geological information and analytical data. Any or al l  of 
this information may be retrieved and converted to a binary form (STATPAC) for 
computerized stat ist ical analysis or publication (VanTrump and Miesch, 1977). 

DESCRIPTION OF DATA TABLES 

The numeric portion of each sample identification in tables 5-7 and of 
RT7300-series rock samples and sample RTRIO6A in table B corresponds to the 
site number on plate 1. However, only the last three numbers in sample 
identifications for 82S-series rock samples in table 8 correspond to site 



numbers on plate 1. Sites A-Z on plate 1 show the sampling sites of RTR130- 
series rocks and correspond to the letter immediately following 130 in each 
sample identif ication in table 8. 

A letter "N" in the tables indicates that a given element was looked for 
but not detected at the lower l imi t  of determination. I f  an element 
determined by emission spectrography was observed but was below the lowest 
reporting value, a "less than" symbol (<) was entered in the tables in front 
of the lower l imi t  of determination. No distinction was made between "not 
detected" and "less than" for samples analyzed by methods other than emission 
spectrography. I f  an element was above the highest reporting value, a 
"greater than" symbol (>) was entered in the tables in front of the upper 
l imi t  of determination. The lower l imi t  of determination for gold in raw 
panned-concentrate samples by atomic absorption spectroscopy is 0.05 ppm, 
based on a lO-g sample. Because the sample weight for raw panned-concentrate 
samples was variable, the lower limits of determination varied from 0.02 to 
0.07 ppm. The weights of the raw panned-concentrate samples (table 7) are 
given in grams and are in the column headed by "weight". 

Because of the formatting used in the computer program that produced 
tables 5-8, some of the elements listed in these tables (Ca, Fe, Mg, Na, P, 
Ti, Ag, Be, Cd-i, Au-a, Hg-a, Te-a, and Tl-a) carry one or more nonsignificant 
digits to the right of the significant digits. The spectrographic 
determinations for As, Au, Bi, Cd, Mo, Sb, Th, and W in stream-sediment 
samples; for As, Co, Ge, Nb, Pd, Pt, Sb, and Th in nonmagnetic heavy-mineral- 
concentrate sawles; and for As, Au, Ge, Sb, Sn, and Th in rock samples were 
all  below the lower limits of determinations shown in tables 2 and 3; 
consequently, the columns for these elements were omitted from tables 5, 6, 
and 8, respectively. The spectrographic determinations for Zr in nonmagnetic 
heavy-mineral-concentrate sawles were all  greater than the upper l imi t  of 
determination and so that element was omitted from table 6. 
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Table 1.--Descriptions of analyzed rock sables from 
the Ragged Top Wilderness Study Area, 
PimaCounty, Arizona. ~,-, A~, 

Sample Description 

RTR130AA 
RTR130BA 
RTR130CA 
RTR130DA 
RTR130DB 
RTRI30EA 
RTR130EB 
RTRI30FA 
RTRI3OGA 
RTR130HA 
RTR130IA 
RTRI30JA 
RTRI30KA 
RTRI30LA 
RTR13OHA 
RTR130NA 
RTR1300A 
RTR13OPA 
RTR13OQA 
RTR13ORA 
RTR13OSA 
RTR13OTA 
RTR130UA 
RTR130VA 
RTR130WA 
RTRt30XA 
RTR130YA 
RTR130ZA 
RTRtO6A 
825-023 
82S-044 
825-122 
B2S-133 
82S-135 
82S-150 
82S-382 
RT7306A 
RT7306BA 
RT7306BB 
RT7307A 
RT730BA 
RT7309A 
RT7309B. 

_RT7309C 

Granodlorite 
Granodlorite 
Granodlorite 
Granodlorite 
Granodlorite 
Granodiorlte 
Granodlorlte 
Granodiorlte 
Granodtortte 
Granodtortte 
Granodtorlte 
Granodtorlte 
Granodiorlte 
Fine grained 

porphyr~ ~.o~¢~ 
porphyry.~.oo~ 
porphyry, s l ight ly a l t e r e d . ~ o ~  
porphyry, s l ight ly altered .ooy~ 
porphyry, altered .oo~,<~.r 
porphyry, altered . o ~ = ~  
porphyry, altered . . . .  ,~ 
porphyry, altered . ~ , - , , ~ -  
porphyry, highly altered, brecciated .oo s ,~.~ 
porphyry, highly altered, brecciated "oo%~ 
porphyry, hlghly altered, brecciated .Dot, 
porphyry, highly altered, brecciated . o o ~  
porphyry, highly altered, .o~,,~ 
rock, highly altered .oo~,~ 

• Granodiorlte porphyry, altered .~o~,~, 
:Potassium-rich rock.o.~- 
Potasslum-rich rock ~=~ 
Granodiorite porphyry, s l ight ly altered - . ~  
Granod16rite porphyry, s l ight ly altered ~-o-~J 
Granod|orite porphyry, s l ight ly a l te red=-o-~  
Granodlorite porphyry ~-oo~ 
Granodlorlte porphyry, s l ight ly altered "0"~  
Granodlorlte porphyry, s l ight ly altered .,ou ~ 
Granodlorlte porphyry .... ~.~ 
Dlabase - . o - ~  
Oracle-type granite . . . .  ~ 
Olabase , .. . .  ,~v 
Oracle-type granite ~ . = " ~ /  
Oracle-type granite from shear z0ne.oo¢~, 
Granodtorlte porphyry=.oot,~ 
Granodtortte porphyry <.oott~ 
L l thtc  t u f f  ~ -~ /~J 
Rhyolite welded tu f f  . . . .  ¢~ 
Rhyodaclte porphyry~.oo~,~ 
Rhyodactte porphyry~.oov~v 
Rhyoltte . . . . .  . ~  
Bar i te - f l uo r i t e  vetn . o o ~  
Barite vein . . . .  . ~/ 
Altered wall rock by barite vein .°o> 
Granodiorlte porphyry, altered .oo~,.~.~ 
Granodlorlte porphyry, altered . o ~  
Sulfide mlnerals and calcite ,- . ~  / ~  
GranodlorJte porphyry with sulf|de minerals . o ~ v ~  
Granodlorlte porphyry wlth sulfide minerals . ~ . =  

• RT73090 
RT730gEA 

RT730gF 
RT1309G 
RT7310A 
RT1310B 

RT7311AA 
RT731 lAB 
RT7315A 
RT1315B 
RT7:I15CA 
RT7:I15CB 
RT7 316A 
RT7 )24A 
RT7 )24B 
RT7 )24CA 
RTTI24CB 
RT7 25A 
RT7 326A 

Oolomtte (?) vein wtth sul f lde mtnerals ,o~,~o 
Rhodochrostte (?) vetn with sulftde minerals .os,¢o 
GranodlorJte porphyry with rhodochrosJte (?) .,o,,s 

and sulf tde minerals 
Granodiortte porphyry with sulf ide minerals .oog,,~- 
GranodiorJte porphyry with sulftde minerals .oo=,~.~ 
GranodJorite porphyry .o== ,~= 
Granodtorite porphyry with calc i te  and sul f ide ~ =o 

mtnerals 
Quartz vein.o°,.~ 
Quartz vein . ~ , ~  
Quartz vein .oo/~ 
Quartz vein ~ooo/,~' 
Quartz vein .oo~,M' 
Altered granite , ~ , ( . ~  
Dlabase • oo~t,v 
Barite vein .o=,, z 
Barite vein . o ~ .  
Quartz vein . o = ~  
Quartz vein . ~  = 
Quartz veln .oo~V 
Quartz veln with sulflde minerals . o o ~  
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TABLE 2.--Limits of determination for the spectrographic analysis of 
stream-sediment samples, based on a 10-9 sample 

Elements Lower determination limit Upper determination limit 

Percent 

Iron (Fe) 0.05 20 
Magnesium (Mg) .02 10 
Calcium (Ca) .05 20 
Titanium (Ti) .002 1 

Parts per million 

Manganese (Mn) 10 5,000 
Silver (Ag) 0.5 5,000 
Arsenic (As) 200 10,000 
Gold (Au) 10 500 
Boron (B) 10 2,000 
Barium (Ba) 20 5,000 
Beryllium (Be) 1 1,000 
Bismuth (Bi) 10 1,000 
Cadmium (Cd) 20 500 
Cobalt (Co) 5 2,000 
Chromium (Cr) 10 5,000 
Copper (Cu) 5 20,000 
Lanthanum (La) 20 1,000 
Molybdenum (Mo) 5 2,000 
Niobium (Nb) 20 2,000 
Nickel (Ni) 5 5,000 
Lead (Pb) 10 20,000 
Antimony (Sb) 100 10,000 
Scandium (Sc) 5 100 
Tin (Sn) 10 1,000 
Strontium (Sr) 100 5,000 
Vanadium (V) 10 10,000 
Tungsten (W) 50 10,000 
Yttrium (Y) 10 2,000 
Zinc (Zn) 200 10,000 
Zirconium (Zr) 10 1,000 
Thorium (Th) 100 2,000 
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TABLE 3.--Limits of determination for the spectrographic analysis of 
heavy-mineral-concentrate samples based on a 5-nKj sample 

{The spectrographic l imits of determination for rock samples are based on a 
lO-mg sample and are therefore two reporting intervals lower than the l imits 
listed in this table] 

Elements Lower determination l imit  Upper determination l imi t  

Percent 

Iron (Fe) 0.1 50 
Magnesium (Mg) .05 20 
Calcium (Ca) .1 50 
Titanium (Ti) .005 2 
Sodium (Na) .5 10 
Phosphorus (P) .5 20 

Parts per mil l ion 

Manganese (Mn) 20 10,000 
Silver (Ag) 1 10,000 
Arsenic (As) 500 20,000 
Gold (Au) 20 1,000 
Boron (B) 20 5,000 
Barium (Ba) 50 10,000 
Beryllium (Be) 2 2,000 
Bismuth (Bi) 20 2,000 
Cadmium (Cd) 50 1,000 
Cobalt (Co) 20 5,000 
Chromium (Cr) 20 10,000 
Copper (Cu) 10 50,000 
Lanthanum (La) 100 2,000 
Molybdenum (Mo) 10 B,O00 
Niobium (Nb) 50 5,000 
Nickel (Ni) 10 10,000 
Lead (Pb) 20 50,000 
Antimony (Sb) 200 20,000 
Scandium (Sc) 10 2,000 
Tin (Sn) 20 2,000 
Strontium (Sr) 200 10,000 
Vanadium (V) 20 20,000 
Tungsten (W) 50 20,000 
Yttrium (Y) 20 5,000 
Zinc (Zn) 500 20,000 
Zirconium (Zr) 20 2,000 
Thorium (Th) 200 B,O00 
Gallium (Ga) 10 1,000 
Germanium (Ge) 20 200 
Platinum (Pt) 20 1,000 
Palladium (Pd) 5 1,000 
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TABLE 4.--Analyt ical methods used other than emission spectrography 

[AAC, cold vapor atomic absorption; AAF, flame atomic absorption; AAG, graphite furnace atomic absorption; 
F, ul traviolet fluorlmetry; ICP, inductively coupled plasma spectrometry; ISE, ion selective electrode; 
VS, visible spectrophotometry; <, less than value shown] 

Element Sample Lower l imit  of Precision, percent 
determined type Method determination, relative standard References 

ppm deviation 

r~3 

Mercury (Hg) rocks AAC 0.02 <5 
Tellurium (Te) rocks AAF 0.1 4.5-7.3 
Thallium (Tl) rocks AAF 0.05 1.6-12.5 
Gold (Au) raw panned AAF 0.05 a 9.3-42.5 

concentrates 
Gold (Au) rocks, stream AAG 0.001 3.7-21.1 

sediments 
Uranium (U) stream F 0.1 6.9-14.2 

sediments 
Antimony (Sb )  rocks, stream ICP 2 6.4-11 

sediments 
Arsenic (As) rocks, stream ICP 5 3.5-20 

sediments 
Bismuth (Bi) rocks, stream ICP 2 2.2-11.9 

sediments 
Cadmium (Cd) rocks, stream ICP 0.1 2.8-8.8 

sediments 
Zinc (Zn) rocks, stream ICP 2 1.4-11.9 

sediments 
Fluorine (F) rocks ISE b 100 0.98-5.51 

Tungsten (W) rocks VS 1 2.9-6.9 

Crock and others, 1987. 
Hubert and Chao, 1985. 
Hubert and Chao, 1985. 
Thompson and others, 1968; 

O'Leary and Meier, 1986. 
Meier, 1980; O'Leary, 

and Meier, 1986. 
Centanni and others, 1956; 

O'Leary and Meier, 1986. 
Crock and others, 1987. 

Crock and others, 1987. 

Crock and others, 1987. 

Crock and others, 1987. 

Crock and others, 1987. 

Hopkins, 1977; O'Leary and 
Meier, 1986. 

Welsch, 1983; O'Leary and 
Meier, 1986. 

aBased on 10-g sample 

bHot n i t r i c  acid digestion 



Table 5.--Results of analyses of streaM-sediment samples collected fro~ the 
Ra99ed Top Wilderness Study Area, Pica Countx, Arizona 

CN, not detected: <, deteczed below l imit  of determination shown for emission spectrographic analyses, less than value 
shown for ct~er methods; >, 9rea~er ~an value shown~ ---, not determined. Methods: Au-a, a~o#ic absorp~lon; As-i, 
Bi-i, Cd-i, Sb-i, Zn-i, inductively coupled plasma spectroscopy; U-F, ultraviolet fluoriuetry; others, emission 
spectrography. Ele.ent values in ppm except Ca, Fe, Mg, and Ti, which are wei9ht percent] 

Sample Latitude LonBitude Ca Fe M 9 Ti A9 Au-a As-i B Ba Be Bi-i Cd-i Co 

RTAI05 32 26 34 I l l  27 28 1.5 5 1.5 .7 N - - -  7 50 700 3.0 <2 .8 30 
RTAI06 32 27 5 111 27 18 t.O lO 1.5 .7 N .001 ~ 20 300 2.0 <2 2.3 70 
RTAI07 32 27 16 I]I 27 29 ~.0 7 1.0 1.0 N <.001 <5 30 500 3.0 <2 1.4 30 
RTAI08 32 27 46 111 27 54 .3 15 .3 .5 N - - -  7 70 300 3.0 <2 2.5 70 
RTAII3 32 Z7 2 111 27 17 .5 7 .7 1.0 N <.001 9 70 300 2.0 <2 1.9 30 

RTAII4 32 2B 8 111 28 50 .7 ? l.O I.O N --- 6 15 500 3.0 <2 1.3 15 
RTAII5 32 28 31 I l l  30 4 ,7 10 1.5 .7 N <.001 <5 30 500 3.0 <2 1.3 20 
RTAII6 32 Z8 19 i I I  30 30 .7 lO .7 .7 N .002 q 50 1,500 3.0 2 1.4 30 
RTAII7 32 27 43 111 30 39 1.0 5 1.5 .5 .5 .005 8 50 1,000 2.0 <2 1.3 15 
RTAII8 32 26 57 I l l  30 35 .5 5 1.0 .3 N .010 <5 tO 500 1.0 <2 .7 5 

RTAI26 32 26 14 111 29 4 ,7 7 1.0 .5 N .001 7 10 300 1.5 <2 .8 10 

Sauple Cr Cu La Mn Nb Ni Pb Sb-i Sc Sn Sr U-f V Y Zn Zn-i Zr 

RTAI05 30 30 30 500 ~ZO 30 50 Z 15 N ZOO l.l 150 20 N 6B 500 

RTAI06 50 70 <20 1,000 N 50 50 11 15 <IO (I00 2.2 200 50 200 88 200 
RTAI07 30 50 20 1,500 N 20 50 <2 20 N <lO0 3.0 200 70 ZOO 71 300 
RTAI08 200 30 S 700 <20 50 30 <2 IO ~ N 7.5 500 500 N 31 300 
RTAII3 30 50 (20 300 <20 30 30 14 15 <I0 N 1,9 200 50 N 89 300 

RTAII4 20 50 ?0 700 <20 15 30 <2 20 <i0 <I00 3.7 150 I00 N 75 1,000 
RTAI15 30 30 50 2,000 <20 15 50 <2 15 N lO0 2.8 200 lO0 N 81 500 
RTAII6 50 50 50 t,O00 <20 30 150 <2 20 <lO i00 2.9 300 70 N 77 1,000 
RTA117 30 70 30 2,000 N 20 300 <2 15 N 150 I,I 100 20 200 150 200 
RTA118 20 30 ~20 500 N 7 70 <2 <5 N 100 1.2 70 <I0 <200 ~8 70 

RTA12& ZO 20 <ZO 500 N 15 50 <2 5 N 100 l.l lO0 lO N 80 I00 
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T~bJe b.--Results o£ analyses o£ nonmagnetic heavy-elneraJ-cencentra~e samples Fro~ ~e  
Ragged Top Wilderness Stud~ Area. Pica County, Arizona 

IN. not ge~ected: K. detec~e~ below limi~ of determination shown~ >~ ~reater ~han value shown. Analyses by emzsslon 
spectrography. Element values are ppm except Ca, Fe, Mg, Na, P, and Ti, wblch are we19h¢ percent3 

Sample Latitude Longitude C~ Fe Md Na P Ti A 9 Au 8 Ba ~e Bi Cd 

RTHI05 32 26 34 111 27 28 5 1.00 ,30 I.~ 2.0 2.0 N N 20 >10.000 3 N N 
RTHI04 32 27 5 111 27 18 3 1.50 ,30 ,7 2.0 2.0 N H 20 ~000 ? 50 N 
RTHI07 32 27 16 111 27 29 5 .70 .20 .5 5.0 1.0 N N 30 3,000 10 70 N 
RTHI08 32 27 46 111 27 54 ~ 1.00 .20 5.0 1.5 .2 N N 20 1,000 ~ N N 
RTHII3 32 Z7 2 111 Z7 17 5 1.00 .50 Z.O 1.5 1.5 N N 30 >10,000 5 N N 

RTHII4 3Z ZB B 111 2B 50 I0 ,50 ,ZO 1.5 i0.0 ,7 N N <ZO 700 5 N N 
RTHI15 32 28 31 11! 30 4 i0 1.00 .30 2.0 5.0 1.5 N N 20 3,000 7 N N 
RTHII6 3Z 28 19 111 30 30 E .70 .30 1.0 1.0 .7 N N <ZO >10.000 7 N N 
RTNII7 3Z Z7 43 I11 30 39 tO 1.50 .50 3.0 Z.O 1.5 (I N 30 >10,000 2 N N 
RTH118 32 26 57 111 30 35 2 .30 .I0 1.0 1.0 .5 1.000 >1,000 N >I0,000 N 30 N 

RTHI26 32 24 14 111 29 4 7 .70 .15 2.0 1.5 1.5 Z N <20 10,000 3 N (50 
RTH7301B 32 24 54 11I 30 34 7 .10 .10 N Z.O .3 2 N N >10.000 N N N 
RTH7302 3Z Z4 53 111 30 31 20 .20 .I0 N 7.0 .7 2 N N >tO,O00 N N N 
RTH7303 32 26 55 1~1 30 27 30 .30 ,10 N 7.0 .5 <1 N N 710,000 N N N 
RTH7304B 3Z 26 50 111 30 16 ZO ,20 .15 N 1.S .5 300 N N )10,000 N 300 70 

RTH7305B 32 27 I 111 30 43 10 .10 .07 N .5 .i 30 N N >10,000 N N N 
RTH731Z 32 17 9 111 Z7 44 15 .70 .15 .5 2.0 1.5 N N 10 3,000 5 30 N 
RTH7313 32 27 8 111 27 43 15 .70 .30 1.0 .7 t.O N N CO >10.000 3 N N 
RTH7314 3Z Z7 5 111 27 21 ZO 1.50 1.00 2.0 1.0 2.0 N N 30 10,000 2 30 N 
RTH7317 32 24 31 111 29 57 20 I.O0 .t5 N 7.0 1.~ N N N >10.000 (2 N N 

RTH731B 3Z 26 39 111 30 3 5 .XO .tO <.~ .7 .3 N N N )10,000 <2 N N 
RTH7319B 32 26 42 111 30 13 10 ,ZO .I0 <.~ 2.0 1.0 15 70 <20 )10.000 N N N 
RTH7320B 32 26 40 tit 30 14 .I0 .07 N <.5 ,2 N N N >10,000 N N N 
RTH7322 3Z Z6 g 111 30 16 3 <.10 .07 R <.5 .2 N N N >10,000 N N N 
RTH7323 32 26 15 111 30 18 3 .15 .10 N .5 ,2 1 N N >10,000 N N N 

Sample CP Cu Ga La Mn Me Ni Pb Sc Sn Sr U W Y Zn 

RTHI05 <20 70 20 N 300 N <I0 70 50 N 700 50 N 500 N 
RTHI06 ZO 20 15 ~tO0 500 ~ <10 1.000 ZOO N N ~00 N 1.500 N 
RTHI07 N 15 tO ~100 700 N <lO 70 200 N N I00 N 1,500 N 
RTHI08 N <10 30 N 700 N <[0 50 ?0 N N 50 50 1.000 N 
RTH113 <20 50 70 N 700 N <10 2,000 lO0 N 200 100 N 1r500 N 

RTH114 N N 15 lO0 l,O00 N ~ 70 150 ~ N 50 N 1,500 N 
RTHII5 N 10 30 100 700 N N 100 100 N N 50 N 1,000 N 
RTHII6 N <10 15 N 700 N N 200 150 N 700 30 N 1,000 N 
RTH117 20 50 50 150 700 <10 <10 3,000 50 N 700 100 N 500 N 
RTHI18 N 150 qiO <tO0 200 150 N )50,000 30 N 1,500 15,000 N 150 <500 

RTHI26 N <I0 tO 100 300 N N 1,000 50 N N 700 N 300 N 
RTH730IB N 70 N i00 500 10 N 15,000 20 N >10,000 1,500 N 300 500 
RTH730Z N 30 N L50 700 I00 N 3,000 ZO N I0,000 [50 N 500 N 
RTH7303 N <10 N 300 1,000 N N 1,500 20 N !0.000 150 N 300 N 
RTH7304B <20 1,000 N 150 1,000 500 N >50,000 30 N 10,000 5,000 N ZOO 700 

RTH7305B N ZO N ~I00 ZOO ZO N 500 N N >10,000 500 N 70 <500 
RTH7312 N 50 <10 100 1,000 N N 50 200 N <200 200 ~ 1,500 N 
RTH7313 <20 I0 10 tO0 500 N N K20 ZOO N 500 150 N 1,500 N 
RTH7314 <20 20 30 100 1,000 N N <20 IO0 50 500 I50 N 1,000 N 
RTH?317 N <10 N 200 t,O00 N N 30 [00 N 700 300 N 700 N 

RTH7318 50 50 N N 500 N N 50 15 N >10,000 700 N ZOO N 
RTH7319B ZO ZO N t50 700 <10 N >50,000 70 N 7,000 XO,O00 N 700 N 
RTH73ZOB N 15 N N 150 30 N 3,000 (10 N >10,000 300 N 100 N 
RTH7322 N N N N 300 200 N 1,500 N N >tO,O00 50 N ?0 N 
RTH7323 N (10 N N 500 <10 N 10,000 20 N 10,000 3,000 N 150 N 
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Table 7.--ResuJts 0£ analyses o£ raw panned-concentrate 
saIples collected £rol the Ra99ed Top Wilderness Study 
Area, Pica County, Arizona 

[<, less than value shown. Au-a in pp=. Weight, 9ra=s 
o£ raw panned-concentrate sample. Analyses by atolic 
absorption] 

8a=ple Latitude Longitude Au-a ~eight 

RTGI05 32 26 34 111 27 28 <.05 ii.01 
RTGI06 32 27 5 111 27 18 <.04 13.09 
RTGI07 32 27 16 Iii 27 29 <.05 11.02 
RTGI08 32 27 46 111 27 54 <.05 9.97 
RTGII3 32 27 2 iii 27 17 <.06 7.95 

RFGII4 32 28 8 111 28 50 <.04 14.45 
RTGII5 32 28 31 111 30 4 <.05 10.04 
RT6116 32 2B 19 Iii 30 30 <.05 11.35 
RTGII7 32 27 43 III 30 39 <.07 6.55 
RTGI18 32 26 57 111 30 35 150.00 7,44 

RTG12& 32 2& 14 111 29 4 <.05 11.55 
RTG7301 32 26 56 111 30 34 2.30 ZI.57 
RTG7302 32 26 53 III 30 31 .20 15.18 
RT67303 32 26 55 111 30 27 ,03 19,68 
RTG7304 32 26 50 111 30 16 3.40 13.13 

RTG7305 32 27 I I11 30 43 .03 17.80 
RTG7312 32 27 9 111 27 44 <.03 21.45 
RTG7313 32 27 B 111 27 43 ,03 19.83 
RTG7314 32 27 5 III 27 21 <.03 1&,69 
RTG7317 32 26 31 111 29 57 .06 15.89 

RTG7318 32 26 39 111 30 3 <.02 2&.&6 
RTG7319 32 2& 42 111 30 13 .11 t&.&2 
RT67320 32 26 40 iii 30 14 .23 25.10 
RTG7321 32 26 30 111 30 15 .03 1B.29 
RTG7322 32 26 9 111 30 16 .04 13.32 

RTG7323 32 26 15 11t 30 tB .99 20.00 
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Table 8.--Results o£ analyses o£ rook se, ples collected £'roM ~he Raoaed Top Wilderness Study Area, Pica County? Arizona 

[N= not detected" <, detected below l i ~ i t  oF determination shown For eeission spectro�raphic analyses, less than value shown 
For ether eetnods' >, ~reater than value shown: ---, not determined. Methods: As-i, Bi-i. Cd-i. Sb-i, D~-i. inductively 
coupled spectroscopy; Au-a, H�-a, Te-a, Tl-a, a~omtc absorption; W-v, visible spectrophoto~etry; F-is. ion selective 
electrode' o~hers, e~ission spectro oraphy. Values in pp= except Ca, Fe, M�, Na, P, Ti, and F-is, which are weiOht percend 

Sample Latitude Lon�itude Ca Fe M9 Na P Ti As B Ba 

RTRI3OAA 32 27 4 iii 30 31 30 5.0 1.0 3.0 N .500 N [0 3,000 
8TRI3OBA 32 27 5 Ill 30 31 1.00 5.0 2.0 3.0 N .500 N 15 1,000 
RTR13OCA 32 27 6 ~Ii 30 31 .30 7.0 2.0 Z.O N .700 N 100 1,000 
RTRI3ODA 32 27 7 111 30 31 .20 5.0 2.0 3.0 N .500 <.5 20 1,000 
RTRI30D8 32 27 ? tl1 30 31 .20 5.0 1.5 3.0 N .500 N ZO 1,000 

RTRI3OEA 32 27 8 111 30 30 .30 5.0 .5 1.0 N .300 N 70 1,500 
RTRI3OE8 32 27 8 111 30 30 .15 3.0 .2 .5 N .500 N 50 700 
RTRI30FA 32 27 I0 111 30 31 .20 3.0 1.5 3.0 N .300 .5 30 200 
RTRI3OGA 32 27 11 111 30 31 .07 7.0 .3 .5 N .700 1.0 300 1.500 
RTRI3OHA 32 27 12 111 30 31 .20 7.0 .7 1.5 <.2 .700 <.5 500 1,500 

RTRI3OIA 32 27 13 IIi 30 30 .15 5.0 1.5 2.0 N .300 N L50 14000 
RTRI3OJA 32 27 1.1, 111 30 30 .ZO 7.0 1.5 3.0 N .700 N 50 1,000 
RTRI30KA 22 27 15 ill 30 31 .30 7.0 2.0 2.0 N .700 N 50 2,000 

RTRI3OLA 32 27 15 iii 30 32 .15 !0.0 3.0 2.0 N .700 N 300 1,000 
RTRI3OHA 32 27 16 I I I  30 33 ,30 3.0 1.0 <.2 N .500 N 50 1,500 

RTR13ONA 32 27 17 111 30 33 ,30 7.0 .7 3.0 N .700 N 50 1,500 
RTRI300A 32 27 18 1ti 30 34 .15 5.0 1.0 2.0 N ,700 N 100 2,000 
RTRI30PA 32 27 19 111 30 34 2.00 7.0 2.0 3.0 N .700 N 70 1,500 
RTR13OQR 32 27 20 111 30 34 3.00 7.0 3.0 3.0 N 300 N 10 700 
RTRI3ORA 32 27 21 111 30 34 2.00 7.0 3.0 2.0 N 300 N 30 1,000 

RTRI308A 32 27 22 III 30 34 1.50 7.0 3.0 3.0 N .500 N <10 1,000 
RTRI3OTA 32 27 25 Iii 30 35 l.O0 7.0 1.5 3.0 N .500 N 20 I,O00 
RTRI3OUR 32 27 27 111 30 34 .30 5.0 1.5 3.0 ~1 .700 N 20 1,000 
RTRI3OVA 32 27 29 II1 30 33 .20 3.0 .5 3.0 N .300 N 10 2,000 
RTRI3OHA 32 27 30 111 30 33 3.00 10.0 3.0 2.0 .7 1.000 N 10 300 

RTRt30XA 32 27 31 i l l  30 34 ~ .70 3.0 .7 2.0 N ,500 N 15 1,000 
RTR13OYA 32 27 32 l l1 30 34 3.00 20.0 5.0 2.0 .Z >1.000 N t5 500 
RTRI3OZA 32 27 34 I i i  30 35 ,30 5.0 .3 3.0 N .500 N 10 1,000 
RTRIO&A 32 27 5 111 27 18 15.00 10.0 10.0 <.2 N .200 N ,10 200 
82S-023 32 27 29 I l l  30 48 .50 5.0 1.0 3.0 N 300 N <10 1,500 

828-044 32 26 59 111 31 20 1.50 7.0 .?..0 3.0 N .500 N 10 I..000 
825-122 32 26 I I  I i i  30 15 1.00 2.0 ,5 2,0 N ,200 N I0 i,500 
825-133 32 25 32 I l l  30 25 ,70 3,0 ,3 3,0 N ,300 N <I0 2?000 
825-135 32 25 29 111 30 23 1.50 5.0 1.5 3.0 N ,300 N 10 1,500 
828-150 32 26 15 111 29 35 1.50 7.0 2,0 3.0 N .300 N <10 1,.000 

825-382 32 26 47 111 29 18 .30 2.0 .2 5.0 N 300 N N 1,000 
RT7306A 32 26 54 ill 30 39 Z.O0 3.0 .7 1.5 N .200 .5 10 >5,000 
RT7306BA 32 26 54 111 30 39 5.00 .I .I N N .015 N <I0 >5,000 
RT7306BB 32 26 54 i l l  30 39 3.00 2.0 .5 N N .070 N 70 >5,000 
RT7307A 32 26 58 111 30 18 .50 2.0 .I N N .500 <.5 20 1,000 

1.5 
<1.0 

1.5 
1.0 
1.0 

<i.0 
<1.0 

1.0 
1.0 
1.0 

1.5 
<1.0 

1.5 
1.5 
t .5 

1.0 
1.0 
1.5 

<1.0 
1,5 

<1.0 
<1.0 

1.0 
2.0 
2.0 

1.5 
2.0 
1,5 
1.5 

<I.0 

N 
1.0 

<1.0 
(1.0 
<1.0 

1.5 
<1.0 

N 
5.0 

hi 

RT?3OBA 32 2& 58 111 30 5 .07 5.0 .5 3.0 N .300 .5 <10 1.500 N 
RT7309A 32 27 2 111 30 6 7.00 7,0 ,3 >5.0 N .150 150.0 10 150 N 
RT?3OgB 32 27 2 111 30 6 1.00 5.0 t.5 2.0 N .500 I00.0 lO I..500 <1.0 
RT7309C 32 27 2 111 30 6 ,30 7.0 .5 1.5 N ,500 20.0 20 300 <1.0 
RT73090 32 27 2 111 30 6 20.00 S.O 1.5 .3 N .200 l.O 30 2.000 1.0 
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Table 8.--Results o£ analyses o£ rock samples collected £ro= the Ra~ged Top Wilderness Study Area, Pima Countf, 
A~izona--Continuod 

Sample Bi Cd Co Cr Cu Ga La Mn Mo Nb Ni Pb Sc Sr V W 

RTRI3OAA N 
RTRI3OBA N 
RTRI3OCA N 
RTRI3ODA N 
RTRI3ODB N 

N 10 N 50 ?O 50 500 N N N 30 5 500 100 N 
N 20 20 30 70 <50 700 N N 20 ZO I0 500 150 N 
N 15 30 70 50 50 500 N N 20 I00 15 ZOO 200 N 
N 15 15 70 50 <50 1,500 N N 30 200 10 300 150 N 
N N N 70 70 50 300 N N 15 30 10 200 200 N 

RTRI3OEA <I0 
RTRI3OEB <10 
RTRI3OFA N 
RTRI3OBA N 
RTRI3OHA N 

N <I0 I0 30 70 <50 70 N N <5 150 7 
N N 30 30 50 <50 50 N N <5 500 7 
N <I0 15 50 70 <50 500 N N 5 300 7 
N N 30 tO0 50 <50 50 5 N N 15 I0 
N <I0 20 30 70 50 200 <5 N <5 30 I0 

RTRI3OIA N 
RTRI3OJA N 
RTRI3OKA N 
RTRI3OLA N 
RTRI3OMA N 

N tO t? 50 50 <50 300 N N 20 15 7 
N tO ;0 50 70 <50 200 N N 5 20 15 
N 50 10 70 ?0 <50 1.000 <5 N 30 20 10 
N 30 ZO 50 50 <50 1,000 N N I0 15 15 
N N 15 15 50 <50 I00 N N N 150 7 

RTRI3ONA N N N 20 
RTRI300A N N N 15 
RTRI3OPA N N 30 10 
RTRI30BA N N 50 tO 
RTRI3ORA N N 30 15 

RTRI3OSA 
RTRI30TA 
RTRI3OUA 
RTRI3OVA 
RTRI30WA 

N 70 10 
N I00 15 
N 15 15 
N N N 
N 30 <10 

RTRI3OXA N 
RTRI3OYA N 
RTRI3OZA N 
RTRIO6A N 
B25-023 N 

N 15 <I0 
N 100 50 
N <I0 <10 
N 150 N 
N 15 N 

825-044 
828-122 
82S-133 
825-135 
825-150 

N ZO t5 
N I0 P, 
N N N 
N 20 30 
N ZO ZO 

825-382 N 
RT7306A N 
RT7306BA N 
RT730bBB N 
RT7307A N 

N N N 
N ,'.10 tO 
N N N 
N N <tO 
N N <I0 

RT7308A N N <I0 10 

RT7309A 15 >500 <10 N 
RT730?B N N 20 15 

RT7309C <10 70 15 20 
RT7309D N N i0 N 

150 150 N 
I00 200 N 
200 100 N 
150 200 N 
100 200 N 

ZOO 150 N 
300 200 N 
200 150 N 
100 300 N 
I00 150 N 

50 70 50 150 5 N N 30 10 
30 70 <50 70 <5 N N 50 10 
50 100 50 2,000 <5 N 15 50 I0 
70 70 <50 1,500 N N 20 10 20 
70 tOO 50 1,500 N N 20 I0 i0 

150 200 N 
I00 150 N 
300 200 N 

500 200 N 
Z00 150 N 

70 70 <50 1,500 N N 15 15 15 
70 I00 N 5,000 5 N 20 15 7 
70 100 <50 1,500 <5 N I0 30 I0 
5 I00 70 300 <5 <20 N I00 5 

I00 100 N 2,000 N N <5 100 [5 

700 150 N 
500 150 N 
500 200 N 
200 ZO N 
I50 150 N 

I0 30 <50 500 <5 N 5 tO 7 
100 100 N 3,000 N N tO0 10 SO 
30 70 50 300 <5 N <5 15 I0 
70 20 N 3,000 N N I00 100 20 
15 70 N 500 N N N 30 <5 

100 50 N 
300 300 N 
i00 70 N 
200 500 N 
200 100 --- 

70 100 N 700 N N IO 30 I0 
<5 30 N 500 N N N 30 <5 
<5 70 70 500 N N N 20 5 
5 I00 N 500 N N 20 30 ? 

50 tOO N 500 N N t5 15 7 

500 200 N 
150 50 --- 
100 20 N 
300 150 N 
200 [50 N 

<5 70 50 300 N N N 
30 50 N 200 N N 7 
15 I0 N 200 N N N 
50 10 50 1,000 N N tO 
5 20 N 10 N N N 

50 N <I00 15 N 
300 <5 3,000 tO0 N 
300 N >5,000 150 N 
500 <5 ZOO 200 N 

N <5 N I00 N 

7 i00 

3,000 30 
200 70 
200 50 
tOO 30 

N 300 N 

N 2,000 150 
N 1,500 <5 
N 300 20 

50 3.000 <5 

N <5 ZO <5 

N N >20,000 <5 
N 20 150 5 
N 15 5,000 5 
N 5 200 <5 

<I00 70 N 

N 50 N 
<100 100 N 

N 150 N 
150 70 N 
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Table 8.--Results oF analyses o£ rock sauples collected £rom the Rag�ed Top Wilderness SLudy Area, Piua County, 
Arizona--Continued 

Sauple Y Zn Zr As-i Bi-i Cd-i Sb-i Zn-i 

RTRI3OAA 10 N 150 

RTRI308A 1.5 <200 100 

RTRI3OCA 1.5 <200 IO0 

RTR1300A 15 <200 I00 

RTRI30DB 20 <200 200 

RTRI3OEA 1.5 N 

RTRI3OEB I0 N 

RTRI3OFA 15 200 

RTRI3OGA tO N 

RTR130HA 15 N 

RTRI30IA 

RTRI3OJA 
RTR130KA 
RTRI3OLA 

RTRI3OMA 

RTRI3ONA 

RTR1300A 

RTRI30PA 

RTRI3OGA 

RTRI30RA 

RTRI3OSA 
RTRI30TA 
RTRI30UA 
RTRI30UA 
RTRI3OHA 

tO 
[5 
20 
30 
20 

20 

15 

20 

30 

30 

15 
50 
15 
30 
50 

<200 
N 

<200 
N 
N 

N 
N 
hi 

<200 
<200 

<200 
N 
N 
N 

<200 

500 - - -  
200 - - -  
100 - - -  
150 - - -  
200 - - -  

tOO - - -  
300 - - -  
70 - - -  

200 - - -  
200 - - -  

200 - - -  
200 - - -  
150 - - -  

150 - - -  
200 - - -  

100 - - -  
200 - - -  
150 - - -  
200 - - -  
tO0 - - -  

. - -  

- u  

. - _  

- u  

- u  

- u  

- N  

- m  

. N  

m 

- u  

- w  

- N  

. u  

- m  

- u  

- u  

- N  

- H  

- u  

. u  

- n  

- u  

- N  

- u  

RTRI30XA 70 N 100 . . . . . . . . . . . . . .  
RTRI3OYA 50 <200 150 . . . . . . . . . .  
RTRI30ZA 50 N 200 . . . . . . . . . . . . . .  
RTRt06~ 70 <200 20 . . . . . . . . . . . . .  
828-023 N N tO0 11 <2 .5 25 59 

828-044 tO N 70 <5 <2 .7 3 37 
828-122 tO N 70 <5 <2 ,2 9 19 
828-133 15 N 500 <5 <2 .3 3 37 
82S-135 <10 N 100 <5 <2 .8 5 54 
825-150 tO N 150 <5 <2 ,7 3 44 

828-382 10 N 150 <5 <2 <,1 <2 29 
RT7306A 10 2.000 50 <5 <2 .8 <2 1,600 
RT73068A 15 <200 N 12 <2 ,3 <2 130 
RT73058B 30 500 30 23 <12 6,1 6 370 
RT7307A N N 20 <5 <2 .I <2 3 

RT7308A N N 50 27 <2 ,4 <2 35 
RT7309A 10 >10,000 15 <5 2 1,600.0 <2 >40,000 
RT730?B I0 300 tO0 17 <2 4.7 3 610 
RT7309C t0 >10,000 t00 16 6 53,0 5 6,400 

RT730?D 15 Z00 [00 13 <Z 3.3 6 580 

Au-a Hg-a Te-a Tl-a W-u F-is 

<.001 . . . . . . . . . . . . .  
<.001 . . . . . . . . . . . . . .  

.004 . . . . . . . . . . . .  

.002 . . . . . . . . . . . . . . .  

.004 . . . . . . .  

.002 . . . . . . . . . . . . .  

.002 . . . . . . . . . . . .  

.005 . . . . . . . . . . . . . .  

.008 . . . . . . . . . . . .  

,002 . . . . . . . . . . . . . .  

.001 . . . . . . . . . . . . . . .  
,001 . . . . . . . . . . . . . . .  
.004 . . . . . . . . . . . .  
.002 . . . . . . . . . . . . .  
.002 . . . . . . . . . . . . .  

.002 . . . . . . . . . . . . . .  

.OOl . . . . . . . . . . . .  

.003 . . . . . . . . . .  

<.001 . . . . . . . . .  

<,001 . . . . . . . . . . . .  

<.001 . . . . . . . . . .  
.001 . . . . . . . . . . . .  
.001 . . . . . . . . . . . .  

<.001 . . . . . . . . . . . .  
<.001 . . . . . . . . . . .  

<.001 . . . . . . . . . . . . .  
<.001 . . . . . . . . . . . . .  
<.001 . . . . . . . . . . . . .  

.001 . . . . . . . . . . .  
< ,OOl < .02 < .05 ,35 - - -  ,03 

<.OOl .04 <,05 ,40 1.2 .03 
<,001 <.02 <.05 .50 - - -  ,02 
<.001 ,02 <.05 ,70 1.2 ,03 
<.001 .02 <.05 ,45 1.5 ,03 
<.001 ,02 <.05 ,30 ,9 .03 

<.001 <.02 <.05 ,70 1.0 ,02 
.006 ,12 <.05 .50 2.0 1.70 
.002 ,02 <.05 <.05 ,6 1.30 
• 007 .04 <. 05 ,25 3.3 2.40 
.003 < .02 <.05 1.10 3.4 .02 

.015 <.02 .55 ,85 2.2 ,02 
- - -  2.90 7.30 .50 1,6 ,90 
.015 <.02 ,35 1.10 2.5 .03 
.090 .20 2.00 i .~0 5.4 ,04 

,OZO ,02 ,10 ,50 [ .4 ,07 
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Table 8.--Results o£ analyses o£ rock samples collected £roN the Ra99ed Top Wilderness Study Area, Pita County, 
Arizona--Continued 

Salple Latitude Longitude Ca Fe M 9 Na P Ti A9 B Ba Be 

RT7309EA 32 27 2 iii 30 6 >20.00 I0.0 .3 N N .002 50.0 [5 1,500 N 
RT7309EB 32 27 2 111 30 6 15.00 3.0 .3 N N .150 15.0 15 150 N 
RT7309F 32 27 2 111 30 6 i.O0 5.0 2.0 2.0 N .700 <,5 I0 200 <1.0 
RT7309G 32 27 2 i11 30 6 .70 7.0 1.5 3.0 N .700 <.5 <I0 2,000 <1.0 
RTT310A 32 27 4 111 30 8 .70 5.0 1.5 1.5 N .700 1.5 10 700 1.0 

RT7310B 32 27 4 111 30 8 10.00 5.0 1.0 1.0 N .300 30.0 10 500 <hO 
RT7311AA 32 27 B 111 27 26 20.00 7.0 3.0 .2 N .030 N <10 3.000 N 
RT7311AB 32 Z7 8 11l 27 26 20.00 3.0 1.0 N N .015 N <10 150 N 
RT7315A 32 27 1 Ii1 27 56 5.00 5.0 2.0 <.2 N .200 N 10 700 1.5 
RT7315B 32 27 I 111 27 56 t.O0 5.0 .1 N N .300 N 15 1,500 1.0 

RT7315CA 32 27 t i l l  27 56 1.50 2.0 .5 2.0 N .200 N tO 300 N 
RT7315CB 32 27 1 111 27 5& .50 5.0 .7 3.0 N .200 <.5 10 200 N 
RT7316A 32 27 7 111 27 28 7.00 10.0 5.0 3.0 N 1.000 N <10 500 N 
RT7324A 32 26 11 11! 30 34 .07 i.O .3 1.5 <.2 .100 2.0 <t0 >5,000 N 
RT7324B 32 2& 11 t l l  30 34 .50 1.5 .1 N <.2 .700 3.0 N >5,000 N 

RT7324CA 32 26 11 111 30 34 .10 .5 .1 N N .020 N <10 700 <1.0 
RT7324CB 3Z 26 11 11! 30 34 .ZO Z.O .2 .2 N .t00 2.0 <10 1.000 ~.0 
RT7325A 32 27 6 11I 27 30 t.50 10.0 3.0 2.0 N 1.000 N <10 150 <1.0 
RT7326A 3Z 27 8 111 27 34 5.00 7.0 3.0 Z.O N .050 N <10 150 <1.0 
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Table B.--Res,l~s oF analyses of rack samples collected ~rom ~he Ra99ed Top Wilderness Study Area. Pima Counzy. 
Arizona-=Con&inued 

Sample Bi Cd Co Cr C. Ga La Mn Mo Nb Hi Pb Sc Sr ~; W 

RT7309EA 
RT730?EB 
RT?309F 
RT?3OgG 
RT7310A 

RT7310B 
RT7311AA 
RT7311AB 
RT7315A 
RT7315B 

RT7315CA 
RT7315CB 
RT7316A 
RT7324A 
RT7324B 

RT7324CA 
RT'/324CB 
RT7325A 
RT7326~ 

N ~00 N <10 I~,000 30 <50 >5,000 10 N <5 >20.000 20 500 10 
I0 20 <10 <10 700 50 (50 2,000 10 N <5 20,000 N 100 50 
N N ZO ZO iO0 70 N 1,500 N N 20 50 5 N 150 
N N i5 15 200 100 N 2,000 N N I0 70 7 ~i00 100 
N N ZO 20 70 30 N 1.500 N N 15 50 7 <100 100 

15 N 15 10 15 70 ~50 2.000 ~5 N 10 20.000 5 N 100 
N N 20 30 30 N N 3.000 N N 30 20 I5 100 50 
N N <10 10 10 <5 N 2,000 N R I0 N N (I00 30 
N N 10 N 15 30 (50 1.000 N N <5 10 <5 N 50 
N N 15 N L5 20 <50 700 N <20 <5 <10 5 N 50 

N N N N 7 50 <50 500 N <20 <5 10 N <100 30 
N N N N lO 100 N 200 N N N 50 N N 50 
N N IO0 500 100 70 N 1.000 H N 100 N 30 <100 300 
N N N N 20 15 N 200 300 N N 1.000 N )5.000 15 
N N N 150 LO0 ~5 N 100 200 N 5 500 <5 )5,000 70 

R N N 5 10 N 300 N N N N N N 10 
N N N N 20 20 N 700 7 N <5 30 N N 20 

N 70 300 50 70 N 1,500 N N 150 50 30 N 300 
N N 70 <10 70 50 N Z,O00 N N 50 50 <5 N 150 

N 
N 
N 
N 

<2O 

2O 



Talie B.--Results of analyses o£ rock samples collected £ro. &he Ra99ed Top Wilderness S~udy Area, Pi,a County, 
Arizona--Continued 

Sa|p|e 

RT7309EA 
RT7309EB 
RT7309F 
RT7309G 
RT?310A 

RT7310B 
RT7311AA 
RT7311AB 
RT7315A 
RT7315B 

RT7315CA 
Rl'7315CB 
RT7316A 
RT7324A 
RT732a, B 

RT7324CA 
RT7324CB 
RT7'325A 
RT7326A 

Y Zn Zr As-i Bi-i Cd-i Sb-i Zn-i Au-a Hg-a Te-a TI-a W-v F-is 

200 >10,000 N <5 <2 410.0 4 34,000 .080 1.20 2.00 .10 <,5 <.01 
ZO 7,000 tO lO 4 28.0 b 3,~00 .100 .08 1.60 .90 2.7 .02 

<i0 <200 150 7 <2 ,8 <2 ii0 .009 <.02 <.05 .70 2.9 .02 
I0 <200 30 8 <2 6.0 8 160 .005 <.02 <.05 .85 1.7 .02 

<10 <200 100 13 <2 .7 <2 110 .026 <.02 .70 1.00 2.5 .03 

;5 700 30 Z4 9 6.4 6 770 .380 ,02 
ZO N tO <5 <2 2,4 <2 36 ,007 ,3B 

<tO N N <5 <2 t.2 <2 13 .044 2.20 
50 N 100 <5 ~2 I.I 3 34 ,OOI ,40 
30 N 70 <5 <2 ,4 5 50 <.001 <,02 

10 N 50 <5 ,IZ ,2 (2 23 ,002 <,02 
([0 N 30 ~5 <2 .i <2 26 .002 <.02 
[5 N 70 ,5 <2 .4 <2 20 .006 ,10 
N N 15 c5 <2 ,2 4 69 .023 ,[2 

15 N 100 9 <2 ,4 3 71 .023 ,50 

N N N <5 <2 .3 <2 lO .OZ! .02 
10 N 20 5 <2 [.0 3 46 .250 .02 
10 300 20 <5 <2 1.8 <2 290 .004 .04 
10 <200 lO0 <5 (2 1.6 <2 [90 .002 .02 

4,00 .SO [.7 ,03 
.05 .15 <,5 <,0! 
.0~ ,15 <.5 <.0! 
,05 ,55 [.3 .0! 
,05 ,30 1.2 ,02 

.05 .50 .b .01 

.05 ,50 .7 <.01 

.05 .10 .5 ~.0! 

.05 .30 3.2 <.0! 
,0~ {.60 7.4 ,01 

.05 ,2:~ .5 .04 
<,05 .5~ 1,6 .03 
< .05 ,05 4.3 ,02 
< ,05 .05 .~, ,01 
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IGC FIELD TRIP 2"338: 
PORPHYRY COPPER DEPOSITS IN THE AMERICAN SOUTHWEST 

Spencer R. T i t l e y  1, S. A. Anza lone  Z, and E l i z a b e t h  Y. An thony  3 

Trip Headquarters and Date: Tucson, Arizona, 19-23 July 1989 

INTRODUCTION 

Welcome  to Tucson ,  A r i z o n a ,  and the  f o u r - d a y  
s t a y  to vis i t  and s t u d y  a g roup  of  c lass ic  coppe r  
depos i t s .  The f ie ld  t r i p  c o m p r i s e s  four ,  s ing le -day ,  
excurs ions  to c o p p e r  d i s t r i c t s  dur ing  which you 
will  h a v e  the  o p p o r t u n i t y  to  spend  t i m e  in a reg ion  
wi th  a unique g e o l o g i c a l  h i s t o r y ,  and to e x a m i n e  
the  geo logy  of a s e l e c t e d  g roup  of  d i s t i n c t i v e  and 
d i f f e r e n t  p o r p h y r y  c o p p e r  d e p o s i t s .  

In out l ine ,  t he  fou r  t r i p s  will  be  c a r r i ed  out 
f rom Tucson  to  v is i t  t he  d e p o s i t s  in s o u t h e a s t e r n  
Ar i zona  a t  Si lver  Bell ,  Red  Mounta in ,  the  G lobe -  
M i a m i - R a y  reg ion  and  in t he  P i m a  d i s t r i c t .  A map  
of  th is  pa r t  of  A r i z o n a  wi th  mines ,  r anges ,  and 
r o u t e s  is shown in F i g u r e  1. The  vis i t  to  th is  group 
of depos i t s  will a l low the  s t u d y  of p a r t s  of  p o r p h y -  
ry  coppe r  depos i t s  f r o m  a l t e r e d  and oxidized 
l i t hocaps  downward  in to  m e t a l l i z e d  s y s t e m s  where  
bo th  s e d i m e n t a r y  and  c r y s t a l l i n e  rocks  hos t  the  
m e t a l s  and a l t e r a t i o n .  F u r t h e r ,  the  l oca t i on  of 
t he se  depos i t s  and the  r o u t e s  t r a v e l e d  will  a f f o r d  a 
s igh t see r ' s  v iew of p a r t s  o f  two  of  the  m a j o r  
g e o m o r p h i c  p r o v i n c e s  o f  t h e  S t a t e  of  Ar izona ,  the  
Basin and Range  P r o v i n c e  in t h e  Sonoran D e s e r t ,  
and the  C e n t r a l  M o u n t a i n  P r o v i n c e ,  which  m a r k s  
the  g e o m o r p h i c  and g e o l o g i c a l  t r a n s i t i o n  b e t w e e n  
the  Basin and R a n g e  r eg i on  to  the  sou th  and the  
Co lo rado  P l a t e a u s  to t he  no r th .  

The fol lowing s e c t i o n s  of  th is  gu idebook  will 
p rov ide  an o v e r v i e w  o f  g e o l o g y  of  this  region,  and 
a g e n e r a l i z e d  s u m m a r y  of  the  i m p o r t a n t  f e a t u r e s  
of  t he  p o r p h y r y  c o p p e r  o re  depos i t s  t h a t  occu r  
he re .  A b r i e f  g e o l o g i c a l  o v e r v i e w  of  e a c h  of the  
d i s t r i c t s  to be  v i s i t ed  is p r e s e n t e d  in order  to  
acqua in t  the  v i s i to r  w i t h  s o m e  r e l e v a n t  de ta i l s  of  
loca l  geo logy .  On the  o c c a s i o n  of  t he  vis i ts  to 
spec i f i c  s i tes ,  the  g e o l o g i c a l  i n f o r m a t i o n  p r e -  
s en t ed  in th is  gu idebook  will  be  a u g m e n t e d  by  
m a t e r i a l s  p rov ided  by  m i n e  g e o l o g i c a l  s t a f f s .  

1Univers i ty  of  Ar i zona ,  Tucson .  
ZAsarco,  Inc. ,  Tucson ,  A r i z o n a .  
3Un ive r s i t y  of  T e x a s  a t  E1 Paso .  

Some Geological Facts Concerning Tucson 

Tucson  occup ies  an i n t e r m o n t a n e  bas in  in the  
s o u t h e r n  Basin  and Range  P rov ince  of the  w e s t e r n  
U n i t e d  S t a t e s  and ove r l i e s  a land a r e a  of  a b o u t  
600 km Z. This  old c i ty ,  be l i eved  to  have  b e e n  bui l t  
a b o v e  s t i l l  o lder  indian ruins and a Spanish  
p res id io ,  had  i t s  c e n t e r  nea r  the  San ta  Cruz  R i v e r ,  
a d j a c e n t  to  the  p r e s e n t - d a y  i n t e r s t a t e  h i g h w a y  
(see F igu re  1), a r i v e r  which our  h i s to ry  books  te l l  
us was  f lowing  in the  l a t e  17th C e n t u r y .  This  
" r iver"  and i t s  channe l  o c c u p y  the  t o p o g r a p h i c a l l y  
low axis  t h a t  t r ends  and drops  to the  n o r t h w e s t  
ac ros s  the  w e s t e r n  side of  the c i ty .  The n o r t h  side 
of  the  c i t y  r i ses  a m o n g  foothi l l s  t h a t  f r on t  the  
S a n t a  C a t a l i n a  Mountains ,  a m e t a m o r p h i c  co re  
c o m p l e x  or gneiss  d o m e  tha t  r i ses  to  an  e l e v a t i o n  
of  n e a r l y  3400 m.  To the  e a s t ,  the  rocks  of  the  
C a t a l i n a  Mounta ins  con t inue  as a group of  s e p a -  
r a t e l y  n a m e d  ranges ,  the  Tanque  Verde  and  t h e  
R incon  Mounta ins ,  which c o m p l e t e  a q u a r t e r  c i r c l e  
a r c  a round  the  c i ty .  An i n t e r e s t i n g  a s p e c t  of  
t h e s e  r a n g e s  and the  c i t y  is t h a t  t hey  r e p r e s e n t  
e x t r e m e s  in c l i m a t e  and g rowth  zones  in th is  
r eg ion ,  go ing  f r o m  v e g e t a t i o n  of the  Sonoran  
D e s e r t  P r o v i n c e  to t h a t  of  Alpine p rov inces  a c r o s s  
a d r iv ing  d i s t a n c e  of less than  60 km but  an e l e v a -  
t ion  d i f f e r e n c e  of  1850 m in the  San t a  C a t a l i n a  
Mounta ins .  

On i t s  w e s t e r n  side,  and wes t  of the  S a n t a  C r u z  
R i v e r  axis ,  the  c i t y  is f lanked by  a n o r t h - t r e n d i n g  
m o u n t a i n  r a n g e ,  the  Tucson  Mounta ins ,  d o m i n a t e d  
b y  Mesozo i c  and Cenozo i c  vo lcan ic  rocks .  South  
and s o u t h e a s t  of the  c i ty ,  some  40 km a w a y ,  t h e  
S a n t a  R i t a  Mounta ins ,  a t yp i ca l  Basin and R a n g e  
l a n d f o r m ,  a p p e a r  to  con t inue  a pa r t  of a c i r c l e  - -  
and  to  the  s o u t h w e s t ,  the  low d o m e - l i k e  c h a r a c t e r  
of  the  S i e r r i t a  Mounta ins  c loses  the  arc ,  b r o k e n  b y  
the  S a n t a  Cruz  Val ley.  

The  c i t y  and i ts  sur rounding a r ea s  c o m p r i s e d  a 
p o p u l a t i o n  of  abou t  600,000 in 1987. The  g e o l o g -  
i c a l l y  s ign i f i can t  a s p e c t  of  this f a c t  is t h a t  w a t e r  
fo r  the  popu la t i on  c a m e  e n t i r e l y  f rom b e n e a t h  the  
c i t y  - -  g r o u n d w a t e r  be ing the  sole s o u r c e  of  
p o t a b l e  w a t e r .  The c i t y  e x p e c t e d  to  receive 
s u r f a c e  w a t e r ,  m o v e d  ove r l and  in a cana l  f r o m  t h e  
Co lo r ado  R ive r ,  in abou t  1990; in the  l a t e  1980s 
dec i s ions  as to the  d isposal  of  t h a t  w a t e r ,  r e c h a r g e  
vs.  d i r e c t  pu r i f i c a t i on ,  had not  b e e n  dec ided .  

T338:1 



~ t  
/ /  

k ~ 

it ~ /1 

{ I 

t 

L.., ~ . -,, ~ , %  

- - - _  f ~ ~.~,<" L .  S C A L E  

~STITION/I C',. ~ , ,  G L O B E -  " ' ' 

",_.MT%./ " ~ : ~ I 4 / A  ""  m.es 
;~Z'- ,'~/v/," 0 

, % ~.~.:RA',~k-..,,..,,. < ~,>jt = =  km 

J/ "%'\ • , , , ,_ .  

/ , ,,, - : r As 

• \ ,,~. ~ , ,  - . . .  

\ . , . V ~  "k ", ", % ".. 

%~'--~ $ TORTOLITA ~ '... '% "-. 
MTS. / ; "  "... ~ ',, 

,~ t l U )  ; , ~f ', ' , ' ~ , 

, SILVER./ ~ _  --...],~, ' ",. ; • ( 

' 3 t t . . . ~  . . . . . .  ' fT~k . ~  "4. ~ . " ' ,  \ 

. . . .  ".~.~,.Vucso~ , ~> v ,~  ,, -,  , ,. . ,  
~ I I L L  ' ,~-~- ' , . 'k ' ,  . . . .  c ~ ', ,P v - , '  \ - 

" ~ . ' , D ' ~  .. 9. ', ; , / 
" ! "- ~ " , ' ~ r  

; . ' ' <  , % -"e , 
/ " " I A R I Z O N A  

, ~  ~ ,~ .z "  - ' ;  
', f f  , / . ' , A ' -  C~_, 

"k  , ~ ) 1 ' ~  ' -  • ' ~ " .  

"-.. --V/ ,~ ' , "~'.~ ' 

]II INTERSTATE HIGHWAY / 
[ 
,, O T H E R  R O A D % ~ . : . - C . .  

M I N E  O R  D I S T R I C T  

, 4 9  

5 .0  

109°W 
fi-'~7°N 

0,.~.~_~ 0 m,tes 
(5--~'~ 0 kms 

M E X I C O  
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traveled and mines or districts to be visited in southeastern Arizona (see inset, 
lower right corner). 
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F IGURE Z T e c t o n i c  m a p  of the  w e s t e r n  Uni t ed  
S t a t e s  and n o r t h e a s t e r n  Mex ico  showing Ar i zona  
and i ts  r e l a t ionsh ip  to  s o m e  m a j o r  t e c t o n i c  
e l e m e n t s .  The x's  show the  l o c a t i o n  of  m a j o r  
p o r p h y r y  coppe r  depos i t s  in A r i z o n a  and con t i gu -  
ous reg ions .  The h e a v y  s t i pp l ed  l ine,  t r a c i n g  the  
ISr va lue  of  0.706 in t h e  Un i t ed  S t a t e s  and the  
edge  of  the  Ch ihuahua  T e r r a n e  of  Mexico  ( C a m p a  
and Coney ,  1983) is i n t e r p r e t e d  to  a p p r o x i m a t e  the  
edge  of  the  N o r t h  A m e r i c a n  c r o t o n .  Map a d a p t e d  
f r o m  Crowel l  (1988) and  m o d i f i e d  f r o m  T i t l ey  
(1988, submi t t ed ) .  

REGIONAL GEOLOGY 

Southern  Ar izona  l ies  a t  a c o r n e r  of  t he  N o r t h  
A m e r i c a n  c r a t o n  whe re  t he  c o n t i n e n t a l  edge  has  
b e e n  a f f e c t e d  by  m a n y  d i f f e r e n t  kinds of  
geo log ica l  and t e c t o n i c  f o r c e s  s ince  the  P r o t e r o -  
zo ic .  This  s e t t i n g  is shown in F i gu re  Z. In this  
reg ion ,  m a r k e d  c o n t r a s t s  in the  s t y l e  of  geo log ica l  

Bosin fill, volcamc 
flows, intrusions, 

! ~  LARAMIDE INTERVAL 
K flows, lohors, intrusions 

J 
LOWER CRETACEOUS 

clastics, bosin fill 
Inc. 

TRIASSIC- JURASSIC 
clastics, volcamcs. 

unc. 

CAMBRIAN- PERMIAN 
corbonete- dominant 
platform stroto 

unc. Apache Gp., volcanic, 
clostic,carbonote rocks 

Pinal Schist, gronite 
turbidites, amphibolite 

F I G U R E  3 G e n e r a l i z e d  and c o m p o s i t e d  s t r a t i -  
g r aph i c  co lumn  in s o u t h e a s t e r n  Ar izona .  No 
v e r t i c a l  sca le  but  d i a g r a m  a p p r o x i m a t e s  p r o p o r -  
t iona l  t h i cknes se s  of  un i t s  above  the  P r o t e r o z o i c  
b a s e m e n t .  The P r o t e r o z o i c  s ec t i on  is o f  unknown 
th i ckness ,  bu t  a t  l e a s t  7 km,  the  or ig inal  th ickness  
of  the  P a l e o z o i c  a t  l e a s t  Z kin, the  th ickness  of  
the  Mesozo ic  e x t r e m e l y  va r i ab l e  but  in s o m e  
loca t i ons  3 km in the  Lower  C r e t a c e o u s  and a 
co r r e spond ing  a m o u n t  in the  Ju r a s s i c  and 
Tr iass ic .  Va l ley  fil l  in s o m e  ins tances  a t  l ea s t  
4 kin.  

evo lu t ion ,  as wel l  as in t e c t o n i c  and igneous  
e v e n t s ,  m a y  be  seen  in t he  kinds and d i s t r ibu t ion  
of  b o t h  rocks  and l a n d f o r m s .  A m o n g  the  mos t  
s ign i f i can t  o f  t he se  e v e n t s  we re  those  of  the  
L a r a m i d e  (ca. 75-50 Ma) dur ing which the  
p r e p o n d e r a n c e  of  the  p o r p h y r y  s y s t e m s  were  
f o r m e d .  The L a r a m i d e ,  h o w e v e r ,  was but  one of 
s e v e r a l  ep isodes  of  g e o l o g i c a l  evo lu t ion  in this  
r eg ion .  The  fo l lowing  ou t l ine  of  geo logy  is 
s u m m a r i z e d  in a c o m p o s i t e d  s t r a t i g r a p h i c  co lumn  
in F igu re  3. 
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P r o t e r o z o i c  O v e r v i e w  

C o n t r a s t i n g  s t y l e s  of  P r o t e r o z o i c  evo lu t ion  in 
this reg ion  a r e  i n t e r p r e t e d  f r o m  the  h i s t o ry  of  
b a s e m e n t  rocks .  In s o u t h e a s t e r n  Ar izona ,  this  
b a s e m e n t ,  the  P ina l  Schis t ,  is c o m p o s e d  of  a suc -  
cess ion of c l a s t i c  r o c k s  ( turbidi tes)  of  a th ickness  
g r e a t e r  t han  7 km (Cooper  and Silver ,  1964), t h a t  
con ta ins  th in  r h y o l i t e  f lows  and loca l  am ph ibo l i t e s .  
This success ion  of  r ocks ,  a b o u t  1.68 G a  in age  
{Silver, 1978) has  b e e n  i n v a d e d  dur ing two  i n t ru -  
s i r e  ep isodes  (ca. 1.4 and  1.6 Ga) by  g ran i t e s .  In 
the G l o b e - M i a m i - R a y  a r e a ,  a s t i l l  younge r  P r o t e r -  
ozoic  success ion ,  the  A p a c h e  Group,  is p r e s e n t  
where  i t s  th in  m a r i n e  and c l a s t i c  s t r a t a  h a v e  been  
loca l ly  d i l a t ed  by  d i a b a s e  sills of  a b o u t  1.1 Ga  
age.  Our  t r ip s  in to  the  G l o b e - M i a m i  a r e a  will 
t r a v e r s e  e x p o s u r e s  of  t h e s e  rocks ,  which  m a k e  up 
much  of the  expos ed  t e r r a n e s  in the  s o u t h e a s t e r n  
p a r t  of  the  C e n t r a l  M o u n t a i n  P rov ince ;  P ina l  
Schist  and you nge r  P r o t e r o z o i c  g r an i t e s  compr i s e  
the  b a s e m e n t  r o c k s  of  m o s t  of  the  p o r p h y r y  coppe r  
depos i t s  in this  p a r t  of  N o r t h  A m e r i c a .  

The b a s e m e n t  in th is  s o u t h e a s t e r n  p a r t  o f  the  
s t a t e  c o n t r a s t s  wi th  the  b a s e m e n t  to  t he  wes t  and 
sou thwes t  whe re  t he  P r o t e r o z o i c  success ion ,  o f  
abou t  1.78 G a  (Anderson  and o the r s ,  197Z), is 
d o m i n a t e d  b y  m a f i c  to  fe l s ic  vo lcan ic  f lows and 
p y r o c l a s t i c  rocks ;  t h e s e  rocks  c o n s t i t u t e  the  
Yavapa i  Ser ies .  Within  th is  vo l can i c  b a s e m e n t  a re  
also w i d e s p r e a d  e x p o s u r e s  of  P r o t e r o z o i c  g ran i t i c  
rocks  of  ages  1 .75-1.70 Ga ,  in addi t ion  to g ran i t i c  
bodies  of  the  y o u n g e r  P r o t e r o z o i c  d a t e s  exposed  to 
the  ea s t .  A few p o r p h y r y  m e t a l  s y s t e m s  of  
L a r a m i d e  age ,  all  o f  which  o c c u r  in the  C e n t r a l  
Mounta in  reg ion ,  a r e  known to  be  h o s t e d  by  these  
b a s e m e n t  rocks .  M e t a l l o g e n y  dur ing the  P r o t e r o -  
zoic was c h a r a c t e r i z e d  by  f o r m a t i o n  of  m a s s i v e  
vo lcanogen ic  su l f ide  o res  and p rec ious  m e t a l  veins;  
a l though we will  no t  v i s i t  such s i tes ,  P r o t e r o z o i c  
ores  have  b e e n  e c o n o m i c a l l y  i m p o r t a n t  in this 
region.  

Pa.leozoic S t r a t a  

P l a t f o r m  m a r i n e  s t r a t a  of  P a l e o z o i c  age  a r e  
widely  exposed  in m a n y  m o u n t a i n  r anges  of  sou th -  
e a s t e r n  A r i z o n a  w h e r e  an  a g g r e g a t e  th ickness  of  
abou t  Z km m a y  be  i n f e r r e d  to  have  b e e n  or ig ina l ly  
depos i ted .  These  rocks  a r e  be l i eved  to  have  been  
uniformly deposited westward and northwestward 
across Arizona where, to the northwest, the 
Paleozoic succession thickens drastically within 
the  Cord i l l e r an  Miogeoc l ine .  Only a few wide ly  
s c a t t e r e d  r e m n a n t s  of  l o w e r m o s t  P a l e o z o i c  s t r a t a  
exis t  in w e s t e r n  Ar i zona ;  t h e  d o m i n a n t  o c c u r r e n c e  
of  t hese  s t r a t a  is in the  s o u t h e a s t e r n  p a r t  of  the  
s t a t e .  

P a l e o z o i c  c a r b o n a t e  r o c k s  a r e  loca l ly  i m p o r -  
t an t  hos t s  to  c o p p e r  m i n e r a l i z a t i o n  in those  p l a c e s  

w h e r e  t h e y  o c c u r  as wal l rocks  to c e r t a i n  L a r a m i d e  
in t rus ions .  I m p o r t a n t  copper  o r e b o d i e s  h a v e  
e v o l v e d  in C a m b r i a n  c a r b o n a t e  rocks  as we l l  as  
wi th in  Pennsy lvan ian  and P e r m i a n  s t r a t a .  In those  
s e t t i n g s  where  c a r b o n a t e - b e a r i n g  s t r a t a  h a v e  b e e n  
invo lved  in the  p roce s s  of  coppe r  f o r m a t i o n ,  t h e y  
h a v e  been  a l t e r e d  to  a s s e m b l a g e s  of  t a l c -  and 
m a g n e s i u m - s i l i c a t e  minera l s  and c o m p o s e  i m p o r -  
t a n t  and we l l - s tud ied  skarns .  No in t rus ion  e v e n t s  
of  P a l e o z o i c  age  a re  known in this  p a r t  of  t he  
A m e r i c a n  s o u t h w e s t  and no P a l e o z o i c  o res  h a v e  
b e e n  r e p o r t e d .  

The Mesozoic Section 

L a y e r e d  rocks  of  Mesozoic  age  o f  this  r e g i o n  
a re  d i v e r s e  in c h a r a c t e r ,  d i s t r ibu t ion ,  and  m o d e  of  
or igin .  Within the C e n t r a l  Mounta ins ,  the  M e s o -  
zo ic  s e c t i o n  is r e p r e s e n t e d  only by  a few e x p o s u r e s  
of  u p p e r m o s t  C r e t a c e o u s  vo lcan ic  f lows  and 
p y r o c l a s t i c  rocks .  In the  sou the rn  p a r t  of  s o u t h -  
e a s t e r n  Ar izona ,  a g r e a t e r  v a r i e t y  of  r o c k  t y p e s ,  
r e p r e s e n t i n g  m a n y  volcanic  and s e d i m e n t a t i o n  
e v e n t s  has  been  recogn ized ;  c a r b o n a t e  s t r a t a  a r e  
s c a r c e  or absen t  in Tr iass ic  and Ju r a s s i c  s e c t i o n s  
and c o m p o s e  only a smal l  pa r t  of  the  C r e t a c e o u s  
s e c t i o n .  The lower  Mesozoic  s ec t i on  is d o m i n a t e d  
b y  c l a s t i c  and vo lcan ic l a s t i c  rocks ,  wi th  c l a s t i c  
s t r a t a  b e c o m i n g  inc reas ing ly  abundan t  u p w ard s  
in to  m o s t  of  the  Lower  C r e t a c e o u s  s e c t i o n .  In 
southeastern Arizona, the Triassic through 
Jurassic rocks may have attained local thicknesses 
in excess of 3 kin; the Lower Cretaceous section, 
which in Arizona includes thin (I kin) foreland 
facies rocks, thickens significantly into northern 
Mexico where sections may locally exceed 4 kin. 
Upper Cretaceous rocks are mostly volcanic flows, 
pyroclastic, and volcaniclastic units. 

Mesozoic Intrusive Rocks 

The Mesozoic  was a t i m e  of t h r e e  r e c o g n i z e d  
(dated) ep isodes  of  igneous in t rus ion  (180 Ma, 
1 5 0 M a ,  and ca .  7 0 M a ) .  E x c e p t  for  a f e w  
L a r a m i d e  bodies  in the  C e n t r a l  Mounta ins  of  
Ar i zona ,  al l  o the r  known in t rus ive  bodies  of  M e s o -  
zoic  a g e  o c c u r  in the  sou thern  p a r t  of  t he  s t a t e .  
The  p o r p h y r y  ores  of  Bisbee,  Ar izona ,  t o g e t h e r  
wi th  a few wide ly  s e p a r a t e d  smal l  b a s e  m e t a l  
d i s t r i c t s  of  inconsequen t i a l  p r o d u c t i o n  and 
r e s e r v e s ,  f o r m e d  a t  abou t  180 Ma. An ep i sode  of  
in t rus ion  of  smal l  g r an i t e  bodies  dur ing the  C r e t a -  
ceous  a t  abou t  150 Ma is r e v e a l e d  in a few 
s c a t t e r e d  c e n t e r s  but ,  excep t  fo r  loca l  a n o m a l o u s  
bu t  n o n - e c o n o m i c  mo lybdenum va lues  no m e t a l l o -  
gen ic  e v e n t  has  been  iden t i f i ed  wi th  th is  i n t r u s i v e  
pe r iod .  

The L a r a m i d e  

Acros s  sou the rn  Ar izona ,  w i d e s p r e a d  L a t e  
C r e t a c e o u s  vo lcan ic  a c t i v i t y  h e r a l d e d  the  
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FIGURE 4 Map of southeastern Arizona and contiguous regions showing distribution of Laramide volca- 
nic and sedimentary rocks as well as the distribution of major Laramide porphyry copper deposits of this 
region. Districts noted in bold are those to be considered in the field trip. 

e m p l a c e m e n t  of  n u m e r o u s  sma l l  p lu tons  in l oca l -  
ized c e n t e r s ;  a m a p  of  t h e s e  rocks  is shown in 
F igure  4. These  s m a l l  igneous  s tocks ,  se ldom m o r e  
t han  3 or  4 km in d i a m e t e r ,  we re  m o s t  l ikely  
subvo lcan ic  p lu tons ;  t h e i r  e m p l a c e m e n t  to shal low 
c rus t a l  levels ,  and c o n v e c t i v e  cool ing  r e s u l t ed  in 
the  n u m e r o u s  p o r p h y r y  c o p p e r  s y s t e m s  of th is  
reg ion .  This p r o c e s s  o f  p l u t on  e m p l a c e m e n t  and,  
a t  l ea s t  loca l l  D con t inu ing  vo l can i c  a c t i v i t y ,  
spanned a pe r iod  of  a b o u t  15 to  Z0 m y ,  and a p p e a r s  
to  have  d ied  in the  e a r l y  E o c e n e .  The igneous 
even t s  a re  a s s o c i a t e d  wi th  a t i m e  of  high r a t e s  
(ca. 10-15 c m / y r )  o f  n o r m a l l y  d i r e c t e d  c o n v e r -  
gence  b e t w e e n  the  N o r t h  A m e r i c a n  c o n t i n e n t  and 
the  Fa ra l lon  P l a t e  of  t he  P a c i f i c  Ocean .  Conse -  
quently, the igneous activity is inferred to be 
related to a time of crustal compression. 
Weathering as deep as Z km during subsequent 
times (as revealed by evidence from plutons and 
stratigraphic reconstructions) resulted in destruc- 
tion of volcanic superstructures, but the close 
proximity of Laramide volcanic rocks to small 
porphry plutons remains as testimony to their 
common origin at scattered volcanic centers. 

The Laramide Met~llogenic Episode 
in the American Southwest 

The  L a r a m i d e  ep isode ,  e s t ab l i shed  by  var ious  
w o r k e r s  as b e t w e e n  abou t  45-50 Ma and 75-80 Ma  
and b e l i e v e d  to  b r a c k e t  the  C r e t a c e o u s  and 
T e r t i a r y ,  was  a t i m e  of  w idesp read  v o l c a n i s m  and 
in t rus ion  in th is  p a r t  of  the  Wes te rn  H e m i s p h e r e .  
The  e v i d e n c e  ava i l ab l e  i nd i ca t e s  t ha t  the  r eg ion  
s t o o d  in r e l i e f  bu t  th in  uni ts  of  c l a s t i c  s t r a t a  
wi th in  t h i c k  vo lcan ic  success ions  a r e  the  only  
i n d i c a t i o n  of  s e d i m e n t a t i o n .  Resu l t s  of  a b u n d an t  
and  w i d e s p r e a d  r a d i o m e t r i c  age  d e t e r m i n a t i o n s  in 
th is  r eg ion  i nd i ca t e  t ha t  a l a rge  p o p u l a t i o n  of  
v o l c a n i c  and in t rus ive  rocks  evo lved  as wel l  as  
synch ronous  m i n e r a l i z a t i o n  in as m a n y  as  125 
d i f f e r e n t  c e n t e r s  shown now by  exposed  mined  
a r e a s  or  d i s t r i c t s  in sou the rn  Ar i zona  and c o n t i g u -  
ous Mex ico  and New Mexico .  The m o s t  c h a r a c t e r -  
i s t i c  f e a t u r e  of  all  of  the  d i s t r i c t s  is t h e  p r e s e n c e  
o f  L a r a m i d e  in t rus ive  rocks  r ang ing  in s ize  and 
s t y l e  f r o m  b a t h o l i t h s  to  smal l  d ikes  or  d ike  
s w a r m s .  These  igneous  bodies  c l e a r l y  t r a n s f e r r e d  
g r e a t  a m o u n t s  o f  h e a t  to  the  shal low c r u s t  r e s u l t -  
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TABLE I Production of Metals as Percentages of Total Production 
from Ores of Different Metallogenic Epochs in Arizona 

M e t a l l i z a t i o n  Epoch  % Cu % Pb % Zn % Ag % Au % Mo 

Proterozoic 6 18 45 19 Z6 -- 
Nevadan II 23 15 16 5 -- 
Lar amide 81 41 31 47 33 83 
Mid to Late Tertiary Z 18 9 18 36 17 

Totals i00 I00 I00 I00 I00 100 

D a t a  f rom T i t l e y  (1987). 
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F I G U R E  5 Map of Ar i zona  showing l o c a t i o n  of  
m a j o r  L a r a m i d e  depos i t s  and d i s t r i c t s ,  t h a t  
inc ludes  bo th  the  p o r p h y r y  c o p p e r  d i s t r i c t s  and 
ve in  and r e p l a c e m e n t  ore  d i s t r i c t s .  The  d o t t e d  
l ines  show s e p a r a t i o n  of  geo log ic  d o m a i n s  in 
A r i z o n a  sugges t ed  f rom P h a n e r o z o i c  geo log i c  
h i s t o r i e s  and b a s e m e n t  c h a r a c t e r i s t i c s .  Modi f ied  
f r o m  T i t l e y  and Anthony  (1988, in p ress ) .  

ing in fluid f low which f a c i l i t a t e d  t r a n s f e r  and 
depos i t i on  of m e t a l s .  Whereas  t he  L a r a m i d e  
p o r p h y r y  coppe r  depos i t s  a r e  the  m o s t  s i g n i f i c a n t  
and obvious  m a n i f e s t a t i o n  of  the  r e s u l t s  o f  th is  
process~ t he r e  also ex is t  n u m e r o u s  s m a l l e r  
d i s t r i c t s  c h a r a c t e r i z e d  by  e p i g e n e t i c  m i n e r a l i z a -  
t ion  in veins  and in va r ious  kinds of  r e p l a c e m e n t  
o r e s  in s e d i m e n t a r y  and vo l can i c  r o c k s .  The  

d i s t r ibu t ion  of these  d e p o s i t s  is shown in F igure  5 
whe re  geo log ica l  d o m a i n  bounda r i e s  a re  shown, 
based  upon reg iona l  c h a r a c t e r i s t i c s  and geo log ica l  
h i s t o r y  of the  b a s e m e n t  and  P h a n e r o z o i c  geology.  
A v iew of  the  i m p o r t a n c e  of  the  L a r a m i d e  as a 
t i m e  of ore  f o r m a t i o n  m a y  be ga ined  f r o m  the  
d a t a  shown in Table  1 t h a t  c o m p a r e s  p roduc t ion  
(and by  in fe rence ,  e n d o w m e n t )  f rom the var ious  
epochs  of  m i n e r a l i z a t i o n  in Ar i zona .  

The  Cenozoic 

The modern  l a n d s c a p e s  th rough  which we pass 
a r e  a p roduc t  of  s e v e r a l  c o m p l e x  Cenozo ic  
even t s .  The high c o n v e r g e n c e  r a t e s  of  the  
L a r a m i d e  ceased ,  a p p a r e n t y ,  wi th  the  over r id ing  
o f  the  Eas t  Pac i f i c  r i se  by  the  c o n t i n e n t a l  mass ,  a t  
s o m e t i m e  b e t w e e n  abou t  35 and 40 Ma ago.  The 
p a t h  of  geo log ica l  evo lu t i on  changed  f r o m  one of 
c o m p r e s s i o n a l  t e c t o n i c s  in the  L a r a m i d e  to  e x t e n -  
s ional  t e c t o n i c s  by  m i d - T e r t i a r y  t imes .  Volcanism 
r e c o m m e n c e d  a t  abou t  30 Ma  across  sou the rn  
Ar i zona  and has  con t inued  i n t e r m i t t e n t l y  unt i l  
v e r y  r e c e n t  geo log ica l  t i m e s .  The Basin and 
Range  geomorph ic  p r o v i n c e  c o m m e n c e d  i ts  evo lu -  
t ion under  the  r e g i m e  o f  e x t e n s i o n a l  t e c t o n i c s ,  and 
bas in - f i l l  by  a l luvium,  l ake  s e d i m e n t s  and volcanic  
rocks  b e c a m e  the  d o m i n a n t  s ty l e  of  s e d i m e n t a -  
t ion.  Me ta l logeny  dur ing the  mid to l a t e  Cenozo ic  
has  been  c h a r a c t e r i z e d  m o s t l y  by  f o r m a t i o n  of  
p rec ious  m e t a l  vein  and  r e p l a c e m e n t  ores  during 
episodes  of  ex tens iona l  t e c t o n i s m  and per iods  of  
vo l can i sm.  

GEOLOGY OF PORPHYRY COPPER DEPOSITS 

I t  is a p p r o p r i a t e  to  r e v i e w  some  i m p o r t a n t  
c h a r a c t e r i s t i c s  of the  g e n e t i c  c lass  of  p o r p h y r y  
coppe r  depos i t s .  Whe rea s  the  v i s i to r  will h a v e  the  
o p p o r t u n i t y  to  view m a n y  of  the  c h a r a c t e r i s t i c s  
de sc r ibed  here in  a t  s o m e  of  the  s i tes  to be  v is i ted ,  
an overv iew and i n t e g r a t i o n  of the  n a t u r e  and 
i m p o r t a n c e  of  c e r t a i n  f e a t u r e s  he re  will p rov ide  a 
mean ing fu l  bas is  fo r  f u r t h e r  obse rva t ions  and 
i n t e r p r e t a t i o n s .  
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The deposits  of  this  gene t ic  class share many 
common charac te r i s t i c s  t ha t  allow ce r t a in  gener-  
al ized s t a tmen t s  to be made about them.  In the 
con tex t  of descript ions of  deposits  around the 
Pac i f ic  Basin pe r ime te r ,  genera l iza t ions  have been 
outl ined by Ti t ley and Beane (1981). An overview 
of the regional geological  set t ings has been pre-  
sented by Ti t ley  (198Za) and an outl ine of fea tures  
of Laramide  porphyry deposi ts  of Arizona has been 
presented  in Ti t ley  (198Zb). Within the f ramework  
of commonly shared fea tures ,  however ,  many 
impor tan t  d i f fe rences  exist ,  among deposits,  in 
such charac te r i s t i c s  as volcanic  and igneous rock 
types and in the s ty le  and evolut ion of  meta ls  and 
a l te ra t ion .  Most of these  d i f fe rences  are  in te r -  
p re tab le  in the con tex t  of e i ther  the levels of 
exposure or the composi t ion of wall rocks.  

Brief ly described,  the porphyry  copper deposit  
of the American Southwest  is a body of f r ac tu re  
and veinlet  cont ro l led  disseminated copper 
sulfides; o the r  subsidiary meta ls  in these systems 
are  commonly molybdenum, silver,  and in a few 
deposits,  gold. It is no tewor thy  that  a "signifi- 
cant"  amount  of the pla t inum group metals  mined 
in the United Sta tes  is der ived from the e l ec t ro -  
winning of copper mined from these deposits 
(Cabri, 1981). 

This body of minera l ized  rocks is ordinarily 
cen te red  on an intrusive mass of  porphyry which, 
with one except ion  in Arizona (Bisbee, ca. 
180 Ma), is of Laramide  age. Metall ic mineral iza-  
tion, toge ther  with d i f f e ren t  kinds of a l t e ra t ion  
mineralogy, is l a te ra l ly  zoned; the economic 
mineral izat ion is r evea led  in assay, r a the r  than 
mineralogical  boundaries.  

C o m m o n  Charac te r i s t i c s  of  
Porphyry  Copper Deposi ts  

The first  of th ree  essent ial  and unifying 
e lements  of these sys tems is the presence of a 
small (1-Z km diameter )  porphyry  intrusion that  is 
usually cen t ra l  to zoned a l t e ra t ion  and metals .  
Although there  is cu r ren t  l ively debate  concerning 
the nature  and ex t en t  of the role played by the 
intrusion in the mineral iz ing process,  the results  of 
dating of both intrusions and minera l iza t ion  con- 
s is tent ly  reveal  tha t  both  are  general ly  of the 
same age; a t  the very  minimum, the intrusions 
served as a source of  the rmal  energy tha t  drove 
the hydro thermal  processes  which formed the 
system.  The deposits  are  not  known to occur  as 
pr imary  result  of the process  of emplacement  and 
cooling of phanerocrys ta l l ine  rocks, nor are  they 
recognized to evolve as pa r t  of the emplacement  
and cooling of  volcanic rocks.  In Arizona, por-  
phyry copper  deposits  a re  almost  en t i re ly  associ- 
a ted  with rocks of ca/c-a lka/ ine  series a f f in i ty  and 
many of the deposits  occur  as par ts  of larger  
intrusive complexes of which the porphyry is 

invariably one of the youngest  of the int rusive 
phases.  The rocks have been assigned d i f f e r en t  
names but they are near ly  always quar tz ,  two-  
feldspar,  b iot i te  and/or  hornblende, magne t i t e -  
bear ing porphyri tc  rocks. 

A second commonly-shared e lement  is t ha t  of 
extens ive  f rac tu re  control  of both  a l te ra t ion  and 
meta l  deposits.  Whereas some sulfide minera l -  
iza t ion  may commonly appear  as isolated and 
"disseminated" in host rocks,  it is a m a t t e r  of 
widespread observat ion that  such disseminat ion is 
within domains of intensely sha t te red  rock.  The 
f r ac tu res  occur  within the cen t ra l  porphyry masses 
but also commonly extend for ki lometers  of dis- 
t ance  into wall rocks. 

The third common e lement  in these sys tems is 
tha t  of zoned a l t e ra t ion  and zoned dis tr ibut ion of 
both meta l  abundances and meta l  types.  Many 
Arizona porphyry copper deposits are porphyry  
cores  to large (up to 100 square kilometer)  base 
and precious meta l  dis tr ic ts  in which other  meta l s  
such as lead, zinc, silver, and gold have been 
his tor ical ly  and economical ly  impor tant .  

A common terminology has evolved in descr ip-  
tions of a l te ra t ion  that  is r e la ted  to some domi-  
nat ing charac te r i s t i c  of a mineral - forming compo-  
nent  or mineralogy. Thus, in most systems,  a 
potassic a l te ra t ion  stage occurs  as a core  to 
zoning. In potassium si l icate  host rocks, this s tage  
is ordinari ly charac te r ized  by potassium feldspar,  
with or without a l te ra t ion  biot i te .  Recent  studies 
(Beane and Titley,  1981) point to s imultaneous 
evolut ion of propyii t ic  a l t e ra t ion  per iphera l  to 
potassic  a l tera t ion.  In potassium si l icate rocks,  
common minerals of the propyl i t ic  assemblage are  
albi te,  carbonate ,  chlori te ,  "clay, ~ epidote and in 
some instances zeoli te .  At high and oxidizing 
levels of the system, advanced argillic a l t e ra t ion  
also appears to form simultaneously with the 
others  and is charac te r i zed  by an assemblage of 
alunite,  silica and pyrophyll i te ,  an assemblage tha t  
is usually tex tura l ly  des t ruc t ive .  A late s tage  of 
impor tan t  a l tera t ion,  t e rmed  phyllic, is usually 
present  and revealed  in the overwhelming and 
comple te  conversion of  a f f ec t ed  rocks to  an 
assemblage of  quartz  and ser ic i te ,  usually with 
pyr i te .  An overview and analysis of the condit ions 
and chemis t ry  of a l te ra t ion  in potassium s i l ica te  
rocks is presented  by Beane (198Z). A widespread 
and common succession of a l t e ra t ion  types within 
the a l te ra t ion  aureole around porphyries is shown 
in Figure 5. In this diagram one-half  of a s y m -  
m e t r i c  a l te ra t ion  envelope is shown at  d i f f e r en t  
t imes  in the a l te ra t ion  process;  no dep th  is 
inferred .  The common mineral  assemblages deve l -  
oped in potassium si l icate  wall rocks adjoining an 
intrusion are  shown in their  ordinary and widely 
recognized  succession, the ver t ia /  axis of  the  
diagram showing only the change from high to  l o w  
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INTRUSION WALL  R O C K  

FIGURE 6 C o m p o s i t e  a l t e r a t i o n  s e c t i o n  showing,  
f r o m  b o t t o m  to  top,  o ldes t  to  y o u n g e s t  a l t e r a t i o n  
a s s e m b l a g e s  in po ta s s ium s i l i c a t e  r o c k s  s een  in 
A r i z o n a  po rphy ry  depos i t s .  S u c c e s s i v e  s t a g e s  of  
f r a c t u r i n g  and subsequent  a l t e r a t i o n  r e v e a l  p ro -  
g r e s s ive  "col lapse"  of  the  a l t e r a t i o n  p r o c e s s  on the  
p r o x i m i t y  of  the  in t rus ion  and i ts  wal l  r o c k  con-  
t a c t .  A l t e r a t i o n  p r o g r e s s e s  f r o m  s . rea l ly-wide  
p o t a s s i c  a l t e r a t i o n ,  inward to the  l a t e s t  s t a g e s  of  
q u a r t z - s e r i c i t e - p y r i t e  a l t e r a t i o n  by  s upe rpos i t i on  
of  s u c c e s s i v e  a l t e r a t i o n  s t age s .  I n w a r d  co l l apse  of 
the  p r o p y l i t i c  enve lope  is t r a c e d  f r o m  the  c o n v e r -  
s ion by  c h l o r i t i z a t i o n  of  e a r l y  f o r m e d  s e c o n d a r y  
b i o t i t e .  The value "n" is the  q u a n t i f i e d  va lue  of 
f r a c t u r e  abundance  d e t e r m i n e d  f r o m  l e n g t h / a r e a  
va lue s  in ou tc rop .  Modif ied f r o m  T i t l e y  (198Z) and 
T i t l e y  and o thers  (1986). 

( bo t t om to top) t e m p e r a t u r e s  dur ing  the  l i fe  of the 
s y s t e m .  Superpos i t ion  of  f r a c t u r e s  f o r m e d  at  
d i f f e r e n t  s t ages  r e su l t s  in c r o s s - c u t t i n g  veins  of  
d i f f e r e n t  a l t e r a t i o n  types ;  i t  is t he  supe rpos i t i on  
of t h e  d i f f e r e n t  zones ,  d o m i n a t e d  in e a r l y  s t a g e s  
b y  p o t a s s i c  and propyl i t i c  a l t e r a t i o n  and a t  l a t e  
s t a g e s  by  phyll ic  a l t e r a t i o n  t h a t  r e s u l t s  in a 
c o m m o n  zoning p a t t e r n ,  d e s c r i b e d  a c r o s s  the  top  
of the  d i a g r a m .  

In c a r b o n a t e  wal l  rocks ,  t y p i c a l  c a l c - s i l i c a t e  
a s s e m b l a g e s  evo lve  t h a t  p a r a l l e l  the  s ty l e  of  
evo lu t i on  of  a l t e r a t i o n  in p o t a s s i u m  s i l i c a t e  rocks  
(Einaudi,  198Z). Ea r ly  s t a g e s  a r e  c h a r a c t e r i z e d  by  
anhydrous  minera l s  such as  g r a n d i t e  g a r n e t  and 
d iops id ic  py roxene .  A d v a n c e d  s t a g e s  o f  a l t e r a t i o n  
wi th  c o p p e r  mine ra l s  occu r  wi th  hydrous  m a g n e -  
s i u m - r i c h  mine ra l  a s s e m b l a g e s  a long  younger  
f r a c t u r e s  in the  ea r ly  f o r m e d  ska rn .  

The s ty les  of  a l t e r a t i o n  in any  r o c k  m a y  be  
d e s c r i b e d  a t  the  m e s o s c o p i c  s c a l e  in t l ~ e e  
modes .  P e r v a s i v e  a l t e r a t i o n  a f f e c t s  m o s t  m ine ra l s  
in a r o c k  to  a deg ree  t h a t  the  o r ig ina l  c o m p o s i t i o n  

of the  r o c k  is e s s e n t i a l l y  m a s k e d .  The re  m a y  be 
inher i t ed  t e x t u r e s  t h a t  a l low i n f e r e n c e  as to 
or ig inal  c o m p o s i t i o n .  S e l e c t i v e  or  s e l e c t i v e l y  
p e r v a s i v e  a l t e r a t i o n  a f f e c t s  only  c e r t a i n  minera l s  
of  a r o c k  and usua l ly  r e s u l t s  in an a r t i f i c i a l  
e n h a n c e m e n t  of  t e x t u r e .  Vein or ve in le t  a l t e r a -  
t ion is t h a t  which  a f f e c t s  the  walls  of  jo in ts  or 
fau l t s .  

C o n t r a s t i n g  E l e m e n t s  in  P o r p h y r y  C o p p e r  Systems 

There  is c o n s i d e r a b l e  u n c e r t a i n t y  concern ing  
the  levels  to which  m o s t  of  the  L a r a m i d e  po rphyry  
coppe r  depos i t s  in A r i z o n a  h a v e  b e e n  w e a t h e r e d .  
In a few i n s t a n c e s  d a t a  f r o m  fluid inclusion s tudies  
al low i n t e r p r e t a t i o n s  o f  o r ig ina l  leve ls  f rom Z to 
4 km higher  t h a n  the  p r e s e n t  s u r f a c e ;  s t r a t i g r a p h i c  
r e c o n s t r u c t i o n s  in s o m e  i n s t a n c e s  a re  cons i s t en t  
wi th  this f igure .  In v iew of  the  f a c t  t ha t  t he r e  is 
o v e r w h e l m i n g  e v i d e n c e  fo r  d e e p  erosion,  t ha t  m a y  
be  d i f f e r e n t  f r o m  depos i t  to  depos i t ,  m a n y  con-  
, t a s t i n g  e l e m e n t s  of  t h e s e  depos i t s  m a y  be a 
m a n i f e s t a t i o n  of  the  d i f f e r e n t  or ig inal  levels  a t  
which the  depos i t s  p r e s e n t l y  a r e  be ing  v iewed.  

An i m p o r t a n t  and  p r i n c i p a l  d i f f e r e n c e  b e t w e e n  
depos i t s  is the  s ty l e  o f  m i n e r a l  zoning.  S y m m e t r y  
of  d i s t r ibu t ion  and c o m p o s i t i o n a l  c h a r a c t e r i s t i c s  
seen  in s y s t e m s  of  u n v a r y i n g  wall  rocks ,  e i t he r  
po t a s s ium s i l i c a t e  or  c a r b o n a t e  is b roken  and 
d i s t o r t e d  when  the  wa l l  r o c k s  c o n t r a s t  in c o m p o s i -  
t ion.  As a g e n e r a l  c h a r a c t e r i s t i c  in "class ic"  
cases ,  a l t e r a t i o n  a u r e o l e s  f o r m e d  in po ta s s ium 
s i l i ca t e  wall  rocks  a r e  b r o a d  and un i fo rmly  d ev e l -  
oped (Lowell  and G u i l b e r t ,  1970); those  in c a r -  
b o n a t e - b e a r i n g  hos t s  a r e  i r r e g u l a r  and r e s t r i c t e d  
m o r e  c lose ly  to  i n t rus ion  c e n t e r s .  In bo th  types ,  
howeve r ,  o r e - g r a d e  and d i s t r ibu t ion  as well  as 
t onnages  a re  o t h e r w i s e  c o m p a r a b l e .  

A c c e s s o r y  m e t a l  c o n t e n t  and d i s t r ibu t ion  in the  
p o r p h y r y  ores  of  A r i z o n a  is va r i ab l e  and known in 
only a gene ra l  way .  The  d i s t r i bu t ion  and c h a r a c t e r  
a re  d iscussed  be low as t h e y  a r e  under s tood  in the  
p r i m a r y  ores .  

Gold occu r s  in s o m e  bu t  not  all  of  the  s y s t e m s  
but  i t s  r e l a t i onsh ip  to  c o p p e r  o res  and o the r  
m e t a l s  has  not  y e t  b e e n  we l l -de f ined .  Similar ly ,  
m o l y b d e n u m  is h ighly  v a r i a b l e  in i ts  o c c u r r e n c e  
and d i s t r ibu t ion .  A l though  g e n e r a l l y  s y m p a t h e t i c  
wi th  the  o c c u r r e n c e  of  c o p p e r ,  in some  depos i t s  i t  
is c e n t r a l  t o  the  shel ls  o f  a l t e r a t i o n ,  in o the r s  i t  is 
p e r i p h e r a l .  In A r i z o n a ,  m o s t  of  the  p o rp h y ry  
depos i t s  c a r r y  a t  l e a s t  1 g / t  of  s i lver;  i t  is an  
in t r iguing f a c t  t h a t  h igh  m o l y b d e n u m  grades  (more  
t han  0.0Z% Mo) a r e  a t t e n d e d  by  c o m p a r a t i v e l y  
high s i lver  va lues  (more  t h a n  Z g / t ) .  Si lver  grades ,  
as well  as gold g r ades ,  a re  s y m p a t h e t i c  wi th  
g r ades  of  copper ;  gold  phases  have  not  been  
desc r ibed  but  s i lve r  a p p e a r s  to  o c c u r  with t e t r a -  
hed r i t e .  In s e c o n d a r i l y  en r i ched  copper  ores ,  
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s i lver  as wel l  as gold is a l so  b e l i e v e d  to be  c o n c e n -  
t r a t e d .  T h e r e  is a t  l e a s t  one o c c u r r e n c e  of  
en r i ched  coppe r  (Hil lsboro,  New Mexico;  Dunn,  
198Z) in which  f ie ld  e v i d e n c e  s ugges t s  t h a t  m o l y b -  
denum also m a y  be e n r i c h e d  wi th  c o p p e r  in the  
w e a t h e r i n g  p roces s .  

Many  u n c e r t a i n t i e s  ex i s t  c o n c e r n i n g  the  c o m -  
pos i t ions  of  the  or ig ina l  L a r a m i d e  p lu ton ic  rocks .  
In a g r e a t  n u m b e r  of depos i t s ,  the  c o m b i n a t i o n s  of  
p e r v a s i v e  and d e s t r u c t i v e  h y d r o t h e r m a l  a l t e r a t i o n  
and subsequen t  w e a t h e r i n g  have  so m o d i f i e d  
t e x t u r e s  and  c o m p o s i t i o n s  t h a t  m e a n i n g f u l  c h e m i -  
ca l  and p e t r o g r a p h i c  w o r k  w i th  c u r r e n t l y  c o n v e n -  
t iona l  m e t h o d s  is no t  poss ib le .  N o t w i t h s t a n d i n g  
t he se  p r o b l e m s ,  s u f f i c i e n t  o b s e r v a t i o n s  and d a t a  
d e v e l o p e d  in the  p e r i p h e r a l  r eg ions  of  the  depos i t s  
r e v e a l  t h a t  a r ange  of  p e t r o l o g i c  c o m p o s i t i o n s  is 
r e p r e s e n t e d  in the  p lu tons  o f  th is  p r o v i n c e .  The  
in f luence  of  t hese  p e t r o l o g i c a l  d i f f e r e n c e s  in 
a f f e c t i n g  r e su l t s  of  the  h y d r o t h e r m a l  p r o c e s s e s  is 
unknown.  Resu l t s  of  a s t u d y  of  one su i t e  of  
L a r a m i d e  rocks  f rom this  r eg ion  sugges t  d e e p  
c rus t  as an i m p o r t a n t  p r o v e n a n c e  of  c o p p e r -  
r e l a t e d  m a g m a s  in t he se  s y s t e m s  (Anthony and 
T i t l ey ,  1988a,b). 

S o m e  Relevant  Aspec t s  o f  
P o r p h y r y  C o p p e r  Genes is  

The n u m b e r s  and a c c e s s i b i l i t y  of  the  p o r p h y r y  
s y s t e m s  in this  reg ion ,  coup led  wi th  e x c e l l e n t  
e x p o s u r e s  of  m i n e r a l i z e d  rocks  and con t inuous  
d a t a  co l l e c t i on  have  r e s u l t e d  in an u n p a r a l l e l e d  
i n f o r m a t i o n  base .  T h e s e  d a t a  have  b e e n  wide ly  
used in a v a r i e t y  of  kinds of  s tud ies  t h a t  h a v e  
r e s u l t e d  in w e l l - m o d e l e d  and d o c u m e n t e d  t h e o r i e s  
of  p roces s .  Less  w e l l - u n d e r s t o o d  a re  g e o l o g i c a l  
f a c t o r s  t h a t  r e l a t e  to  t he  l o c a l i z a t i o n  of p o r p h y r y  
c o p p e r  depos i t s  in this  r eg ion  and the  f u n d a m e n t a l  
ques t ions  of  t he  n a t u r e  and or igin of  th is  c oppe r  
p rov ince .  

R e g i o n a l  c o n t r o l s .  The  c l e a r  and unequ ivoca l  
r e l a t i onsh ip  of evo lu t i on  of  p o r p h y r i t i c  rocks  to  
s i t e s  of  subduc t ion  found in is land a r c  s e t t i n g s  is 
less c l e a r  in the  inboard  s e t t i n g  of  the  c r a t o n - s i t e d  
s y s t e m s  of  s o u t h e s t e r n  N o r t h  A m e r i c a  (see F igu re  
Z). A l a rge  r e c t i l i n e a r  a r e a  con ta in s  the  depos i t s  
of  the  A m e r i c a n  s o u t h w e s t  and only wi th  the  
p r e s u m p t i o n  of  a c o n s i d e r a b l e  f l a t t e n i n g  of  the  
Ben io f f  Zone,  r e su l t i ng  f r o m  high p l a t e  c o n v e r -  
g e n c e  r a t e s  (Coney and Reyno lds ,  1977; H e i d r i c k  
and Titley, 198Z), may cause and effect be 
inferred. Within the region, the effects of a 
widespread overprinting by mid- and late-Tertiary 
extensional tectonism has obscured the Laramide 
tectonic framework and a distinctive regional 
con t ro l  has  not  been  i d e n t i f i e d  fo r  c e r t a i n .  

Primary (hypc~ae) processes. The porphyry 
system evolves as a direct consequence of the 

evo lu t i on  of  t he  m a g m a s  t h a t  give r i se  to  the  
p o r p h y r y  c o p p e r  depos i t .  Rap id  r i se  of  m a g m a s  to  
sha l low c r u s t a l  levels ,  p r o b a b l y  as subvo lcan ic  
bodies ,  and  t h e i r  subsequen t  cooling,  r e su l t s  in 
g e n e r a t i o n  of  t h e r m a i - m e c h a n i c a l  e n e r g y  which  
f r a c t u r e s  g r e a t  v o l u m e s  (cubic kms) of  c r u s t a l  
rocks .  The  ev idence  f r o m  the  rocks  r e v e a l s  t h a t  
f r a c t u r i n g  t a k e s  p l ace  ep i sod ica l ly  t h rough  the  
pe r iod  of  p lu ton  cool ing,  poss ib ly  on the  o rde r  of  
0.5 to  1 mil l ion yea r s .  F r a c t u r e s  p roduced  in the  
p o r p h y r y  and i t s  wai l  rocks  p rov ide  an i n t e r c o n -  
n e c t e d  n e t w o r k  of  open p lanes  th rough  which  
f luids  of  b o t h  m a g m a t i c  and m e t e o r i c  or igin  f low,  
a l t e r i n g  rocks  and depos i t ing  m e t a l  sul f ides .  

The  ep i sod ic  n a t u r e  of  f r a c t u r i n g  is r e v e a l e d  in 
the  ub iqu i tous  e x i s t e n c e  of  d i s t i nc t i ve  p a r a g e n e s e s  
of  a l t e r a t i o n  a s s e m b l a g e s  in c r o s s - c u t t i n g  veins .  
O r d i n a r i l y  p o t a s s i c  a l t e r a t i o n  is s u c c e e d e d  by  
phyl l i c  a l t e r a t i o n ,  in tu rn  s u c c e e d e d  by  p r o p y l i t i c  
a l t e r a t i o n  in p a r t s  of  the  s y s t e m  (Ti t ley  and 
o the r s ,  1986). The  p r o v e n a n c e  of  w a t e r s  has  b e e n  
shown f rom re su l t s  of  l ight  i so tope  s tud ies  of  
a l t e r a t i o n  m i n e r a l s  (Sheppard and o the rs ,  1971; 
Tay lo r ,  1974). T e m p e r a t u r e s  and t h e r m a l  h i s t o r y  
h a v e  b e e n  d o c u m e n t e d  in n u m e r o u s  s tudies ,  c i t ed  
by  R o e d d e r  (1984). 

Evo lu t i on  o f  the  igneous  rocks  and i ts  r e l a -  
t ionsh ip  to  the  f o r m a t i o n  of  the  p o r p h y r y  c o p p e r  
depos i t s  h a v e  b e e n  r e v i e w e d  by  Burnham (1967, 
1979); Knapp  and N o r t o n  (1981) and Knapp  and 
Kn igh t  ( 1 9 7 7 ) h a v e  s tud ied  the  e f f e c t s  of  a s p e c t s  
of  p lu ton  h i s t o r y  on f r a c t u r e  evo lu t ion ,  and N o r t o n  
(1979) has  mode l ed  the  r e su l t s  of  a s tudy  of fluid 
f low and r e a c t i o n  in a cool ing  p lu ton  e n v i r o n -  
m e n t .  Wherea s  t h e r e  a r e  s o m e  poin ts  in a g r e e -  
rnent  c o n c e r n i n g  the  evo lu t ion  of the  f r a c t u r e  
n e t w o r k s  in the  p o r p h y r y - c e n t e r e d  s y s t e m ,  n a m e l y  
t h a t  t h e r e  is a cause  and e f f e c t  r e l a t i onsh ip  
b e t w e e n  the  cool ing of  the po rphy r i e s  and f r a c t u r e  
evo lu t ion ,  t h e r e  r e m a i n s  an  a r e a  of  doubt  c o n c e r n -  
ing e f f e c t s  t h a t  a r e  p e t r o g e n e t i c  such as " s eco n d -  
boi l ing" and h y d r a f r a c t n r i n g ,  and those  t h a t  a r e  
t h e r m a l - m e c h a n i c a l ,  such as s t r e s s e s  p roduced  in 
wall  r o c k s  by  h e a t i n g  of  p o r e  fluids. I t  is l i ke ly  
t h a t  b o t h  p h e n o m e n a  a re  s ign i f ican t  and m a y  
o v e r l a p  in the  genes is  of  t hese  s y s t e m s .  

S e c o n d a r y  (supergene)  p r o c e s s e s .  The  e c o -  
n o m i c  v i t a l i t y  of  coppe r  o res  in this reg ion  has  
b e e n  e n h a n c e d  as a consequence  of s e c o n d a r y  
s u p e r g e n e  e n r i c h m e n t .  When the  ores  w e r e  d i s -  
c o v e r e d  and deve loped ,  the  p r e s e n c e  of e n r i c h e d  
c o p p e r  p rov ided  a sou rce  of  r i ch  m e t a l  o re  t h a t  
could be  eas i ly  and quickly  mined  to a m o r t i z e  
c a p i t a l  i n v e s t m e n t s ;  en r i ched  ores  we re  s t i l l  be ing  
mined  and t r e a t e d  in t he  1980s, a f t e r  d e c a d e s  of  
o p e r a t i o n ,  in the  G l o b e - M i a m i  d i s t r i c t ,  a t  Ray ,  
Morenc i ,  S i lver  Bell,  Chino,  Tyrone ,  and in Mex ico  
a t  L a  C a r i d a d .  Whereas  en r i ched  sulf ide  o res  h a v e  
been  t r a d i t i o n a l l y  i m p o r t a n t  and r e m a i n e d  so in 
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the 1980s, bodies of oxidized copper minerals of 
many types assumed increasing importance as a 
consequence of widespread application of solvent 
extraction of copper in ores. 

The process of oxidat ion of ores probably 
commences  during the  waning s tages  of  hypogene 
ac t iv i ty  at  high (shallow) levels in the  hydro ther -  
real systems. In the deeply  exposed systems of the 
American Southwest ,  however ,  weather ing has 
been the dominating process,  a process  which has 
been enhanced by geological  and mineralogical  
proper t ies  of the hypogene systems.  Two funda- 
mental  and necessary  requ i rements  of the enrich-  
ment  process are the capac i ty  of the pr imary  
system to develop acid (Locke, 19Z6; Blanchard, 
1968) a n d  to  h a v e  s u f f i c i e n t  i n t r i n s i c  p e r m e a b i l i t y  
to permi t  downward or l a t e ra l  flow of solutions. 
These requi rements  are  me t  in the presence  of 
abundant pyr i te  in the typica l ly  densely  f r ac tu red  
rocks of the "phyllic n a l t e r a t ion  zone.  The char-  
ac ter i s t ics  of superposit ion of the  ver t i ca l  zoning 
induced by supergene processes  upon la te ra l  zoning 
of a l te ra t ion  in potassium s i l ica te  rocks is shown 
in Figure 7. It is the process  of  leaching of  
pr imary ores and of  ear l ier  enr iched ores that  has 
resul ted in the cha rac t e r i s t i c  and unique cappings 
above secondary enr ichment  (Anderson, 198Z). 
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FIGURE 7 Vert ical  cross sec t ion  through a 
weathered  and eroded, a l t e red  mineral ized 
porphyry system in potassium si l icate  rocks. 
Distribution of a l te ra t ion  zones and charac te r i s t i c  
fea tures  composi ted from da ta  shown in Figure 6. 
Superimposed are the e f f e c t s  of oxidation, 
weathering and leaching of the  p r imary  mineral-  
izat ion and a l t e ra t ion  to form an enr iched blanket  
above the zone of p r imary  quar t z - se r i c i t e -pyr i t e ,  
and its low copper grades. 

An additional,  and coincidental ,  set  of geolog- 
ical  c i rcumstances  have opera ted  in the American 
Southwest to produce the enriched blankets of 
copper.  Lowering of the water  table  to permi t  
flow is a requi rement  considered in the conven-  
t ional  wisdom concerning the process.  Such lower-  
ing is bel ieved to have taken place in at  least  some 
instances by uplif t  a t  e i ther  regional or local 
scales.  Once formed,  p ro tec t ion  of the blanket 
from erosion is necessary .  In this par t  of the 
southwest,  pre-Oligocene enr ichment  of Laramide 
systems is bel ieved to have been covered by mid- 
Ter t i a ry  volcanic flows, which prevented  fur ther  
erosion. Ki lometer  thick mid-Ter t i a ry  dac i te  
flows in the Superior-Globe-Miami-Ray interval  
are such units. Younger (than mid-Ter t iary)  uplif t  
is bel ieved to have resul ted in erosion tha t  
exhumed copper ores, result ing in exposure with 
some additional enr ichment ;  in the cur rent  s tage 
of geological evolution, the zones of oxidation and 
some enrichment  were and are being eroded. 

Fea tures  to  Observe and Study 

In view of the re levant  aspects  of deposit 
genesis outlined above, ce r ta in  impor tant  fea tures  
in these deposits mer i t  close observation.  Listed 
below, for  the informat ion of those not  famil iar  
with these deposits are questions of impor tance  
that  may be addressed in mineral ized rocks of the 
orebodies,  and that  may be of in teres t  to those 
familiar  with similar deposits in o ther  regions. 

. What was the original composit ion of the rock  
as revealed  in re l ic t  t ex tures  or original 
minerals? 

Z. Is the rock par t  of the "progenitor" porphyry 
suite or simply wail rock to the porphyry 
magmas? 

. What is the style of a l te ra t ion  of the 
sample? Pervasive? Select ive? Vein- 
veinlet?  Are the re  combinations? 

. From composit ional  d i f fe rences  be tween  
specimens, what may be said concerning the 
composit ion of pervasive a l te ra t ion?  

5. If b io t i te  is present ,  can its igneous or hydro-  
thermal  origin be de te rmined?  

. Note the abundance of vein and veinlets in the 
rock containing ore compared with rocks at  
the edge of the mineral ized systems.  

. How many d i f f e ren t  kinds of vein or veinlet  
a l te ra t ion  are visible and what is the sequence 
of the a l te ra t ion  types? (By such de te rmina-  
t ions and distinctions, the chemical  evolution 
of  solutions may be evaluated.)  
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. Are  t h e r e  c o n t r a s t i n g  a l t e r a t i o n  m i n e r a l o g i e s  
t h a t  a p p e a r  to  r e l e c t  t he  c o m p o s i t i o n s  o f  the  
o r ig ina l  r o c k  t y p e ?  (Most anhydrous  a l t e r a -  
t ion  m i n e r a l  a s s e m b l a g e s  a r e  s t r o n g l y  d e p e n d -  
en t  upon the  c o m p o s i t i o n  of  the  o r ig ina l  hos t  
rocks . )  

. What  is an e s t i m a t e  of  the  p e r c e n t  su l f ides  
(usual ly  m a d e  on a v o l u m e t r i c  basis)  and  of  
the  r a t i o  of  d i f f e r e n t  su l f ide  m i n e r a l s ?  (Such 
e s t i m a t e s  a re  r e l e v a n t  to  d e t e r m i n a t i o n  of 
zoning  p a t t e r n s  and a r e  of  va lue  as a bas i s  for  
i n t e r p r e t i n g  s o m e  t y p e s  of  g e o p h y s i c a l  
m e a s u r e m e n t s . )  

10. Are  t h e r e  any  a p p a r e n t  d i f f e r e n c e s  of  su l f ide  
r a t i o s  wi th  r e s p e c t  to  t he  kinds of  ve in l e t  
a l t e r a t i o n ,  or  kind o f  p e r v a s i v e  a l t e r a t i o n ?  

11. What  is the  n a t u r e  of  the  w e a t h e r e d  s u r f a c e  
on the  s y s t e m ?  Low p y r i t e  a b u n d a n c e s  do not  
o rd ina r i l y  g ive  r ise  to  s t r i k ing ly  red  
exposu res ;  high p y r i t e  v o l u m e s  (more  t h a n  4% 
volume)  do. 

OVERVIEW OF DEPOSITS AND 
DISTRICTS TO BE VISITED 

The  fo l lowing  s ec t i ons  p r e s e n t  g e o l o g i c a l  
s u m m a r i e s  of  the  d i s t r i c t s  and m i n e s  to be  v i s i t ed  
dur ing  the  four  days  of  the  f ie ld  t r ip .  The  s u m m a -  
r i e s  will  focus  upon b o t h  g e n e r a l i z e d  d i s t r i c t  and 
o r e b o d y  geo logy  as wel l  as a s p e c t s  of  ore  o c c u r -  
r e n c e  and exposu re  t h a t  a re  p a r t i c u l a r l y  c h a r a c -  
t e r i s t i c  of  the  s p e c i f i c  bod ies  in which  t h e y  
occur .  Spec i f i c  de t a i l s  c o n c e r n i n g  the  e x p o s u r e s  
to  be  v i s i t e d  will be  p rov ided  a t  t he  s i t e .  

P i m a  Mining D i s t r i c t  

Fou r  open  p i t s  mine  d i s s e m i n a t e d  c o p p e r  o res  
f rom six o r ig ina l ly  d i s c o v e r e d  o r ebod ie s .  In t he  
vis i t  to  this  d i s t r i c t ,  we will see  o res  f o r m e d  
e n t i r e l y  wi th in  p o t a s s i u m  s i l i c a t e  hos t  r o c k s  and 
a l m o s t  e n t i r e l y  hypogene  in c h a r a c t e r  (Sierr i ta)  
and a c o m p l e x  o r e b o d y  in which  h y p o g e n e  o res  
h a v e  evo lved  wi th  c a l c - s i l i c a t e  a l t e r a t i o n  in 
c a r b o n a t e  hos t s  and w i th  p o t a s s i u m  s i l i c a t e  a l t e r a -  
t ion  in c l a s t i c  hos t  r ocks  (Miss ion-P ima) .  A t  t he  
s c a l e  o f  d i s t r i c t  geo logy ,  the  o r e b o d i e s  in the  
sou th  p a r t  of  the  d i s t r i c t  a r e  a u t o c h t h o n o u s ,  those  
to  the  no r th  a r e  a l loch thonous ,  i n t e r p r e t e d  to  be  
f a u l t e d  a w a y  f r o m  the i r  roo t s  to  the  south .  

T r ip  to  t h e  P i m a  D i s t r i c t .  Our  f i r s t  v is i t  will 
be  to  the  S i e r r i t a - E s p e r a n z a  o r e b o d y  c o m p l e x  in 
t he  sou th  p a r t  o f  t he  d i s t r i c t ;  a f t e r  lunch we  will  
v is i t  t he  P i m a - M i s s i o n  c o m p l e x  in t he  a l l o c h t h o n -  
ous p l a t e  in the  n o r t h e r n  p a r t  o f  t he  d i s t r i c t .  The  
d r ive  t a k e s  us a long  i n t e r s t a t e  h i ghway  and  mine  
roads  sou th  and s o u t h w e s t  f r o m  Tucs on  to  the  
s o u t h e r n  p a r t  o f  the  d i s t r i c t ,  a d i s t a n c e  o f  a b o u t  

60 km;  in this t r ip  we  will  a s cend  f r o m  Tucson  
(700 m), in the  S a n t a  Cruz  R i v e r  Valley,  to  the  
f ac i l i t i e s  and mine  a t  S i e r r i t a  on the  p e d i m e n t  
s u r f a c e  a t  abou t  l l00  m e l e v a t i o n .  

The San ta  Cruz  Val ley ,  which  f lanks  the  w e s t -  
e rn  edge  of the  Tucson  Basin ,  is an i n t e r m o n t a n e  
bas in  t yp i ca l  of  th is  r eg ion .  I t  is f l anked  to  the  
wes t  in the  v i c in i t y  o f  Tucson  by  the  Tucson  
Mounta ins ,  a s t r ong ly  d e f o r m e d  success ion  of  
L a r a m i d e  vo lcan ic  rocks .  To the  s o u t h e a s t ,  as  
v i ewed  f rom Tucson,  the  S a n t a  R i t a  Mounta ins ,  
which  compr i s e  a c o m p l e x  of  P r o t e r o z o i c  and 
P h a n e r o z o i c  rocks ,  r i se  to  an  e l e v a t i o n  of abou t  
Z600 m and a re  c a p p e d  b y  Tr iass ic(?)  v o l can i c  
rocks .  The S i e r r i t a  Moun ta ins ,  on the  f lank  of  
which  occu r  the  mines  of  t he  P i m a  d i s t r i c t ,  a r e  a 
d o m e - l i k e  f e a t u r e  c o r e d  by  L a r a m i d e  g r an i t e .  The 
v i s i t o r  will be  able  to  obse rve ,  dur ing the  cour se  of  
the  b r i e f  t r ip ,  the  t y p i c a l  l a n d f o r m s  of this p a r t  of  
the  Basin and Range  P r o v i n c e ,  m a n i f e s t e d  for  the  
m o s t  pa r t  in the  S a n t a  R i t e  and the  Tucson  Moun-  
t a ins .  This  is also a c l a s s i c  reg ion  in which to  
o b s e r v e  the  g e o m o r p h i c  c h a r a c t e r i s t i c s  of  ped i -  
m e n t s ,  low-angle ,  u n i f o r m l y  s loping s u r f a c e s  
c a r v e d  upon l~edrock n e a r  the  m o u n t a i n s '  edges  and 
f o r m e d  upon basin fil l  t o w a r d  the  va l l ey  c e n t e r s .  
These  f e a t u r e s  m a y  be  s e e n  in p rof i l e  on the  
n o r t h e r n  side of the  S i e r r i t a  Mounta ins  w h e r e  a 
long (10 kin) s u r f a c e  dips a b o u t  3 ° n o r t h w a r d ,  and 
a n o t h e r  p e d i m e n t  e a s t  of  the  i n t e r s t a t e  h ighway  
t h a t  s lopes  upward  t o w a r d  the  S a n t a  R i t a  
Mounta ' .ns.  

As we dr ive  s o u t h w a r d  out  of  the  Tucson  
m e t r o p o l i t a n  a r ea ,  the  e a s t - d i p p i n g  p e d i m e n t  of  
the  S i e r r i t a  Mounta ins  m a y  be  s een  to  be  the  s i t e  
of  n u m e r o u s  s t r ipp ing  dumps  f r o m  mines  of  the  
d i s t r i c t .  L a r g e  w a s t e - t o - o r e  s t r i pp ing  r a t i o s  {i.e., 
5,10-1) to m a i n t a i n  e x p o s u r e  of  b e d r o c k  b e n e a t h  
a l luvium in two l a rge  open  p i t s  have  r e su l t ed  in 
l a rge  vo lumes  of  w a s t e ,  a c h a r a c t e r i s t i c  of  such 
mining  t ha t  r equ i r e s  con t i nuous  con t ro l  and m o n i -  
to r ing .  Dumps  exposed  a long  the  h ighway  for  the  
n e x t  15 km m a y  be  s e e n  to  be  t e r r a c e d  and p l an t ed  
wi th  d e s e r t  v e g e t a t i o n  in o rde r  bo th  to  m i n i m i z e  
the  visual  i m p a c t  of  w a s t e  pi les  and to con t ro l  
s lopes  and dust .  

We e n c o u n t e r  v e g e t a t i o n  t yp i ca l  of the  Sonoran 
D e s e r t  P rov ince  in our dr ive  u p w a r d  and ac ross  the  
p e d i m e n t  and we will s ee  m o s t  of  this  b i o t a  in 
sho r t  foo t  excurs ions  ou t s ide  of  the  p i t s .  In this  
r eg ion  of  spa r se  r a i n f a l l  (ca.  30-40 c m / y r ) ,  v e g e t a -  
t ion is p r e sen t  but  only  t he  h a r d i e s t  v a r i e t i e s  a r e  
c o m m o n  and surv ive .  The  m o s t  abundan t  t r e e s  a re  
the  Palo  Verde,  Mesqu i t e  and v a r i e t i e s  of  a c a c i a ,  
w i th  sc rub  Oak  at  the  h ighes t  d e s e r t  e l e v a t i o n s ;  
shrubs  compr i s e  C r e o s o t e ,  v a r i e t i e s  of  C o m p o s i t e  
or  Rabb i t  Bush, and the  t a l l  s t a lks  of  v a r i e t i e s  of  
Y u c c a  and of  Oco t i l lo .  C a c t i  a r e  abundan t ,  the  
m o s t  conspicuous  of  which  is the  wide ly  known 
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TABLE 2 P r o d u c t i o n  and Mined Grades  o f  O r e  o f  S o m e  Orebod ie s  in the  P i m a  D i s t r i c t  

Mine Tons Mined (to yr) ~ Cu  % Mo Ag (g/t) Au (g/t)  

Mi s s ion /P ima  108,993,000 (1978) 0.63 0.011 Z.3 0.00X 
S ie r r i t a  ZZ4,750,000 (1978) 0.Z7 0.0ZZ 1.0 0.00X 
Esperanza 86,34Z,000 (I 978) 0.40 0.0Z 1 1.4 0.00X 

Data from Keith and others (1978). 

t r e e - l i k e  Saguaro  w i th  i t s  n u m e r o u s  a rms ,  t o g e t h e r  
wi th  abundan t  ChoUa,  P r i c k l y  P e a r ,  and B a r r e l  
Cac tu s .  N u m e r o u s  v a r i e t i e s  of  sma l l  c a c t i  m a y  be  
seen  in a l m o s t  any  f o o t  t r a v e r s e  and a v a r i e t y  of  
g ras ses  a r e  w ide ly  p r e s e n t .  

H i s to ry .  M i n e r a l i z a t i o n  in the  P i m a  d i s t r i c t  
is, p r e s u m a b l y ,  a m o n g  s o m e  of  the  ea r l i e s t  d is-  
cove r i e s  of  m e t a l  m a d e  by  Europeans  in th is  p a r t  
of  the  Nor th  A m e r i c a n  c o n t i n e n t .  J e su i t  and,  
subsequent ly ,  F r a n c i s c a n  f a t h e r s  e n t e r e d  this  p a r t  
of  Ar i zona  a t  the  t u rn  of  the  18th C e n t u r y  and 
ca r r i ed  out  e x p l o r a t i o n  t h a t  r e s u l t e d  in opening o f  
s eve ra l  s i lve r  mines .  The  p r e s e n c e  of  tu rquo ise  
and na t i ve  c o p p e r  in o u t c r o p  was  l ikely  an  ob j ec t  
of  e x c a v a t i o n  b y  ind igenous  peop le  p r io r  to  this  
t ime .  The  p a t h  of  e x p l o r a t i o n  is not  c l e a r  but  b y  
the  e a r l y  to  mid  19th  C e n t u r y  t h e r e  w e r e  mines  
o p e r a t i n g  on n u m e r o u s  e x p o s u r e s  o f  high g r ade  
copper ,  as wel l  as  l e a d - s i l v e r  m i n e r a l i z a t i o n  in the  
P i m a  d i s t r i c t .  

By the  e a r l y  Z0th C e n t u r y ,  underground  mining 
was tak ing  p l a c e  in m a n y  p a r t s  of  the  d i s t r i c t  wi th  
lead,  copper ,  and s i l ve r  the  p r inc ipa l  p roduc t s .  
Mining in the  d i s t r i c t  was  con f ined  to  unde rg round  
me thods  on high g r a d e  c o p p e r  ores  unt i l  abou t  
1955 when d i s s e m i n a t e d  c o p p e r  ore  was d i s c o v e r e d  
by geophys ica l  m e t h o d s  b e n e a t h  pos t  ore  c o v e r  a t  
the  P i m a  mine  and bu lk  mining  ensued.  Subse -  
quent  d i s c o v e r y  of  t h e  Mission and E s p e r a n z a  
o rebod ies  in the  l a t e  1950s, and the  S ie r r i t a ,  Twin 
But tes ,  E i s e n h o w e r  and  San Xav ie r  o rebod ies  in 
the  1960s r e s u l t e d  in d e v e l o p m e n t  of  one of  the  
l a rges t  r e s e r v e s  of  c o p p e r  in any  Nor th  A m e r i c a n  
d i s t r i c t .  In the  ZS-yea r  pe r iod  b e t w e e n  1955 and 
1980, the  d i s t r i c t  w a s  the  s i t e  of  nea r l y  cont inuous  
mining in all  o r e b o d i e s  as t h e y  w e r e  d i s c o v e r e d  
and deve loped .  By t h e  mid-1980s ,  open  p i t  min ing  
ope ra t ions  had  e x t e n d e d  in two  s i t e s  (Mission- 
P i m a - E i s e n h o w e r  and  E s p e r a n z a - S i e r r i t a )  to  
enve lope  con t iguous  o r e b o d i e s  and two  ope ra t ions ,  
San Xav ie r  and Twin  B u t t e s  had  shut down. 

The d i s t r i c t  and  m o s t  of  i t s  o rebod ies  h a v e  
been  ob j ec t s  of  b o t h  m o d e r n  and older  geo log ica l  
i nves t iga t ions .  Much o f  th is  is s u m m a r i z e d  in 
T i t l ey  (198Zb). H o w e v e r ,  n o t e w o r t h y  r e p o r t s  a re  
those  of  R a n s o m e  (IgZZ), C oope r  (1960, 1971, 

1973), Barter and Kelly (198Z), West and Aiken 
(198Z), Jansen (1983) and King (198Z). 

O r e  g r a d e s  and tonnages  mined in s o m e  of  the  
i m p o r t a n t  o p e r a t i o n s  a r e  shown in Tab l e  2. 

D i s t r i c t  geo log i ca l  s u m m a r y .  The g e n e r a l  
c o n s e n s u s  o f  geo log ica l  i n t e r p r e t a t i o n s  holds  t h a t  
the  d i s t r i c t  a c t u a l l y  cons i s ted  of  two  s e p a r a t e  
c e n t e r s  o f  m i n e r a l i z a t i o n  a t  the  sou th  end  of  the  
d i s t r i c t  (the Twin Bu t t e s  and the  S i e r r i t a -  
E s p e r a n z a  orebodies ) .  Low angle  f au l t ing  o f  a b o u t  
Z9-30 Ma age  r e su l t ed  in d e c a p i t a t i o n  of  one of  
the  m i n e r a l i z e d  c e n t e r s  a t  the  sou th  end  of  the  
d i s t r i c t  (Twin But tes)  and m o v e m e n t  of  t h a t  p a r t  
o f  t h e  o r e b o d y  s o m e  11.5 km nor th  to  i t s  p r e s e n t  
s i t e  as the  M i s s i o n - P i m a  o rebody  c o m p l e x  (Cooper ,  
1960). Dr i l l ing  has  indeed r e v e a l e d  t h a t  t he  
Miss ion c o m p l e x  is f loored  by  a low ang le  f au l t .  I t  
r e m a i n s  a m a t t e r  of  specu la t i on  as to  w h e t h e r  t he  
Twin  B u t t e s  o re  s y s t e m  was m o v e d  f r o m  a pos i t i on  
n e a r  t he  S i e r r i t a  o r ebody  but  s t r a t i g r a p h i c  r e c o n -  
s t r u c t i o n  sugges t s  t h a t  the  v e r t i c a l  s t r u c t u r a l  
s e p a r a t i o n  b e t w e e n  the  Twin Bu t t e s  and  S i e r r i t a  
s y s t e m  is on the  order  of  k i l o m e t e r s .  N o n e t h e l e s s ,  
t he  c u r r e n t  unde r s t and ing  is t h a t  o r e b o d i e s  of  t he  
n o r t h e r n  p a r t  of  the  d i s t r i c t  a re  a l loch thonous ,  and  
o r e b o d i e s  of  t he  sou the rn  p a r t  a re  a u t o c h t h o n o u s .  
The  p r i n c i p a l  s t r u c t u r a l  e l e m e n t s  and mines  of  the  
d i s t r i c t  a r e  shown in F igu re  8. 

R o c k s  exposed  in the  d i s t r i c t  c o m p r i s e  a t  l e a s t  
s o m e  p a r t s  o f  e a c h  of  the  r o c k  S y s t e m s  known in 
s o u t h e a s t e r n  Ar izona .  P r o t e r o z o i c  r o c k s  a r e  
r e p r e s e n t e d  b y  xeno l i t h - r i ch  exposu res  of  g r a n i t e  
o f  a b o u t  1.4 Ga.  The en t i r e  known P a l e o z o i c  
s e c t i o n  is p r e s e n t ,  as  a r e  r e p r e s e n t a t i v e s  o f  the  
e n t i r e  Mesozo i c  s ec t i on .  The S i e r r i t a  Mounta ins ,  
in wh ich  the  d i s t r i c t  is s i t ua t ed ,  has  b e e n  a s i t e  of  
n u m e r o u s ,  ep i sodes  of  Mesozo ic  and y o u n g e r  
i n t r u s i v e  a c t i v i t y  and the  Mesozo ic  s e c t i o n  
c o n t a i n s  n u m e r o u s  vo lcan ic  s t r a t a  t h a t  r a n g e  
u p w a r d  in age  f r o m  the  Triass ic(?) .  For  unknown 
r e a s o n s ,  on ly  the  L a r a m i d e  i n t ru s ive  ep i sode  
a p p e a r s  to  h a v e  g e n e r a t e d  ores .  Older  i n t rus ive  
ep i sodes  a t  abou t  185 Ma and 150 Ma e m p l a c e d  
p h a n e r o c r y s t a l l i n e  fe ls ic  igneous rocks  and  a m i d -  
T e r t i a r y  ep i sode  is r e p r e s e n t e d  b y  wide ly  
s c a t t e r e d  a n d e s i t e  p o r p h y r y  dikes .  The  c o r e  of  the  
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PRINCIPAL MINES, STRUCTURE, 
AND LARAMIDE STOCKS AND DIKES 

PIMA MINING DISTRICT, ARIZONA 
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FIGURE 8 Geological  map of the Pima mining distr ict ,  southwest  of Tucson, Arizona. Mission and Pima 
mines in the t ranspor ted  sheet  and in terpreted as moved from the proximity of the Twin But tes  mine. 
Modified from Ti t ley and others (1985). The southern par t  of the district  on the autochthon lies along or 
astride the pro jec t ion  of a regional linear fault ,  the Sawmill Canyon fault zoner exposed to the southeast  
in the Santa R i t a  Mountains. 
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S i e r r i t a  Moun ta in s  c o m p r i s e s  L a r a m i d e - a g e d  
g r a n i t e - g r a n o d i o r i t e  rocks ,  which  a lso  c o m p o s e  
m o s t  of  t h e  e x p o s e d  a u t o c h t h o n  and a r e  b e l i e v e d  
to  unde r l i e  the  a l l och t honous  rocks  of  t he  n o r t h e r n  
p a r t  of  t he  d i s t r i c t .  T r a c e  e l e m e n t  and  i so top ic  
s tud ies  o f  L a r a m i d e  igneous  rocks  in th i s  d i s t r i c t  
(Anthony and T i t l ey ,  1988a,b) h a v e  r e v e a l e d  t h a t  
the  c o m p o s i t i o n a l  t r e n d  f r o m  e a r l y  a n d e s i t e  to  
l a t e s t  p o r p h y r i e s  is t r a c e d  by  i n c r e a s i n g l y  n e g a t i v e  
va lues  of  ~Nd and inc reas ing  va lues  of  In i t i a l  
S t r o n t i u m  r a t i o s .  An i n t e r p r e t a t i o n  of  t he se  
c h a r a c t e r i s t i c s  s ugges t s  t h a t  the  S i e r r i t a  L a r a m i d e  
p r o p h y r i e s  r e f l e c t  i n c r e a s i n g l y  g r e a t e r  c ru s t  to 
m a n t l e  r a t i o s  of  m a g m a  p a r e n t s  dur ing  igneous  
evo lu t ion .  

The  S i e r r i t a - E s p e r a n z a  c o m p l e x  is an  i n t r u s i o n -  
c e n t e r e d  o re  s y s t e m  e m p l a c e d  in to  a c o m p l e x  
s e t t i n g  of  g r a n i t i c  rocks ,  vo lcan ic  and vo l can i -  
c l a s t i c  s t r a t a .  Ore  g r a d e s  a r e  g e n e r a l l y  s y m m e t -  
r i ca l l y  d i s t r i b u t e d  a b o u t  a c e n t e r  of  p o r p h y r y  
in t rus ion  and  a r e  a s s o c i a t e d  wi th  a s t a g e  of  a l t e r a -  
t ion c h a r a c t e r i z e d  b y  a l t e r n a t i o n  of  o r t h o c l a s e -  
b i o t i t e  s t a b l e  and c h l o r i t e - e p i d o t e  s t a b l e  a l t e r a -  
t ion  ( P r e e c e  and Beane ,  198Z). A l t e r a t i o n  is 
f r a c t u r e - c o n t r o l l e d ,  a r e a ] l y  e x t e n s i v e  and has  beeZu 
found to  o c c u r  wi th in  an a r e a  of  s o m e  65 k m ,  
surro~mding an a r e a  o f  exposed  p lu tons  of  abou t  
3 k m  (Ti t ley  and o t he r s ,  1985). The  o res  in the  
S i e r r i t a  p a r t  o f  the  c o m p l e x  con ta in  a low t o t a l  
su l f ide  v o l u m e  (i.e.~ 3-4%) and l ack  the  p ro found  
o v e r p r i n t  by  q u a r t z - s e r i c i t e  a l t e r a t i o n ,  so  c o m m o n  
in m a n y  o t h e r w i s e  c o m p a r a b l e  s y s t e m s  such as San 
Manue l  or  Si lver  Bell .  As a c o n s e q u e n c e ,  the  usual  
h e m a t i t e - b e a r i n g  red  s u r f a c e  d e v e l o p e d  above  
o t h e r  s y s t e m s  of  h igher  p y r i t e  c o n t e n t  has  not 
evo lved ;  thus ,  s e c o n d a r y  su l f ide  e n r i c h m e n t  a t  th is  
l eve l  of  t he  s y s t e m  did no t  t a k e  p l a c e  and  min ing  
c o m m e n c e d  in h y p o g e n e  p r i m a r y  o res .  G r e a t e r  
p y r i t e  v o l u m e s  (i.e.~ 5-7%) in the  o res  a t  
E s p e r a n z a  c o r r e l a t e  wi th  the  i r o n - b e a r i n g  s u r f a c e  
and s e c o n d a r y  c o p p e r  sul f ide  e n r i c h m e n t .  

At  the  Mission mine ,  o res  a r e  m o s t l y  c o n c e n -  
t r a t e d  in c a ] c - s i l i c a t e  a l t e r e d  r o c k s  and,  to  a 
l e s s e r  d e g r e e ,  in p o t a s s i u m  s i l i ca te  a l t e r e d  c l a s t i c  
s e d i m e n t a r y  and vo l can i c  rocks .  The o re  h e r e  
o c c u r s  in an o v e r t u r n e d  upper  P a l e o z o i c  and 
Mesozo i c  s e c t i o n  a s s o c i a t e d  wi th  a s i l l - l ike  body  
or t o n g u e  of  L a r a m i d e  p o r p h y r y  (Jansen,  198Z). 
These  r o c k s  a r e  p a r t  o f  an uppe r  p l a t e  p a c k a g e  of  
s t r a t a  b e l i e v e d  to  h a v e  been  t r a n s p o r t e d  f r o m  the  
uppe r  p a r t  of  the  Twin B u t t e s  o r ebody ,  abou t  
11.5 km to  the  sou th  (Cooper ,  1960). The o r e b o d y  
is f loo red  by  a f au l t  whose  s u r f a c e  has  been  
m a p p e d  f r o m  dr i l l ing and i n t e r p r e t e d  b y  J a n s e n  
(1983). In th is  o r e b o d y ,  the  m a n i f e s t a t i o n s  of  the  
s ty l e  and c o m p o s i t i o n  of  c a l c - s i l i c a t e  a l t e r a t i o n  
d e v e l o p e d  in d i f f e r e n t  kinds of  c a r b o n a t e  s t r a t a  
a r e  consp icuous .  

Silver Bell Mining District 

The Si lver  Bell  mine  of  A s a r c o ,  Inc .  is s i t u a t e d  
in t he  Si lver  Bell Mounta ins  a p p r o x i m a t e l y  60 km 
n o r t h w e s t  of  Tucson,  a b o u t  a 75 km dr iv ing  d i s -  
t a n c e .  The  "mine"  c o m p r i s e s  a s e r i e s  of  c e n t e r s  of  
m i n e r a l i z a t i o n  loca l i zed  on s e p a r a t e  c e n t e r s  of  
porphyry~ al igned to the  n o r t h w e s t  o v e r  a d i s t a n c e  
of  a b o u t  10 kin. C o p p e r - b e a r i n g  r o c k s  a r e  p r e s e n t  
in m o s t  of  the  i n t e r - p o r p h y r y  a r e a s  and t h e  p a r t  of  
t he  Si lver  Bell Mounta ins  in which  the  o res  o c c u r  
m a y  be  v iewed  as a be l t  of  n e a r l y  con t inuous ly  
m i n e r a l i z e d  rock.  

Tr ip  to  Si lver  BelL The  d r ive  to  Si lver  Bell  
t a k e s  us n o r t h w e s t  out  of  Tucson  a long  the  i n t e r -  
s t a t e  h ighway  to an ex i t  w h e r e  we will  t u rn  w e s t  
in to  t he  A v r a  Valley,  c ross ing  i t  to  the  mine  whose  
d u m p s  a re  v is ib le  some  30 km a w a y  to  the  wes t  on 
the  o t h e r  side of  the  va l l ey .  F r o m  Tucson ,  the  
r o u t e  pa ra l l e l s  the  axis  of  the  Tucson  Mounta ins  to  
the  wes t .  The  30 km t r ip  ac ros s  the  A v r a  Val ley  
t r a v e r s e s  thousands  of  a c r e s  of  c u l t i v a t e d  land in 
the  v a l l e y  c e n t e r .  The  c rops  s e e n  a r e  all  i r r i g a t e d  
f r o m  wel ls .  This s e m i a r i d  d e s e r t  e n v i r o n m e n t  is 
c h a r a c t e r i z e d  by  low r a in f a l l  and high s u m m e r  
t e m p e r a t u r e s ;  t e m p e r a t u r e - r e s i s t a n t  c rops ,  such 
as  c o t t o n ,  do well  bu t  r e q u i r e  high a m o u n t s  of  
w a t e r .  In this  p a r t  of  the  s o u t h w e s t ,  w h e r e  99% of  
the  w a t e r  consumed  fo r  all  p u r p o s e s  is t a k e n  f r o m  
the  ground,  the  d e b a t e  o v e r  p r i o r i t i e s  of  w a t e r  use  
con t inues  - -  for  obvious  r ea sons .  

H i s t o r y .  H i s to ry  of  d e v e l o p m e n t  and min ing  in 
the  d i s t r i c t  has  been  ou t l ined  in R i c h a r d  and 
C o u r t r i g h t  (1966) and is s u m m a r i z e d  h e r e .  The 
e a r l i e s t  mining of  no t e  c o m m e n c e d  in abou t  1865 
in the  n o r t h e r n  p a r t  of  the  d i s t r i c t  w i th  min ing  of  
ox id ized  coppe r  ores  c o n t a i n i n g  s o m e  s i lver  and 
l ead .  This  was unde rg round  min ing  and the  o res  
t a k e n  w e r e  f rom oxid ized  skarns ;  in the  subsequen t  
50 y e a r s ,  m a n y  s e p a r a t e  mines  o p e r a t e d  i n t e r m i t -  
t e n t l y  on such ores  to  p r o d u c e  abou t  10,0009000 
pounds  (about  4500 MT) o f  coppe r .  In a b o u t  1910, 
l o w e r  g r ade  d i s s e m i n a t e d  o res  w e r e  r e c o g n i z e d  
and  subsequen t  dri l l ing r e v e a l e d  s u p e r g e n e  c o p p e r  
o r e s  in the  two ma jo r  c e n t e r s  o f  min ing  n e a r  the  
p r e s e n t  E1 Tiro and Oxide  p i t s ,  a l t hough  of  i n su f f i -  
c i en t  g r ade  to c o n s t i t u t e  o re  in t he  f i r s t  ha l f  of  
t h e  c e n t u r y .  

Asa rco ,  Inc. (then, ASARCO)  c o m m e n c e d  a 
s y s t e m a t i c  eva lua t i on  of  the  d i s t r i c t  in 1948, 
d e v e l o p e d  r e s e r v e s ,  and c o m m e n c e d  l a rge  sca l e  
c o p p e r  mining in 1954. Dur ing  the  n e x t  30 y e a r s  
open  p i t  mining ensued in the  E1 Tiro  and Oxide  pi t  
c e n t e r s  and fo l lowed ore  in s u b s e q u e n t  d i s c o v e r i e s  
t h a t  con t inued  to expand  r e s e r v e s  in and n e a r  
t h e s e  s i t e s  a t  the  two ends  of  t he  d i s t r i c t .  Mining 
c e a s e d  wi th  the  downtu rn  of  p r i c e s  in t he  e a r l y  
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TABLE 3 Production and Mined Grade of Ore from Silver Bell 

Mine Tons Mined (to 7r) % Cu % Mo _4. 8 (g/t) Au (g/t) 

Silver Bell 75,655~000 (1977) 0.80 0.0ZZ Z.4 - -  

Values calculated from data of Graybeal (198Z). 
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FIGURE 9 Geological  sketch map of the Silver Bell  mining district in the Silver Bell Mountains. Map 
adapted from several  sources and shows only the locat ion of the "ore-related" quartz monzonite  plutons 
and carbonate-dominated Paleozo ic  strata.  Contiguous exposures are of intra-Laramide plutons9 dacite  
and smaller plugs of monzonite .  The dot ted  line is approximate limit of disseminated pyrite in the 
system but in many parts of the perimeter9 fracture local ized &Iteration, mostly biot i te  or orthoclase,  
extends more than a ki lometer further. 
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and m i d - 1 9 8 0 s  bu t  l each ing  and p r o d u c t i o n  of  
c e m e n t  (p r ec ip i t a t ed )  c o p p e r  was  con t inu ing  in t he  
l a t e  1980s. A r e s e r v e  a t  Si lver  Bell  o f  a b o u t  
Z1,000,000 st  o f  0 .68% Cu and Z.4 g / t  Ag is r e -  
p o r t e d  in Bea rd  (1986); the  poss ib i l i ty  of  r e n e w e d  
min ing  and e x p l o r a t i o n  a t  Si lver  Bell  in t h e  l a t e  
1980s was  a w a i t i n g  s ign i f i can t  changes  in m e t a l  
p r i c e s  and  p r o j e c t e d  s t a b i l i t y  in the  m e t a l  
m a r k e t s .  P r o d u c t i o n  a t  Si lver  Bell  is g iven  in 
T a b l e  3. 

District geological summary. Geology of the 
district has been an object of prolonged and con- 
tinous study by both Asarco geologists and inde- 
pendent investigators. A geological map showing 
pits, porphyries, and some major elements of 
structure is shown in Figure 9. The 0rebody was a 
site of one of the early significant studies of 
hydrothermal alteration of such systems (Kerr, 
1951) and definitive papers have been written 
describing the structure, petrology and ores 
(Richard and Courtright, 1966), stratigraphy and 
petrology (Watson, 1964), and the character of 
district zoning, alteration and ore occurrence 
(Graybeal, 198Z). An additional historical aspect 
of geological studies at Silver Bell is the important 
and significant role that interpretation of leached 
outcrop occupied in its exploration and develop- 
ment (Richard and Courtright, 1966). Examples of 
the leached capping remained in the late 1980s and 
could still be observed and studied. Additionally, 
interpretation of the geology at Silver Bell and 
elsewhere led Courtright (1958) and Richard and 
Courtright (1960) to expound the first published 
ideas concerning the style of geological evolution 
of early Laramide (Upper Cretaceous) geology in 
this southern Arizona region; the Silver Bell 
formation, a succession of andesite flows and 
lahars, was viewed as a volcanic presursor to the 
emplacement of Laramide porphyry plutons, not 
only at Silver Bell, but in other contiguous ranges 
and regions. Most recently, ideas that relate 
Silver Bell to a possible caldera complex have been 
outlined by Lipman and Sawyer (1985). 

"Si lver  Bell" in the  b r o a d e r  c o n t e x t ,  a l ludes  to  
the  g roup  of  p o r p h y r y  coppe r  depos i t s  l o c a l i z e d  in 
the  p e r i p h e r y  of  s e v e r a l  smal l  (ca. 1 kin) d i a m e t e r  
p lu tons  in t he  Si lver  Bell  Mounta ins .  A l though  
i s o l a t e d  a t  t he  l eve l s  exposed ,  the  p lu tons  a r e  
c o n s i d e r e d  as e s sen t i a l l y  c o n t e m p o r a n e o u s  and 
t h e i r  e m p l a c e m e n t  and cool ing has  r e s u l t e d  in a 
s ingle  b r o a d  a u r e o l e  of  a l t e r a t i o n  t h a t  enc lo se s  t he  
e n t i r e  g roup  {Figure 8). Low g rade  c o p p e r  o r e s  or  
a n o m a l o u s  c o p p e r  va lues  in r o c k  (ca. 0 .05-0 .1%) ,  
b o t h  h y p o g e n e  and  supe rgene ,  a r e  sa id  to  b e  m o r e  
or l e s s  con t inuous  in wal l  r ocks  b e t w e e n  i n t r u s i v e  
c e n t e r s  (Cour t r i gh t ,  pe t s .  v e r b a l  c o m m . ,  1970). 

The  in t rus ions  h a v e  b e e n  e m p l a c e d  wi th in  a 
s u c c e s s i o n  of  P a l e o z o i c  rocks  and L a r a m i d e  v o l c a -  

nic strata that occur in a down-faulted block that 
lies southwest of the "district fault" (Richard and 
Conrtright, 1966); the fault block lies in contact 
with Precambrian granite to the northeast {Figure 
9). The complex stratigraphy within the mineral- 
ized centers -- carbonates, clastic rocks, volcanic 
flows ranging from andesite to rhyolite, and intru- 
sions -- has resulted in correspondingly complex 
patterns, styles, and composition of mineralization 
and alteration. These contrasting characteristics 
have also influenced the style and distribution of 
supergene secondary sulfide enrichment. 

Skarn (ca lc-s i l ica te )  a l t e r a t i o n  t o g e t h e r  wi th  
hypogene  copper  o res  o c c u r s  wi th in  c e r t a i n  c a r -  
b o n a t e  uni ts  of  the  P a l e o z o i c  s e c t i o n  where  t h e y  
a r e  j u x t a p o s e d  wi th  the  L a r a m i d e  s tocks ;  o t h e r -  
wise  t yp i ca l  po ta s s ium s i l i c a t e  a l t e r a t i o n  o ccu r s  in 
n o n - c a r b o n a t e  rocks .  In t he  Si lver  Bell  p o r p h y r y  
s y s t e m s ,  inclusion of  c a l c - s i l i c a t e  a l t e r a t i o n  
wi th in  the  ex tens ions  of  a u r e o l e s  of  the  d i f f e r e n t  
phase s  of  K-s i l i ca t e  a l t e r a t i o n  a l lows  the  s tudy  
and compar i son  of  t hese  d i f f e r e n t  a l t e r a t i o n  types  
wi th in  aureo les  of  c o m p a r a b l e  a l t e r a t i o n  in tens i ty .  

Hypogene  ores ,  cons i s t i ng  m o s t l y  of  ch a l co -  
p y r i t e  in low t o t a l  su l f ide  (3-4% volume)  min e ra l  
a s s e m b l a g e s ,  have  b e e n  i m p o r t a n t  ore  t ypes  a t  
Si lver  Bell,  e spec i a l ly  in s k a r n - a l t e r e d  p a r t s  of  the  
s y s t e m .  L i t t l e  hypogene  o re  has  been  mined  a t  
S i lver  Bell f rom the  p o r p h y r i e s .  The  s ign i f i can t  
e c o n o m i c  m i n e r a l i z a t i o n  has  b e e n  s e c o n d a r y  
su l f ide  e n r i c h m e n t  ( cha lcoc i t e )  in p o r p h y r i e s  and 
wal l  rock ,  where  it  has  e v o l v e d  in the  w e a t h e r i n g  
of  phyl l ic  ( q u a r t z - s e r i c i t e - p y r i t e )  a l t e r e d  rocks  
wi th  abundant  f r a c t u r e s  and high (6-8%) v o lu mes  
of  py r i t e .  Grades  of  m o r e  t h a n  0.8% enr i ched  
c o p p e r  have  been  loca l ly  i m p o r t a n t  and h a v e  
e v o l v e d  above  p r o t o r e s  of  0.1% c o p p e r  in ch a l co -  
p y r i t e  (Graybeal ,  198Z). E a r l y  min ing  of  c o p p e r  in 
t he  Oxide pi t  was  of  b o t h  oxides  of  co p p e r  
( tenori te~ m a l a c h i t e ,  cbxysocol la )  and r i ch  {more 
t h a n  1%) c h a l c o c i t e  b l a n k e t s .  More  r e c e n t l y ,  bo th  
l o w - g r a d e  c h a l c o c i t e - b e a r i n g  and ox id ized  ores  
h a v e  been  mined for  l e a c h i n g  and, c o m b i n e d  wi th  
l e a c h a t e s  f rom older  dumps ,  h a v e  b e c o m e  the  
p r e s e n t - d a y  source  of  c o p p e r  in the  e x t r a c t i o n  of 
the  m e t a l  a t  Si lver  Bell .  

G l o b e - M i a m i  Mining A r e a  

The Globe -Miami  d i s t r i c t  l ies  in t he  C e n t r a l  
Mounta in  or Trans i t ion  P r o v i n c e ,  175 km no r th  of  
Tucson.  In this d i s t r i c t ,  L a r a m i d e  p lu tons  have  
b e e n  e m p l a c e d  in wal l  r o c k s  of  P r o t e r o z o i c  age,  
r e p r e s e n t e d  by  the  P ina l  Schis t  and by  younger  
P r e c a m b r i a n  g ran i t es .  O r e s  a r e  c o m b i n a t i o n s  of  
p l u t o n - h o s t e d  ores  as wel l  as o r e s  in the  wal l  rock ;  
e a r l y  mined ores  we re  s e c o n d a r i l y  en r i ched ,  m o r e  
r e c e n t l y  they  h a v e  c o n t a i n e d  s o m e  h y p o g en e  
coppe r .  
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FIGURE 10 Geological  ske tch  map of the principal mines of the Globe-Miami-Superior interval .  Map 
adapted from Peterson.  Most porphyries  are phases of the Schul tze  granite;  the deposits may be seen to 
be preferent ia l ly  local ized at  regional  contacts  of the plutons and Precambr ian  host rocks. 

Trip to  the Globe-Miami Dis t r ic t .  The trip 
proceeds north from Tucson to F lorence  Junction, 
crossing a major part  of the Sonoran Deser t  region 
of Arizona to the foot  of the cen t ra l  mountains at 
which point the road climbs some 600 m into the 
te r rane  of the t rans i t ion  zone and the Globe- 
Miami center .  The vis i tor  will have the opportun- 
i ty to see the cont ras t s  in geological  and geomor-  
phic style between these  two regions as well as 
contrasts  in cl imatic  zones and vege ta t ion .  

The Basin and Range Province  reveals  in its 
morphology and geology isola ted ranges and inter-  
montane basins. In most  ranges of this province, 
geology is complex, c h a r a c t e r i z e d  by faulting and 
folding, t i l ted beds and juxtapos i t ion  of s t ra ta  
ordinarily separated by k i lomete rs  of sect ion.  The 
cent ra l  mountains of Ar izona revea l  the transit ion 
between this geological  s tyle  and that  of the 
Colorado Plateaus to the  nor th  where s t r a t a  are 
essentially f lat- lying and topography f lat  or mesa-  

like in cha rac te r .  In the transit ion region, the 
geological  s tyle  of Phanerozoic  s t ra ta  is c losely 
similar to that  of the plateaus but the topography 
is that  of mountains and peaks, lacking only the 
broad in te rmontane  basins of the province to the 
south. 

The highway from Apache Junction, through 
Superior, Arizona,  climbs steeply and takes  us 
from the deser t  surface into the mountains.  In 
almost any season of the year ,  the cl imat ic  change 
is striking but in July the contrast  be tween deser t  
t empera tu re s  in excess of 40°C and the ba lmy 
t empera tu re s  be twen ZS°C and 30°C is tha t  sought 
by many deser t  dwellers and is a relief ,  indeed. 

The journey by road passes through the Pinal  
Parkway,  a s t a t e  park that  displays the typica l  
deser t  region vegeta t ion ,  which is that  seen in the 
tr ip to the Pima dis t r ic t  south of Tucson. As the  
road climbs out of Superior to Globe, the changes 
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TABLE 4 P r o d u c t i o n  and  Mined Grades  f r o m  D i s t r i c t s  in S u p e r i o r - G l o b e  In t e rva l  

Mine Tons Mined (to yr) % Cu % Mo Ag (g/t) Au (g/t) 

Miami - In sp i r a t i on  759,476,000 (1978) 0.67 0.001 0.4Z 0.00Z 
Globe  Hills 1Z,133,000 (1978) 4.3 -- Z3 0.30 
Super io r  26,Z80,000 (1978) 4.5 - -  53 0.9Z 

Values  for  Super ior  a re  t hose  of  the  P i o n e e r  d i s t r i c t  as f o r m a l l y  n a m e d  and include  the  Super ior  depos i t  
as wel l  as smal l  a m o u n t s  of  p r o d u c t i o n  f r o m  numerous  o t h e r  p r o d u c e r s .  D a t a  f rom Kei th  and o t h e r s  
(1983). 

in th is  v e g e t a t i o n  b e c o m e  s t r i k i ng  wi th  d e s e r t  
t y p e s  giving way  to  s c rub  Oaks ,  Pinon,  Jun iper ,  
M a n z a n i t a  and, in the  G lobe  a r e a ,  t o  con i f e r s .  

H i s to ry .  Ores  o f  t h e  G l o b e - M i a m i  a r e a  a re  
r e p o r t e d  to have  b e e n  f i r s t  l o c a t e d  a round  1874 
when  r i ch  veins of  c h r y s o c o l l a  w e r e  d i s c o v e r e d  in 
the  hil ls  sur rounding  the  p r e s e n t  c i t y  of  Globe.  
These  veins,  and o t h e r s  s u b s e q u e n t l y  mined ,  c o m -  
p r i se  the  Globe Hills d i s t r i c t  in c u r r e n t  v e r n a c u l a r ;  
t he  Globe  Hills m i n e r a l i z a t i o n  r e p r e s e n t s  m e t a l -  
l i z a t i on  c o m m o n l y  d e v e l o p e d  p e r i p h e r a l l y  to  m a n y  
l a rge  i n t r u s i o n - c e n t e r e d  d i s t r i c t s  of  this  reg ion  
and  is c h a r a c t e r i z e d  by  high lead  and zinc con t en t  
( 1 - 1 0 ~  combined)  as  wel l  as  s i l ve r  and loca l ly  
gold.  Mining t ook  p l a c e  i n t e r m i t t e n t l y  on vein 
o res  fo r  the  nex t  30 y e a r s ;  a l t h o u g h  ve ins  c a r ry ing  
s o m e  Z-3% coppe r  w e r e  known,  t h e y  w e r e  below 
the  e c o n o m i c  g rade  of  a b o u t  4% n e c e s s a r y  a t  the  
tu rn  of  the  cen tu ry .  Not  un t i l  t h e  l a t e  1930s was 
bulk  mining tak ing  p l a c e  and  b y  the  e a r l y  y e a r s  of  
WWII the  d i s t r i c t  b e c a m e  qu i te  a c t i v e ,  mining 
t ak ing  p lace  in the  I n s p i r a t i o n  and Miami  ore  
zones ,  wi th  mining i n i t i a t e d  a t  C a s t l e  D o m e  (Pinto 
Valley),  d i scovered  as  a "War Baby"  dur ing the 
e a r l y  1940s. By the  l a t e  1980s, and  as a r e su l t  of 
the  dep re s sed  n a t u r e  of  the  d o m e s t i c  coppe r  
indus t ry ,  t he r e  we re  two  c e n t e r s  o f  mining .  The 
C a s t l e  D o m e  depos i t  d e v e l o p e d  or ig ina l ly  in a 
s e c o n d a r y  b lanke t ,  and u l t i m a t e l y  mined  for  
hypogene  copper  had  b e c o m e  t h e  P in to  Val ley  
depos i t ;  and the  ex t ens ions  of  t he  o res  mined 
underground  by  b lock  cav i ng  on t h e  Insp i ra t ion  
ground in the  1940s and 1950s w e r e  be ing  mined  in 
open  p i t .  

Al though s e p a r a t e d  f r o m  the  p o r p h y r y  ores  by  
a d i s t a n c e  of s o m e  8-10 kin,  the  ve in  and r e p l a c e -  
m e n t  coppe r  ores  a t  Super io r ,  A r i z o n a ,  a r e  i n t e r -  
p r e t e d  as an i n t e g r a l  p a r t  o f  G lobe  a r e a  m i n e r a l -  
i zed  cen t e r s ,  as  shown in F i g u r e  10. At  Super ior  
and  in veins n e a r b y ,  u n d e r g r o u n d  min ing  of  r ich  
c o p p e r  and s i lver  t o o k  p l a c e  o v e r  a pe r iod  e x t e n d -  
ing f r o m  the  19Z0s in to  t he  mid -1970s .  The  e c o -  
n o m i c s  of  hard  t i m e s  o v e r t o o k  o p e r a t i o n s  in these  
m i n e s  as wel l  and t h e y  a r e  no longe r  p r o d u c t i v e ,  

a l t hough  a r e s e r v e  of  a b o u t  4,000,000 tons  of  5.6% 
c o p p e r  a t  Super io r  is r e p o r t e d  in Beard  (1986). 

P r o d u c t i o n  f r o m  mines  in the  G l o b e - M i a m i -  
Super ior  i n t e r v a l  is shown in Tab le  4. 

G e o l o g i c a l  s u m m a r y  o f  t he  G l o b e - M i a m i  a r e a .  
Ore  depos i t s  o f  this  a r e a  h a v e  r e c e i v e d  a s ign i f i -  
c a n t  sha re  of  s c i e n t i f i c  a t t e n t i o n  over  the  p a s t  90 
y e a r s  and r e m a i n  i m p o r t a n t  ob j ec t s  of  s tudy.  Most  
n o t e w o r t h y  of  the  e a r l y  r e p o r t s  a re  those  by  F. L. 
R a n s o m e  (1903, 1904, 1919). In these  U.S. G e o l o g -  
ica l  S u r v e y  pub l i ca t ions ,  R a n s o m e  (as was c h a r -  
a c t e r i s t i c  o f  o t h e r  g e o l o g i s t s  of  his t ime)  not  only  
d e s c r i b e d  f e a t u r e s  of  t he  ore  depos i t s  but  also 
r e p o r t e d  the  r e s u l t s  of  r eg iona l  s tudies  in which  
d e f i n i t i v e  s t r a t i g r a p h i c  work  was ca r r i ed  out  and 
d e s c r i b e d .  P a r e n t h e t i c a l l y ,  i t  should be  n o t e d  t h a t  
o the r  U.S. G e o l o g i c a l  Su rvey  workers  in the  w e s t -  
e rn  U n i t e d  S t a t e s  c a r r i e d  out  s imi la r  s tud ies  
e l s e w h e r e  while  a lso  focus ing  s tudy  upon the  
c h a r a c t e r  o f  ore  d i s t r i c t s .  In so doing, geo log i s t s  
such as R a n s o m e ,  W a l d e m a r  Lindgren,  B. S. Bu t l e r  
(see f r o n t i s p i e c e ) ,  A. C.  Spencer ,  E. S. La r sen ,  and 
Whi tman  Cross ,  to  n a m e  a few,  c o n t r i b u t e d  no t  
only  to  the  founda t i ons  of  e conomic  geo log  T in 
these  r eg ions  bu t  also i m p o r t a n t l y  and s i g n i f i c a n t -  
ly to d e v e l o p i n g  the  m o d e r n  knowledge  of  the  
geo log i ca l  f r a m e w o r k  of  the  w e s t e r n  Uni t ed  
S t a t e s .  

More  r e c e n t l y  t he  g e o l o g y  of the  G l o b e - M i a m i  
a r e a  has  b e e n  r e p o r t e d  b y  N . P .  P e t e r s o n  and  
c o w o r k e r s  in a s e r i e s  of  p a p e r s  t ha t  began  in 1946, 
a m o n g  the  m o s t  r e c e n t  o f  which is the  work  of  
P e t e r s o n  (1963). The  r e su l t s  of  e x t e n s i v e  r a d i o -  
m e t r i c  a g e  d a t i n g  h a v e  b e e n  r e p o r t e d  by  C r e a s e y  
(1980) and  t h e  d i s t r i c t  r e m a i n s  an i m p o r t a n t  o b j e c t  
o f  s t u d y  in t he  1980s. 

The o re s  of  the  G l o b e - M i a m i  po rphy ry  s y s t e m s  
a r e  m o s t l y  l o c a l i z e d  in P r o t e r o z o i c  wall  r ocks  in 
the  p e r i p h e r y  of  a g roup  of  L a r a m i d e  in t rus ions .  
By m e a n s  of  m a n y  K / A r  d e t e r m i n a t i o n s  on n u m e r -  
ous p h a s e s  and mu l t i p l e  s amples  wi th in  the  
d i s t r i c t ,  C r e a s e y  (1980) has  c lose ly  a p p r o x i m a t e d  a 
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mean age of intrusion in the  d i s t r ic t  a t  about 
61.5 Ma and a date  of minera l iza t ion  at  about 
59.5 Ma. These ages fall  within the  spread of 
o ther  Laramide ages de te rmined  in o the r  dis t r ic ts  
of the southern Arizona region. 

Mining of the Miami-Inspiration and contiguous 
orebodies has extracted sulfide ores,  mostly 
secondarily enriched, comprising chalcocite and 
oxidized copper minerals; the other large systems, 
Pinto Valley (Castle Dome) and Copper Cities, are 
orebodies from which mostly hypogene ores (chal- 
copyrite) have been taken. In forming the super- 
gene ores, wall rock character, particularly that of 
the Pinal Schist has been important in having both 
numerous fractures with high pyrite content and 
acid buffers such as abundant primary or second- 
ary  ser ic i te  to aid the process.  Explorat ion and 
mining beneath  the enriched blanket  at  Miami- 
Inspiration reveals  the presence  of subjacent  
pyr i t ic  copper mineral izat ion of  low grade.  

Hydrothermal alteration studies in the Miami- 
Inspiration part of the Globe-Miami district are 
complicated by the presence of a heavy supergene 
alteration overprint. Similar problems attended 
some of the first systematic studies of alteration 
mineralogy and alteration zoning reported in 
porphyry copper deposits, car r ied  out  at  Cast le  
Dome (Peterson and others ,  1946). There ,  zones of 
abundant ser ic i te  and kaolini te  were  del ineated 
and a correspondence to enr iched copper  ore was 
shown. Hydrothermal  a l t e ra t ion  in the Pinto 
Valley deposit ,  which represen ts  the deeper  hypo- 
gene parts  of the Castle Dome sys tem,  manifests  
the same charac te r i s t ics  of mineralogy seen 
elsewhere in deposits with potassium si l icate wall 
rocks and at  the level  observed consists of veins 
a l te red  to or carrying b io t i te  or or thoclase ,  and 
overpr inted younger veins carrying quar t z - se r i c i t e  
and pyr i te .  In the Globe-Miami deposits,  thus, 
mining has t ransi ted the ve r t i ca l  profi le  of 
meteor ica l ly  to hydro thermal ly  a l t e red  rocks, 
consequently from oxidized to enr iched to hypo- 
gene copper minerals. In doing so, mining has thus 
gone from ex t rac t ion  of ores of  4% copper  (oxi- 
dized) to 1% (enriched) to 0.5% or less hypogene 
ore.  It is no tewor thy  that  this h is tory  of  grades 
mined corresponds in general  ways to,  and t races  
in t ime and the rocks, the evolut ion of progres-  
sively more ref ined and e f f i c i en t  engineering 
prac t ices  and metal lurgy during the past  50 years .  

Ray  (Mineral Creek) Mining Dis t r i c t  

The mine at Ray lies in the Dripping Spring 
Mountains, some Z0 km south of the Globe-Miami 
district. This orebody occurs almost entirely in 
l~:oterozoic wsdlrocks comprising Pinal Schist and 
diabase sills; exposures of Lazamide intrusions are 
present but trivial in comparison with strata and 
igneous rocks of the Precambrian. Alteration, 

together with sulfide volumes and composition is 
zoned and transects the geometry of rock type 
distribution (Figure 11). 

Trip to the Ray District. From Globe to 
Superior, we trace our path back down Queen 
Creek and across extensive outcrops and road-cut 
exposures of Precambrian strata and mid-Tertiary 
dacite. The road from Superior southward crosses 
a complex of Precambrian and lower Paleozoic 
rocks that lie on the west flank of the Dripping 
Spring Mountains. We remain in the transitional 
geology of the Central Mountain Province where 
strata are still subhorizontal but within closely 
spaced (10 kin) Basin and Range landforms. 

Departing the Ray district we will proceed 
southward to Hayden, site of smelting activities, 
and parallel the San Pedro River to the town of 
Mammoth. This part of the trip takes us through 
extensive road-cut exposures of typical Gila 
conglomerate, mostly basin fill in the Gila Valley, 
which contains the San Pedro River. At Mammoth, 
we turn southwestward, ultimately crossing the 
rai l road t ranspor t ing ore  from the San Manuel 
mine to the smel te r  at  San Manuel, south of the 
highway. Af t e r  passing through the town of 
Oracle,  we rejoin the Pinal Parkway at Oracle 
Junct ion and drive southwestward along the 
nor thwest  side of the Catal ina Mounains to 
Tucson, via the Oracle Highway. 

His tory  of  the  Ray  Dis t r ic t .  Early events 
a f fec t ing  the ores at  Ray are repor ted  by Ransome 
(1919) and Parsons {1957) and are summarized 
here .  First  mining of record  was of silver prior to 
or about 1880 with ensuing expansion of claim 
groups, changing ownerships, and underground 
mining during the next  Z0 years .  The absence of 
in f ras t ruc ture  during these ear ly  t imes required 
hauling of supplies and meta l  to and from Red 
Rock, Arizona, a dis tance of 70 kin. Early 
a t t empt s  to mine up to repor ted  grades of 4-5% 
copper were unsuccessful  as recovered  grades 
were on the order  of  2%. The Ray orebody was 
recognized at  the turn of the century  as having 
extensive reserves  of 7% copper.  It was not until 
1907, however ,  that  the poten t ia l  of the orebody 
was real ized when a group involving D. C. Jackling 
(who had been so successful  in making Bingham 
Canyon profi table)  bought the proper ty  and formed 
the Ray Consolidated Copper Company. Corpo- 
ra te  changes, mergers ,  selling and buying proper ty ,  
all cha rac t e r i zed  a fluid ownership during the next  
Z5 years  with fo rmat ion  of the Nevada Consoli- 
dated Mining Company,  subsequent ownership by 
Kennecot t  Copper  Corporat ion,  and most r ecen t ly  
by Asarco, Inc. 

In a way comparable  with ores of the Globe- 
Miami area,  underground mining of high grade ore,  
subsequently block caving, and finally open pit 
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FIGURE II Geological map of the Ray area (left) and of metal and sulfide zoning (right). Maps at the 
same scale and registered by grid intersection in the center. Maps adapted and modified from Phillips 
and others (1974). Pit outline modified to 1987 in personal communication from N. A. Gambell (1988). 

TABLE 5 P r o d u c t i o n  and Mined Grades  o f  Ore  in the  Mineral  Creek  Dis t r i c t  

Mine Tons Mined (to yr) % Cu % Mo Ag (g/t) Au (g/t) 

Ray Orebody 3Z7,507,000 (1981) 0.85 0.001 0.92 0.006 

D a t a  f rom Kei th  and o t h e r s  (1983). 

mining in 1954 (Parsons,  1957) t r a c e  the h i s to ry  of  
ex t r ac t i on .  The t r ans i t i on  f rom high to  low grade  
ores paral le ls  the  h i s t o ry  and t rends  of  t e chno l -  
ogy.  P roduc t i on  f rom the  Minera l  C reek  d is t r ic t  is 
shown in Table  5. 

D i s t r i c t  g e o l o g i c a l  s u m m a r y .  The Ray  ores  
were the ob j ec t  o f  s t u d y  by  Ransome  (1919) who 
r e p o r t e d  on t h e m  in a pape r  t ha t  also included ores  
of  the Miami a rea .  T e n n e y  (1935) descr ibes  the  
Ray  d i s t r i c t  in a c o n t e x t  t h a t  includes the ores  a t  
Chr i s tmas ,  a p o r p h y r y  d i s t r i c t  some  Z5 km sou th -  
eas t  in the  Dr ipping  Spring Mountains  (see Figure  
1). The porphyr ies  a t  R a y  span a range  of  K-Ar  
ages b e t w e e n  about  70.5 Ma and 60.8 Ma with 
minera l i za t ion  r e p o r t e d  to  be of  still younger  but  
La ramide  age  (Banks and o the r s ,  197Z). A similar  

span  of  ages  has been  r epo r t ed  in the  porphyr ies  
and ores  a t  Chr i s tmas  by Koski and C o o k  (198Z). 
These  ages  b r a c k e t  the  shor te r  span of  t i m e  (ca. 
Z m.y.)  d e t e r m i n e d  for  the  l ife of  the  p o r p h y r y  
s y s t e m s  a t  Globe-Miami  by C r e a s e y  (1980). 

We view the e f f e c t s  of  a l t e r a t i o n  and minera l  
depos i t ion  a t  R a y  in host  rocks  d i f f e r e n t  f rom 
those  in o the r  ore  sys t ems  of  the reg ion .  P a l e o -  
zo ic  s t r a t a  a re  presen t  within the Dripping Spring 
Range  but  a re  absent  in the  p r o x i m i t y  of  the  
o rebody .  Ores  axe hos ted  by  Pinal  Schis t  and 
d iabase  sills (ca. 1.1 Ga) tha t  have  invaded  the  
A p a c h e  Group (Proterozoic)  sec t ion .  A c o m e -  
quence  of  the  m a f i c  minera log ica l  and c h e m i c a l  
c o m p o s i t i o n  o f  the diabase is the  d e v e l o p m e n t  of  
abundan t  b io t i t e  as a p r ima ry  a l t e r a t i o n  mine ra l  - -  
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in c o n t r a s t  to the abundance of  o r thoc lase  seen in 
rocks  o f  g ran i t i c  composi t ion  e lsewhere .  There  is, 
nonetheless, a widespread, early development of 
or thoc la se  veining in this system,  r e p o r t e d  by 
Phill ips and o thers  (1974). Figure 11 shows the  
zoning of  sulfides and me ta l  ra t ios  in the  p r i m a r y  
a l t e r a t i on  halo at  Ray; the pit l imits,  however ,  
ex tend  across  and beyond the p r imary  zones  to  
include extens ive  enr ichment  of  ore and exo t i c  
coppe r  wi thin  the  Pinal Schist.  

Harshaw Mining District 

The Harshaw mining dis t r ic t  lies some 120 km 
by  h ighway  sou theas t  of  Tucson in the P a t a g o n i a  
Mountains.  The dis t r ic t  is an old one, c h a r a c t e r -  
ized up to this point in t ime by product ion  of  high 
g rade  complex  base and precious meta l s  f rom 
veins and r e p l a c e m e n t  ores.  At  its hea r t  lies Red  
Mountain ,  a high and vividly colored f e a t u r e  
(outside o f  the small  town of Patagonia) ,  which is 
the top  of  a large and very  deep (ca. 1-1.5 kin) 
po rphyry  sys tem.  It is the purpose of  the visit  to  
this si te to see the sur face  exposures of  h igh- level ,  
a c id - su l f a t e  or advanced argill ic a l t e ra t ion ,  
t o g e t h e r  with a leached cap in the l i thocap  of  an 
unmined se t t ing ,  and to view someth ing  of  the  
na tu re  of  d i s t r ic t -wide  base meta l  minera l  s e t -  
t ings.  

Trip to  the  Harshaw Dis t r ic t .  The rou te  to the 
Harshaw d i s t r i c t  follows the in t e r s t a t e  h ighway  
eas t  f rom Tucson to the turnoff  to Sonoita .  The 
road  to Sonoi ta  follows the t rend of the Santa  R i t a  
Mountains  (to the west) some 50 km to Sonoi ta ,  
t hence  sou thwes t  30 km to the town of  
Pa tagon ia .  The route  via in te r s t a t e  to the Sonoi ta  
t u rno f f  t r ave r ses  a par t  of the Sonoran Deser t ,  to  
the south  of  which lies the nor th  end of  the San ta  
Ri ta  Mountains;  nor th  of the highway m ay  be seen 
the m e t a m o r p h i c  rocks of  the south end of  the 
Rincon Mountains. 

The rou te  to Sonoita rises some 500 m and 
t r ave r se s  grasslands with Mesquite and scrub 
Oak. (It is a curious fac t  tha t  the moving p i c tu re  
"Oklahoma" was fi lmed in this par t  of  Arizona.)  
As we d e p a r t e d  Tucson, we paralleled,  for  a short  
d i s t ance ,  the  Santa  Cruz River  in which dra inage  
is to the  nor th .  As we drive to Sonoita,  we move  
into a pa r t  of  the headwaters  of  the San ta  Cruz  
dra inage  which, f rom here,  drains southward  into 
Mexico be fo re  turning nor thward  to drain pas t  
Tucson.  

Dr i l l - access  roads m ay  be seen c o n c e n t r a t e d  in 
two par t s  of  the nor thern  end of the San ta  R i t a  
Mounta ins  to  the  north.  These roads were  built  
during explora t ion  of two porphyry copper  sy s t ems  
(Rosemont  and the Copper King) during the  1960s 
and 1970s. Except  for  small  amounts  of  h i s to r i ca l  

high grade production, these explored orebodies 
remain  otherwise undeveloped in the  1980s. 

The highway from Sonoita  to  Pa t agon ia  moves 
down Sonoita Creek past  a monumen t  that  
descr ibes  the site of the fo rmer  F t .  Cr i t tenden,  
one of  severa l  cavalry  ou tpos ts  built  in southern  
Ar izona  during the mid-1880s to help conta in  
Apache  raids in this region.  Nea r  P a t a g o n i a  the 
road parallels  an old rai l road grade  f rom Tucson to 
Pa tagon ia ,  the s tat ion of  which remains  in the 
cen t e r  of  the town. As we approach  Pa tagonia ,  
Red Mountain may  be seen d i r e c t l y  ahead.  From 
Pa tagonia ,  the route  follows improved  dirt  roads 
to  Red Mountain and fu r the r  into the Harshaw 
dis t r ic t  growth zones are  presen t  in which Oak and 
Sycamore  t rees  abound along the Harshaw Creek  
dra inage.  

His tory.  This par t  of Ar i zona  is r ich in 
f ron t ie r  h is tory  that  goes b a c k  more  than ZOO 
yea r s  and includes events  inf luencing mining and 
se t t l emen t  of  this region. The reg ion  was a site of 
some of  the earl iest  s e t t l e m e n t s  by the Spanish 
padres,  a region where the inf luences  of the 
A m e r i c a n  Civil War played s igni f icant  roles  in the 
h i s to ry  of  mining and inviduals, and where the 
in te rp lay  of  the e f fec t s  of  the  Indian wars resul ted  
in profound influences on s e t t l e m e n t  and mining. 
A summary  of  much of  this h i s to ry  as it r e la tes  to 
mining is contained in a c lass ic  U.S. Geological  
Survey Bulletin on the geo logy  of  the  Santa  Ri ta  
Mountains by Schrader (1915). O the r  authors ,  such 
as Hil ton (1898), Hamil ton (1884), and c o n t e m p o -  
ra ry  historians have studied the h i s to ry  of  the 
region,  providing a weal th  of  wr i t t en  ma te r i a l  on 
the subject .  

A short  dis tance west  f rom Pa tagon ia ,  across  
the south end of  the Santa  R i t a  Mountains is the 
old Salero mine, said to be one of  the first  signifi-  
can t  discoveries  made by Jesui t s  in the ea r ly  18th 
Cen tu ry  and mined i n t e r m i t t e n t l y  over  a period of 
150 years  for rich silver ores.  Some 18 km south-  
east  of Pa tagon ia  lies the Mowry mine loca ted  by 
an a rmy  of f i ce r  in 1859, but "known long before  by 
the Jesui ts"  (Schrader, 1915, p. 296). It  was closed 
by events  of  the Civil War, v is i ted by Pumpel ly  
(1863), and was an object  of  many  mining p romo-  
tions. 

In more  con tempora ry  t e rms ,  the Harshaw 
dis t r ic t  was a site of mining of  base  and precious 
meta l  ores during the 1940s and 1950s, in opera -  
t ions now closed down. In the  mid-1970s  explora-  
tion and deep drilling by the Kerr  McGee Corpora -  
t ion resul ted  in discovery of  deep  (1200 m) p r imary  
copper  ores beneath  capping and a dissected  
enr iched sulfide blanket  under  Red  Mountain; 
cont inued explorat ion drilling dur ing a f ive -yea r  
per iod revea led  something  of  the  ex t en t  of  this ore  
and minera l iza t ion  but no spec i f i c  r e se rve  had 
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been published. Beard (1986) gives some 
I00,000,000 tons of 0.71% copper as indicated in 
annual reports by the corporation. The primary 
ore  is deep .  

Geological summa, 7 of the Hazshaw Dis- 
tzict. The geology of parts of the district is 
summarized in several publications; Red Mountain 
is described by Corn (1975), Bodnar and Beane 
(1980) and Qulndan (1981). Simons (1971) describes 
some of the stratigraphy of the region and has 
published a map (1974) that covers the southern 
part of the mineralized system. 

The d i s t r i c t ,  which l ies  a t  the  no r th  end of  the  
P a t a g o n i a  Mounta ins ,  is co red  by  a deep ly  buried,  
c o p p e r - b e a r i n g  La ramide (? )  q u a r t z - m  onzoni te  
com p l ex  of u n c e r t a i n  s ize  and e x t e n t .  I t  is known 
m os t l y  f r o m  dri l l  hole  da t a ,  and only i n fo rma l  
ve rba l  r e p o r t s  o f  d a t e s  of  abou t  6Z Ma f rom 
a luni te  give  i t  i t s  La ramide (? )  age .  This is the  Red 
Mounta in  m i n e r a l i z a t i o n  c e n t e r  and the  s i t e  of  the  
visi t .  A geologic  m a p  is shown in F igure  1Z. The 
int rus ion p e n e t r a t e s  a vo lcan ic  l i thocap  which is 
s t rong ly  f r a c t u r e d  and bea r s  the  resu l t s  of  ac id-  
su l f a t e  or  advanced  a rg i l l i c  a l t e r a t i o n  of  a d a c i t e -  
quartz-latite, rhyolite volcanic succession. These 
pre-ore volcanic rocks have been dated elsewhere 
in the district by K-At (Simons, 1974) as about 
7Z Ma. Closely contiguous with the intrusion 
c e n t e r  a re  a f ew mines  t h a t  have  t a k e n  complex  
base  and p rec ious  m e t a l  o res  f rom veins and 
r e p l a c e m e n t  bodies  in vo lcan ic  rocks ;  m a n g a n e s e -  
s i lver  m i n e r a l i z a t i o n  in c a r b o n a t e  rocks  is known 
in two s i tes  to the  south.  Mult iple  La ramide  
int rus ion in c lose ly  spaced  c e n t e r s  in the  
P a t a g o n i a  Mounta ins  l eaves  u n c e r t a i n  the  spec i f ic  
gene t i c  r e l a t ionsh ip  of  the base  m e t a l  mines  to 
any  p a r t i c u l a r  in t rus ion  c e n t e r ,  one of  which ties 
s e v e r a l  k i l o m e t e r s  s o u t h - s o u t h w e s t  of  the  edge of 
the  Red  Mounta in  complex .  

Red  Mounta in  is the  mos t  s t r ik ing  f e a t u r e  of  
the  d i s t r i c t ,  s t and ing  in abou t  800 m of r e l i e f  
above  surrounding va l l eys  and the  town of  
Pa t agon ia ,  b r igh t ly  co lo red  f r o m  oxidized sulf ides 
in i t s  cap .  The  s y s t e m  is not  be l i eved  to be  t i l t ed  
to  any  s ign i f i can t  d e g r e e  and consequen t ly  when 
s tanding  n e a r  the  top of  the  moun ta in  and within 
the aureo les  of  a l t e r a t i o n ,  one  is s tanding  above  
the  t h e r m a l  c e n t e r  and mine ra l i z a t i on .  Vir tual ly  
all  rocks  exposed  and seen  a t  Red Mounta in  a re  
p a r t  of  the  L a r a m i d e  vo lcan ic  success ion .  These  
vo lcan ic  rocks ,  andes i t e ,  t r a c h y a n d e s i t e ,  and tuf t s ,  
ex t end  in o u t c r o p  fo r  d i s t ances  of  s eve ra l  ki lo-  
m e t e r s  nor th ,  e a s t ,  sou th  and sou thwes t .  The 
n o r t h e a s t  side of  R e d  Mounta in  is cu t  o f f  by  a 
p o s t - o r e  fau l t .  

The d e s t r u c t i v e  e f f e c t s  o f  p e r v a s i v e  advanced  
argi l l ic  a l t e r a t i o n ,  coupled  wi th  d e s t r u c t i v e  acid  

w e a t h e r i n g  a re  seen  in mos t  ou tc rops  anc 
r o c k  i den t i f i c a t i on  in o u t c r o p  d i f f i cu l t .  
the  top  of  the  s y s t e m  is in the  upper  t u f f  
the  p y r o c l a s t i c  n a t u r e  of  this r o c k  is so: 
r e v e a l e d  in ghost  t ex tu re s .  As the  road  t 
f rom the  va l l ey  b o t t o m  to the  top  of  the  m 
s tops  will a l low the s tudy  of  the  con t  
a l t e r a t i o n  e f f e c t s  f rom p r o p y l i t i c - a l t e r e d  
to the  s i l i ca - f looded ,  a lun i te -pyrophyl i t e  
bea r i ng  rocks  in the  c e n t e r  of  the  syst~ 
inc reas ing  depth ,  dril l ing has  r e v e a l e d  the 
c h a r a c t e r i s t i c s  o f  " typical"  deep  po tass ic  
t ion c h a r a c t e r i z e d  by  o r thoc l a se ,  
anhydr i t e ,  and chalcopyrite. 

T h e  r e t u r n  t o  T u c s o n .  We will re 
P a t a g o n i a  and  cont inue  our  dr ive  sout~ 
v i c in i t y  of  Nogales ,  a t  which point  we • 
wes t  and then  no r th  into the  San ta  Cruz  
and thence to Tucson. Nogales is a bor 
with its twin (Nogales) in Sonora, Mexic 
e n t r y  point  into the  Uni ted States is an i i  
e c o n o m i c  c e n t e r  as much  of the  f a r m  prod 
is g rown f u r t h e r  south in Sonora  and S inak  
he re  and is subsequent ly  d i s t r ibu ted  w ide  
Uni ted  S t a t e s  and Canada .  In addi t ion 
years have seen the development 
Maqulladoras, manufactulng plants whic 
American and other manufacturers op, 
Mexican cities such as Nogales. 
American produced commodities in the la 
were becoming more common in thf 
American market place. 

The dr ive  nor th  to  Tucson on the  ir 
h ighway,  which  is also a pa r t  of  the Pan-.~ 
Highway,  r e t r a c e s  the rou te  down the  Sa~ 
R ive r  be l i eved  to  have  been  fo l lowed by t 
es t  Spanish f a t h e r s  and soldiers  in the  lat  
The ruins  of  the  f i r s t  Spanish missions (ca. 
C a l a b a s a s  and Guevav i  a re  p r e s e n t l y  ina, 
but  l ie  only  some  5-10 km nor th  of  Noga~ 
the  San t a  Cruz  River ,  abou t  Z km to the  
will pass  the  old mission a t  T u m a c a c c o r i  
town of  Tubac ,  or iginal ly  a Spanish vi 
pres id io .  Al though visible only wi th  d~ 
some  of  the  o ldes t  mines  of this reg ion  1: 
w e s t e r n  side of  the  San ta  R i t a  Mountains 
the  h ighway .  These  mines  were  opene~ 
e a r l y  Je su i t s ,  ope r a t ed  by t hem and, subsc 
by  the  F ranc i seans .  H ami l t o n  (1884, p. 
n o t e d  t h a t  the  "Jesui t  f a t h e r s  were  the 
mine r s  of  Ar izona ."  The ea r l i e s t  mining 
be  d e c i p h e r e d  was tha t  of  oxidized sih 
t r e a t e d  by  the  Spanish pa t io  p roces ses  
reg ion  th rough  which we pass  is of  t 
i n t e r e s t  b e c a u s e  of  tha t  f a c t .  Some 50 kr 
and c lose r  to  Tucson,  we again  pass  t~ 
scaped"  dumps  f rom mines  of  the  P i m a  
v i s i t ed  on the  f i r s t  day,  and we r e e n t e r  T 
i ts  sou th  side and r e tu rn  to the hote l .  
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FIGURE 1Z Geo log ica l  m a p  of  the c e n t e r  of  t he  Red  Mounta in  porphyry  coppe r  s y s t e m ,  
Harshaw d i s t r i c t .  Map a d a p t e d  and modi f i ed  f r o m  Corn  (1975) and Quinlan (1981). Ve r t i ca l  
s ec t ion  shows v e r t i c a l  a l t e r a t i o n  zoning as shown b y  Quinlan {1981), modif ied  to i n c o r p o r a t e  
and include the  i n t e r p r e t a t i o n  of  high l eve l  a d v a n c e d  arEil l ic  a l t e r a t i o n  in this r e p o r t .  
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iiver Bell Unit 
DESCRIPTION 1993 INFORMATION 

LOCATION 
40 miles NW of Tucson 

CURRENT STATUS 
Mines and Mill on standby 

since August 1984 

Copper Leach - Precipitation 
operations continue 

1993 production: 
4,811 tons of copper 

Plans and Permitting are 
underway to construct an 
SXEW plant to produce 
18,250 tons per year of 

Cathode Copper 

SIZE 
18,400 acres 

PRODUCTION CAPACITY 
80,000 tons/yr copper concentrates 
4,800 tons/yr copper in precipitates 

22,400 tons/yr of copper total 

EMPLOYEES 
22 

ANNUALPAYROLL 
$899,000 

ARIZONA TAXES 
$416,000 

HISTORY 

Mine stripping began December 1951 

Mill operations began March 1954 

Dump Leach and copper precipitation 
began March 1960 

Mine and Milling operations 
suspended July 1984 

JAMES D. SELL 
2762 41. HOLLADAY 
TUCSON, AZ 85742 
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Geology of the El Tiro Area 
SILVER BELL MINING DISTRICT, PIMA COUNTY, ARIZONA 

Frederick T. Graybeal 

The Silver Bell mining district is located 35 miles northwest 
of Tucson on the south side of the Silver Bell Mountains at 
elevations varying from 2,500 to 3,000 ft. Recorded mining 
activity began in 1865 with the discovery of an altered lime- 
stone outcrop near El Tiro pit which contained up to 17 oz. 
Ag and mixed copper oxides. Further exploration located 
massive chalcopyrite pods in skarn which were mined until 
1930. Production for the period 1865-1930 is estimated at 
1,400,000 tons averaging 3.5 percent Cu. 

An extensive churn drill program was started in 1909 to 
investigate the possibility of disseminated copper mineraliza- 
tion in the igneous rocks and resulted in the discovery of the 
Oxide and El Tiro deposits, which were then submarginal. 
ASARCO acquired control of the district in 1917 and did 
some mining until 1930. The district was inactive until 1948, 
when check drilling confirmed the existence of two separate 
deposits of disseminated chalcocite ore. Production began 
in 1954 at an annual rate of 18,000 tons of copper and for 
the time period 1954-1977 yielded 75,655,000 tons averag- 
ing 0.80 percent Cu, 0.07 oz. Ag, and 0.022 percent MoS 2. 
In the late 1970s some production was derived from dis- 
seminated chalcopyrite in skarn in the eastern portion of 
El Tiro pit. 

The first geologic study of the Silver Bell district was by 
Stewart (1912). This was followed by Kingsbury and others 
(1941), who mapped the El Tiro-Oxide area in detail; Rich- 
ard and Courtright (1966), who published the only general 
study of the geology and mineralization in the Silver Bell 
district; Kerr (1951), who studied hydrothermal altera- 
tion; Watson (1964), who studied the Mesozoic stratigraphy 
and structure in the area east of the pits; Cummings (1973), 
who made the first attempt to define hypogene zoning 
patterns; and Davis (1977), who mapped the North Silver 
Bell area. 

About 1970 mining reached the base of the chalcocite 
blanket and it became possible to study hypogene mineral 
assemblages previously masked by strong supergene altera: 
tion. It is the purpose of this chapter to report and interpret 
data on these assemblages with respect to modern concepts 
of porphyry copper zoning and genesis. The study is re- 
stricted to the El Tiro area (Fig. 24.1), which forms a center 
of mineralization separate from the Oxide area. Emphasis is 
on the entire hydrothermat system rather than geology 
within the pit walls. The El Tiro area was selected because 
of the abundance of exposures below the chalcocite blanket 
where hypogene patterns are best preserved. The data are 
primarily the result of detailed field mapping at scales larger 
than 1 in. = 1,000 ft. supplemented by chemical analyses and 
petrographic studies. 

G E N E R A L  G E O L O G Y  

Rocks which vary in age from Precambrian to Recent 
are exposed in the Silver Bell Mountains. These rocks are cut 
by an elongate zone of pyritic mineralization more than 8 
miles long, which varies from 200 ft. to 2 miles wide. East of 
Oxide pit the pyrite zone is linear, with a strike of N80°W. 
In the El Tiro area the pyrite zone strikes N5°W. Although 
sulfide mineralization is continuous, the pyrite zone is very 
narrow between the two pits, and it is clear that two separate 
centers of mineralization are present. Control of the minerali- 
zation is attributed by Richard and Courtright (1966) to a 
well-developed fault zone. Northeast of the fault zone Paleo- 
zoic sedimentary rocks and Mesozoic volcanic and minor 
elastic rocks form a gently northeast-dipping homocline. 
Southwest of the fault zone Mesozoic elastic rocks are in- 
truded by a large ptuton of alaskite, and volcanic rocks are 
mostly absent. Dikes, sills, and small stocks of quartz 
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Figure  24.2.  G e o l o g i c  map o f  the El Tiro a rea  (geo logy  p ro jec ted  t h rough  dump  areas)  

which have been interpreted as faults may instead be frac- 
tures along which large blocks have been pulled apart during 
emplacement of the dacite. 

Mesozoic 
Clastic rocks are exposed in the southwestern corner of 

the area mapped in Figure 24.2. They consist of well-sorted 

glomerate units, all varying in color from buff to maroon. 
They generally dip 20 to 40 ° SW and are locally contorted 
where cut by later igneous rocks. 

Alaskite underlies the western half of the E1 Tiro altera- 
tion zone. It is a buff-colored, medium- to coarse-grained, 
generally equigranular intrusive rock which contains 25 per- 
cent quartz, 54 percent weakly perthitic orthoelase, 18 per- 



Geology of the El Tiro Area 497 

\ 
\ 

\ 
\ 

\ 

I /L 

/I / ! 
ATLAS MIN E~_ j 

/ ," 

/ , / / /  

/ / /  . ~  

[I h rc  

Nor ih Sflyer eel] sloc~ 

Y 
? 
\~-~- Oalsy Stock 

stock 

NORTH 

1 

/ 
/ 

/ 

/ 
/ / / 

!'- - -  Z" ~ EI I~ro stoc~ 

Northeast c o n t a c t ~  
at a lask l te~L-""~ 

"-,.. 

0 1000 2000 3000 4000 
r --1 I 

feet 

PROPYLITIC 
ALTERATIOH 

PHYLLIC 
ALTERATION 

POTASSIC 
ALTERATION 

EXPLANATION 

J Pyrite 

Epidote 

~ Quartz.sericite- 
pyrite 

I ~ . ~  ,Disseminated biotite 
+ K-feldspar 

Vein biotite 
+ K-feldspar 

' - ' - - ]  Quartz monzonite 
porphyry 

Figure 24.5. Alteration zones in the El Tiro area. Southwest of the alaskite contact potassic and propylitic assemblages 
are poorly developed and discontinuous, and zone boundaries are drawn on relatively few data points. 

of other, earlier assemblages. The overall extent of phyllic 
alteration at Silver Bell is clearly less than had been previous- 
ly thought. 

Zoning of sulfide mineralization in the E1 Tiro area fol- 
lows the general pattern seen in porphyry copper deposits 
(Lowell and Guilbert, 1970). Within the E1 Tiro and North 
Silver Bell stocks the pyrite:chalcopyrite ratio is less than 3:1 

and it increases outward to greater than 50:1 in the propylitic 
zone. Hypogene copper grades in silicate rocks are centered 
on the E1 Tiro, Daisy, and North Silver Bell stocks and in 
dikes near the contact of the Imperial stock and decrease 
rapidly outward as shown on Figure 24.6. The distribution 
of molybdenum at the +25 ppm contour is very similar to the 
distribution of 0.1 percent Cu. Highest Mo values occur as 
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a halo around areas of highest copper and vein biotite and 
coincide with areas of most abundant vein-related K-feld- 
spar. Zinc is most abundant in the skarns outside the 0.5 
percent Cu contour line. The disseminated:vein ratio for 
sulfides is greatest in the areas of highest-grade chalcopyrite 

(2:1) and decreases outward with discontinuities at the dacite 
and the alaskite contacts. Total sulfide contents are generally 
highest where the phyUic assemblage is superimposed on the 
potassie assemblage in areas adjacent to, but not coincident 
with, areas of highest-grade hypogene copper mineralization. 
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CALl)ERA I~3LCANI~q AND PORPHYRY COPPER MINERALIZATION AT SILVER BELL~ ARIZONA 

David A. Sawyer (1,2) and Peter fq. Lipman (2) 

(1) Dept. of Geological Sciences, Univ. of Cal i f . ,  Santa Barbara, CA 93106 

(2) U.S. Geological Survey, ~ 913, Box 25046, Denver, CO 80225 

Si l ic ic  magmatism related to caldera formation is closely associated in 

time and space with the Late Cretaceous porphyry copper deposit at Silver 

Bell, Arizona. Detailed geologic mapping, geochronology, and petrologic and 

geochemical studies have shown an intimate relationship of porphyry copper 

progenitor plutons with coeval caldera volcanism. This finding refutes 

commonly accepted models for porphyry copper genesis and suggests that signif-  

icant copper mineral resources may be associated with s i l i c i c  volcanic rocks 

erupted from calderas. 

Regional sett ing: The Silver Bell Mountains are located in south-central 

Arizona, about 60 hu northwest of Tucson (fig.  1). This part o£ the State is 

in the Basin and Range province, a product of late Cenozoic extension. This 

is but the la tes t  of a complex series of geologic events that are recorded in 

the bedrock geology of the region. ~ajor crust formation took place at about 

1.7 b .y . ,  with widespread intrusion of anorogenic granites at 1.4 b.y. 

Cratonic platform sedimentation during the Paleozoic is recorded in 1-2 km 

sections dominated by carbonates. During the early and mid-l~sozoic, several 

episodes of volcanism and continental sedimentation occurred. In Late Creta- 

ceous and early Tertiary (Laramide) time, widespread magmatic ac t iv i ty  was 

closely associated with formation of many porphyry copper deposits (t~D here- 

a f te r ) .  Another episode of andesitic to s i l i c i c  volcanism in the mid-Tertiary 

~ras closely followed by regional crustal  extension. All these geologic 

1 



episodes are represented in the geologic record of the Si lver  Bell ~4~untains, 

but the focus o£ th i s  discussion wi l l  be on the Late Cretaceous magmatic 

a c t i v i t y  and i t s  r e l a t i o n  to PC minera l i za t ion .  

Cretaceous ma~uatism: Igneous a c t i v i t y  a t  Si lver  Bell  began in the 

l a t e s t  Cretaceous following mid-Cretaceous cont inenta l  sedimentation and minor 

loca l  volcanism. At 73 m.y. ,  as indica ted  by U/l~ dat ing of zircon, these 

e a r l i e r  Mesozoic deposi ts  were intruded by the E1 Tiro b i o t i t e  g ran i te .  I t  i s  

an a l k a l i  g ran i te  to syenogranite with coarse p e r t h i t i c  potassium £eldspar and 

2-3 percent  b i o t i t e .  Shor t ly  t h e r e a f t e r ,  the l i t h i c  t u f f  of Confidence Peak 

was erupted and fau l t ed  agains t  the  b i o t i t e  g ran i t e  during ca ldera  col lapse .  

The l i t h i c  t u f f  is  a low-s i l i ca  rhyo l i t e  t u f f  with 35-40 percent  phenocrysts 

of  quar tz ,  p l ag ioc lase ,  and b i o t i t e .  I t  has an exposed thickness  of a t  l e a s t  

1.S km, and i t s  base has not been encountererd in several  deep d r i l l  holes .  

I t  i s  over la in  depos i t iona l ly  by m o a t - f i l l i n g  sediments of the C la f l i n  Ranch 

Formation, a sequence dominantly made up of debris  flows, v o l c a n i c l a s t i c  

sediments and nonwelded tEEfs.  Extrusion o£ the pos t -co l lapse  Si lver  Bell 

volcanics  as lavas ,  domes, and brecc ias  followed; these rocks are 

composit ional ly dac i tes  and andes i t es ,  containing phenocrysts of p lag ioc lase  

and b i o t i t e  along with minor quar tz ,  amphibole, and pyroxene. The volcanic 

sequence is  capped by the Mount Lord tu f£ ,  a h i g h - s i l i c a  rhyo l i t e  tha t  may 

have a source outside the S i lver  Bell ~buntains.  The f i n a l  igneous event 

during t h i s  l a t e  Cretaceous mag~natic episode was the emplacement of a su i t e  of  

plutons ranging from monzodiorite to monzograuite in composition, tha t  were 

hosts  to PC minera l iza t ion .  

Minera l iza t ion:  Porp]wry copper minera l iza t ion  in the S i lver  Bell mining 

d i s t r i c t  occurs a t  two main cen te rs :  the  Oxide p i t  and, 4 ~u to  the northwest 

of i t ,  the El Tiro p i t  ( f i g .  1).  The f i r s t  of the su i te  of PC-related in t ru-  
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sions were monzodiorite porphyries (syenodiorite porphyry in t h e  

l i t e r a t u r e ) .  These are f a i r l y  ma£ic (55-59 percent Si02) intrusions contain- 

ing 50-70 percent plagioclase,  b i o t i t e ,  and pyroxene. They were closely 

followed in time by plutons, ranging from quartz monzodiorite porphyry to 

monzogranite in modal composition, that  were the main progenitors to PC 

mineral izat ion.  This sui te  is  dated by an unmineralized pluton of the same 

composition at 68.6 by K/Aron b io t i t e  (Mauger, 1966). This brackets the 

ent i re  Late Cretaceous magmatic a c t i v i t y  as between 75 m.y. and 68.6 m.y.~ 

because dikes from the quartz monzodiorite porphyry sui te  cut the en t i re  

volcanic section. 

Mineralization and a l t e ra t ion  at Si lver  Bell takes several forms 

(Graybeal, 1982). Hypogene potassic a l t e ra t ion  in the quartz monzodiorite 

porphyries consists of b io t i te -cha lcopyr i te -quar tz -pyr i te  and quartz-molybde- 

nite-potassi~lu-feldspar stockwork veins and ve in le t s .  Phyl l ic  and p ropy l i t i c  

a l t e ra t ion  extend into the wall rocks of the plutons. Skarnminera l iza t ion  

and .alteration is  well developed in the Paleozoic sedimentary blocks enveloped 

by the l i t h i c  tu f f ,  and carr ies  the highest grade hypogene mineral izat ion as 

chalcopyri te-pyri te  replacement masses. Supergene secondary enrichment formed 

a chalcocite blanket which has provided most of the economic mineral izat ion 

exploited by open-pit mining. Production of copper at Silver Bell  began in 

the la te  1800's and continued through the 1920's, mostly mining high-grade 

skarn ore. In 1954 ASARCO began open-pit mining at both the Oxide and E1 Tiro 

p i t s ,  and i t  has continued mining nearly continuously un t i l  1984 when the mine 

shut down due to depressed market conditions. Total production to date has 

been approximately 90 mi l l ion  tons of ore averaging 0.80 percent Cu and 0.022 

percent Mo (Graybeal, 1982). 

Caldera Volcanism: Several l ines  of evidence support the occurence of 



caldera  volcanism at  S i lver  Bell coeval with PC minera l iza t ion .  The great  

thickness of the l i t h i c  t u f f  of  Confidence Peak (more than 1.5 km th ick)  i s  

genera l ly  rcognized as a c h a r a t e r i s t i c  of ponding of the erupt ing t u f f  within 

a concurrent ly  subsiding ca ldera  (Lip~an, 1984). In con t r a s t ,  equivalent  

outflow t u r f s  in the western S i lver  Bell Mountains are a i r f a l l  and weakly 

welded t u r f s  less  than 200 m in th ickness .  Paleozoic sediments occur as 

s t u c t u r a l l y  chaot ic  blocks up to 0.5 km in length and completely enclosed by 

l i t h i c  t u f f ;  these are in te rp re ted  as caldera  col lapse  megabreccia r e s u l t i n g  

from g r a v i t a t i o n a l  f a i l u r e  of oversteepened caldera  wal ls .  Similar  col lapse  

breccias  are  known from many younger, deeply eroded ca lderas  (Lipman, 1984). 

The caldera margin is  a wel l -def ined ,  near ly  arcuate  zone extending 150 along 

the ~ side of the Si lver  Bell Mountains. The eas te rn  boundary of the ca ldera  

i s  poorly constrained due to a l l u v i a l  cover,  but local  pediment exposures of 

the i n t r aca lde ra  t u f f  on the eas te rn  side of the range indica te  a minimum 

diameter of 14 km for  the ca ldera .  While the s t r u c t u r a l  boundary of the 

ca ldera  i s  gross ly  a rcua te ,  in de t a i l  i t  i s  the i n t e r s ec t i on  o f  severa l  pre-  

ex i s t ing  l i nea r  s t ruc tu re s  r e - a c t i v a t e d  during ca ldera  col lapse .  Mineralized 

plutons of the quartz  monzodiorite porphyry su i t e  are loca l ized  along t h i s  

r i n g - f r a c t u r e  zone, p a r t i c u l a r l y  a t  the in t e r sec t ion  of these older 

s tuc tu res .  These may represent  s t r u c t u r a l l y  favorable  zones where the subja-  

cent magma chmaber intruded up to shallower l eve l s .  These r e l a t i ons  document 

the close s p a t i a l  and s t r u c t u r a l  assoc ia t ion  of PC in t rus ion  and minera l iza -  

t ion  with caldera  volcanism. 

Geochemistry: The geochemical r e l a t i o n  of volcanic rocks to PC plutons 

have been addressed using the de ta i led  s t r a t i g r aphy  developed during geologic 

mapping as a guide to sampling. Careful smupling of l e a s t  a l t e r ed  pa r t s  of 

each of the major rock uni t s  has revealed meaningful pe t ro log ic  v a r i a t i o n  in 
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these Late Cretaceous volcanic rocks,  which are no more a l t e r ed  than many mid- 

Ter t i a ry  volcanic  rocks from the western United S ta tes .  Volcanic and p lu tonic  

rocks a t  S i lver  Bell are c a l c - a l k a l i n e  (based on AFM and FeO*/MgO vs. Si02 

v a r i a t i o n  diagrams),  as i s  typ ica l  of the products of arc magmatism. They are 

a l l  high-K andes i t es ,  dac i t e s ,  and rhyo l i t e s  with r e l a t i v e  volumes of 10:30:60 

r e spec t ive ly .  Titanium and the h i g h  f i e l d  s t reng th  elements (Y, Nb, Ta) are 

low, as is  common in magmas erupted from convergent p l a t e  margins. 

The comagmatic nature  of volcanic and plutonic  rocks a t  S i lver  Bell i s  

supported by severa l  aspects  of t he i r  chemistry.  Major=element mass=balance 

ca l cu l a t i ons ,  using Stormer and Nichol ls  (1978) XLFRAC program) show tha t  the 

major volcanic uni ts  and and PC=related plutons can be r e l a t ed  by modest 

amounts of c r y s t a l  f r a c t i o n a t i o n .  Only 5=20% f r a c t i o n a t i o n  of the common 

phases p l ag ioc l a se ,  clinopyroxene, amphibole, and magnetite are needed, and 

good agreement i s  indica ted  by very low r e s idua l s .  Rare-earth-element data  

are cons is ten t  with the comagmatic derv ia t ion  of of the l i t h i c  t u f f ,  S i lve r  

Bell #o lcanics ,  and quartz  monzodiorite su i te  r e l t ed  to PC mine ra l i za t i on .  

REE pa t t e rns  ( f i g .  3) a l l  have strong LREE/HREE f r a c t i o n a t i o n  and l i t t l e  or no 

europium anomaly. The lower HREE of the  PC-related plutons could be caused by 

amphibole f r a c t i o n a t i o n  removing middle and heavy REE. In p lo t s  of Rb/Sr vs. 

Sr, a steep curvature  of the data  suggest s i gn i f i c an t  a s s imi l a t ion  in addi t ion  

to c r y s t a l  f r a c t i ona t i on .  This is  cons is ten t  with the c rus t a l  a s s imi l a t ion  

indicated by published i so topic  analyses of i n i t i a l  Sr r a t i o s  (.7095-.7111) 

and epsi lon Nd values of -8 (Mauger, 1956; Farmer and DePaolo, 1984). 

Discussion: Porphyry copper minera l i za t ion  i s  widely apprecia ted to occur 

in subvolcanic environments; the quest ion i s ,  what kind of volcanism? The type 

of volcanism i s  l a rge ly  dependent on the the tec tonic  s e t t i ng  of the magmatic 

a c t i v i t y .  Many cu r ren t ly  popular models ( S i l l i t o e ,  1973, 1980) are based on 
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wel l - s tud ied  examples of PCD associa ted  with young, oceanic volcanic  arcs such 

as those in  the  SW Pac i f i c  (Gustafson and T i t l e y ,  1978). Volcanic rocks 

r e l a t ed  to these PCD are most of ten  andes i t i c ,  but volcanic  rocks associa ted  

with ~ in con t inen ta l  arcs can be considerably  more s i l i c i c ,  as a t  E1 

Salvador, Chile  (Gustafson and Hunt, 1975; Francis et  a l . ,  1983). In cont in-  

en ta l  volcanic  arcs ,  the chemistry of magmas i s  r e l a t ed  to  the the type of 

con t inen ta l  c rus t  and the chemical processes tha t  take place in the c rus t .  

Style  of volcanic  a c t i v i t y  i s  a funct ion  of the chemistry of the erupted 

magma, and PC mine ra l i za t i on  does not seem to be r e s t r i c t e d  to any one 

compositional range of magmas. 

Based on the evidence presented above, southern Arizona is  a con t inen ta l  

volcanic  arc  province and a good place to  examine the r e l a t i o n s h i p  between PC 

mine ra l i za t ion  and ca lderas .  Late Cretaceous magmatism was c l e a r l y  calc-  

a l ka l i ne  and a r c - r e l a t e d ;  based on t h e i r  chemistry,  these magmas have a lso  

in t e rac ted  with con t inen ta l  c rus t .  As a r e s u l t ,  the chemistry of the volcanic  

rocks j i s  dominantly s i l i c i c ,  with large volumes of r h y o l i t e ,  dac i t e ,  and 

andes i te ,  with l i t t l e  b a s a l t .  There is  growing evidence tha t  l a t e  Cretaceous 

calderas are widespread in  southern Arizona. Lipman and Sawyer (1985) have 

i d e n t i f i e d  10-12 l a t e  Cretaceous caldera fragments based on reconnaissance 

mapping using the c r i t e r i a  of th ick  acctrnulations of i n t r aca lde ra  t u f f ,  

caldera co l lapse  megabreccia, and marginal g r a n i t i c  i n t rus ions .  Close 

assoc ia t ions  of PCD with calderas seem l i k e l y  a t  S i lver  Bel l ,  S i e r r i t a ,  Ajo, 

Hi l l sboro ,  and a t  well-known PC prospects  such as Copper Creek, Red Motmtain, 

Tombstone-Robbers Roost, Gleeson-Courtland, and the Tucson Mountains. Perhaps 

other  PCD are ca lde r a - r e l a t ed  but have been eroded so deeply to  remove the 

volcanic  supras t ruc ture  necessary for  i d e n t i f i c a t i o n .  

Level of erosion may be a con t ro l l i ng  f ac to r  on the type of mineral iza-  
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t ion  observed to be assoc ia ted  with ca lderas .  In shallowly eroded caldera  

f i e l d s  such as the  Oliogocene San Juan volcanic f i e l d  of Colorado, the domi- 

nant minera l i za t ion  is epithermal base and precious-metal  veins (Steven 

et  a l . ,  1974). I f ~ e  were to see deeper in to  the roots  of the San Juan 

ca lde ras ,  porphyry Cu or Mominera l iza t ion  might be encountered. Southern 

Arizona may be an analog for  t h i s  level  of erosion into a major ca ldera  

f i e l d .  Deeper leve ls  in magmatic systems such as those bearing W minera l iza-  

t ion  (Newberry and Einaudi, 1981) or b a t h o l i t h i c  tED may not have vented. 

That there  is  an int imate spa t i a l  and temporal assoc ia t ion  of l~ 

minera l iza t ion  with cont inenta l  arc volcanism is  i r r e f u t a b l e .  Many d e t a i l s  of 

the r e l a t i onsh ip  s t i l l  remain to be worked out: (1) Temporal r e l a t i o n s h i p s :  

more accurate  means of dat ing igneous events are needed, p a r t i c u l a r l y  for  the  

l a t e  Cretaceous of Arizona. In other  caldera  f i e l d s  minera l i za t ion  may post-  

date the ca ldera  cycle by severa l  mi l l ion  years  (Steven e t  a l . ,  1974). The 

K/At method, as widely appl ied,  has e s s e n t i a l l y  f a i l e d  to d iscr iminate  igneous 

emplacement ages within t h i s  age range. Rb/Sr and U/I~ dat ing have been 

success fu l ly  applied in some cases with a great  deal of e f f o r t ,  but also have 

drawbacks. Perhaps incremental r e l ease  4 0 / 3 9 A r w i l l  help resolve  some of the 

de ta i l ed  geochronologic problems. (2) Basic geologic mapping using modern 

volcanologica l  concepts:  Although one caldera  c lose ly  assoc ia ted  with PC 

minera l i za t ion  has been i d e n t i f i e d  (S i lver  Be l l ) ,  much s t r a t i g r a p h i c  work 

needs to be done to resolve  individual  ash-flow cooling u n i t s ,  co r r e l a t e  them 

reg iona l ly ,  and r e l a t e  them to source areas .  In s t rongly  a l t e r ed  and mineral-  

ized a reas ,  app l i ca t ion  of these concepts may help e luc ida te  the s t r u c t u r a l  

cont ro ls  of ore minera l iza t ion .  Many py roc la s t i c  matr ix  "brecc ia  pipes"  with 

poorly const ra ined margins, tha t  of ten  have been used as guides to  minera l iza-  

t ion ,  could be caldera  col lapse  megabreccia.  (3} Petrologic-geochemical:  a r e  
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the  PC plutons comagmatic with the associated volcanic rocks? This question 

needs a l l  the petrologic and geochemical tools we have to bring to bear on the 

problem of their  petrogenesis. Detailed study of the chemistry of well- 

constrained evolutionary sequences in conjunction with the above approaches 

may bring better  understanding of the processes leading to PC formation, as 

well as illuminating the general links between magmatism and mineralization. 
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MEBOZOIC ASH-FLOWCALDERAFRAG~ENTS IN SOUTHEASTERN ARIZONA 

AND TBEIRRELATION TO PORPHYRY COPPER DEPOSITS 

Peter W. Lipman and David A. Sawyer, U.S. Geological Survey, Denver, CO 80225 

ABSTRACT 

Jurassic and Upper Cretaceous volcanic and associated granitic rocks in SE 

Arizona are remnants of large composite silicic volcanic fields, characterized 

by voluminous ash-flow ruffs and associated calderas. Presence of 10-15 large 

caldera fragments is inferred primarily from: (I) ash-flow deposits more than 

1 km thick, with features of intracaldera ponding; (2) "exotlc-block" breccias 

within a tuff matrix, interpreted as caldera-collapse megabreccias; and (3) 

local granitic intrusions along arcuate structural boundaries of the thick 

volcanic sequences. These Mesozoic caldera-related rocks are remnants of a 

typical cratonic volcanic arc. Several major porphyry copper deposits are 

associated with late granitic intrusions within the calderas or along their 

margins. 

INTRODUCTION 

Recent concepts concerning caldera formation and silicic volcanism, 

developed by volcanologists investigating igneous processes in little-eroded 

or active volcanoes, can provide new insights in interpretin$ the altered 

eroded roots of Mesozoic volcanoes associated with mineral deposits in SE 

Arizona (Fig. I). Calderas associated with large ash-flow eruptions 

characteristically begin to subside concurrently with the pyroclastic 

eruptions, causing intracaldera ponding of tuff to thicknesses an order of 

magnitude greater than in the associated outflow sheet (Lipman, 1984). 

0versteepenlng of caldera walls during subsidence produces landslide 

megabreccias that interfinger with the concurrently accumulating intracaldera 

tuff. In contrast, lithic fragments larger than a few cm across are unknown 
1 
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within regional outflow ash-flow sheets. Thus, kilometer-plus thicknesses of 

ash-flow tuff, associated with megabreccia, are indicators of caldera-fill 

assemblages. 

In many subvolcanic settings, silicic magma overlies intermediate- 

composition magma within vertically zoned chambers (Smith, 1979; Hildreth, 

1981). Eruption of silicic magma as ash-flow tuff, accompanied by caldera 

collapse, is common late in the evolution of volcanic fields that earlier 

erupted intermediate-composition magma as lava and breccia. In several 

Tertiary calderas in the western U.S., exposed batholithic granitic rocks can 

be shown by geochemical and geochronologic evidence to represent the 

consolidated magma chambers into which the associated ash-flow caldera had 

subsided earlier (Lipman, 1984). Before completely crystallizing, such 

subvolcanic magma bodies commonly rose into lower parts of their cogenetic 

volcanic ejecta, especially along caldera ring faults. Similar relations are 

believed common in the Mesozoic igneous terranes of SE Arizona. 

Southern Arizona and adjacent areas constitute one of the largest porphyry 

Cu provinces in the world (Titley, 1982). Most of these deposits are 

associated with Late Cretaceous-Early Tertiary intrusions; related volcanic 

rocks, ranging in composition from andesite to silicic rhyolite (Hayes and 

Drewes, 1978), record the development of a continental-margin volcanic arc. 

In most models for the origin of porphyry Cu deposits, copper mineralization 

has been regarded as associated with the roots of andesitic volcanoes 

(Sillitoe, 1973; Branch, 1976), or to intrusions that did not vent at all. 

Silicic magmatism has commonly been considered unrelated to Cu mineralization, 

in contrast to its generally recognized association with porphyry Mo systems. 

Recognition of primary large-scale volcanic features in mineralized SE 

Arizona rocks has been complicated by hypogene alteration and multiple 
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structural complexities including Laramide compressive deformation, mid- 

Tertiary low-angle extensional faulting, and late Cenozoic block faulting. 

More than half the pre-Cenozoic bedrock is covered (Fig. I), and only 

fragments of calderas are exposed. The resolution of K-Ar and fission-track 

methods to separate closely spaced events at many centers has been limited by 

the effects of high geothermal gradients or later episodic heating. The SE 

Arizona igneous rocks also contain remarkable structural and stratlgraphlc 

features, for which various hypotheses have been proposed in the past, 

including widespread "intrusive pyroclastic phenomena" (Watson, 1968), 

regional "exotic-block" brecclas (Simons and others, 1966), and the concept of 

"volcanic orogeny" (Mayo, 1963). Because analogs for these inferred processes 

have not been recognized in active volcanic regions, many of the observations 

are open to reinterpretation. 

Our interpretations are based on detailed study of one area (Silver Bell 

Mtns4), supplemented by field reconnaissance of areas mapped and dated by 

others. We especially acknowledge the prolific mapping of John Cooper, Harald 

Drewes, Philip Hayes, and Frank Simons; the geochronology generated by Paul 

Damon, M. Shaflqullah, and Richard Marvin; and the detailed investigations of 

porphyry Cu deposits in volumes edited by Spencer Titley. Except where noted, 

all isotopic ages are from Marvin and others (1978). 

CALDERAFRAGMENTS 

Six Late Cretaceous-early Tertiary (Laramlde) calderas have been 

identified and five more tentatively recognized in the porphyry Cu belt of SE 

Arizona and SW New Mexico. 

S i l v e r  B e l l  M o u n t a i n s  

The Silver Bell area has long been known as a key site where Upper 

Cretaceous volcanic rocks are associated with porphyry Cu mineralization 
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(Richard and Courtright, 1966). Detailed mapping by Watson (1968) led to 

I, interpretation of one major unit, the "daclte porphyry, as a sill-like 

pyroclastic intrusion 8 km in length and at least 1 km thick. 

Intrigued and puzzled by this unorthodox interpretation, we have restudied 

the field and petrologic relations (Sawyer and Lipman, 1983; Sawyer, 1985) and 

have found that the "dacite porphyry" is a thick intracaldera welded tuff of 

low-silica rhyolite (Fig. 2A). This unit, redeslgnated the llthic tuff, 

becomes nonwelded toward its upper contact, and is conformably overlain by 

volcaniclastic sedimentary rocks (Claflln Ranch Fm;) that contain fragments of 

the lithic tuff, proving its extrusive origin. Large blocks of Paleozoic 

limestone, enveloped by llthic tuff that was considered by Watson to be 

intrusive, are interpreted by us as caldera-collapse megabreccia. The Silver 

Bell caldera was further filled by andesitic and dacitic flows (Silver Bell 

Fm), and by welded Mount Lord Tuff, perhaps erupted from another source. Late 

ring-fault intrusions of quartz monzodiorlte to monzogranite host the porphyry 

Cu mineralization. New U/Pb-dating of zircon indicates that the entire 

igneous and mineralization sequence occurred between 73 and 69 Ma. This narrow 

age range, together with petrologic data, suggests that the mineralized 

intrusions are comagmatlc with the lithic tuff and represent upper parts of 

the consolidated magma chamber into which the Silven Bell caldera collapsed. 

Our study of the Silver Bell area links, for the first time, a siliclc 

Mesozoic magmatlc system, displaying voluminous ash-flow volcanism and 

associated caldera collapse, to a major Arizona porphyry Cu deposit. These 

results provide a conceptual framework for reconnaissance of relations between 

Mesozoic ash-flow magmatism and mineralization in adjacent areas. 

S o u t h e r n  S t e r r t t a  Mountains  

Along the  SE S i e r r i t a  Mounta ins ,  l a r g e  po rphyry  Cu d e p o s i t s  of  the  Pima 
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district are associated with late intrusive phases of the batholithlc 58-61-Ma 

Ruby Star Granodiorite (Cooper, 1973; Titley, 1982). In the southern Sierrita 

Mountains (Fig. 2B), a thick Mesozoic volcanic sequence, intruded and altered 

by the Ruby Star, is capped by the Upper Cretaceous Red Boy Rhyolite, a welded 

tuff at least 300 m thick with its top eroded. 

Unusual contact relations between the Red Boy and underlying Upper 

Cretaceous Demetrie Volcanics indicate that this welded tuff constitutes 

remnants of thick caldera fill, probably involving collapse into a magma body 

represented by the Ruby Star Granodiorlte. The Demetrle beneath the Red Boy 

Rhyolite is lithologlcally and stratigraphlcally chaotic andesltic breccia, 

containing irregular matrix of rhyolitic tuff that is in places continuous 

into the overlying Red Boy. These contacts, considered locally intrusive by 

Cooper (1971), are interpreted by us as a gradational boundary between 

caldera-collapse breccia and intracaldera tuff. Isolated andesltic 

megabreccia blocks of Demetrle llthology, some several tens of meters across, 

also occur locally higher within the main Red Boy Rhyolite. The distribution 

of the Red Boy and associated Demetrie breccia suggest a remnant of the west 

topographic wall and fill of a Sierrlta caldera, with the older Mesozoic 

volcanic rocks to the east perhaps representing resurgently uplifted caldera 

floor (Fig. 2B). Onlap of the Red Boy to the west, against older volcanic 

rocks without intervening Demetrie, requires the brecciated Demetrie to have 

been deposited in a depression. In contrast to the chaotic andesite breccia 

beneath and within the Red Boy, Demetrle Volcanlcs mapped farther east are 

stratigraphically coherent and may represent another part of the Sierrita 

ealdera floor (Fig. 2B). Thus, in the Sierrita Mountains, as at Silver Bell, 

major porphyry Cu deposits are associated with late intrusions related to a 

large silicic caldera. 
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8outhwestern Santa Rita Mountains 

The Upper Cretaceous Salero Formation was described as a stratified 

volcanic sequence as much as 800 m thick, containing exotic blocks, and 

burying rugged erosional topography on Jurassic granite (Drewes, 1971b; Simons 

and others, 1966). We have found that the bulk of the Salero (lower-andesite, 

exotlc-block, and 72-Ma welded-tuff members of Drewes) constitutes a single 

intergradational deposit, several kilometers thick, containing blocks of 

varying size and lithology in a welded tuff matrix (Fig. 2C). Andesitlc 

blocks are dominant in the lower part (lower-andeslte member); blocks higher 

in the sequence (exotic-block member) include Cretaceous andesite, Jurassic 

welded tuff, and Jurassic granite; and yet higher larger blocks, some 1 km 

across, are internally shattered Jurassic granite surrounded by welded tuff. 

There blocks were interpreted as buried hills (Drewes, 1971b), but welding 

foliation in the Salero tuff projects gently beneath such blocks, and exposed 

contacts disclose tuff underlying granite. 

We interpret this thick Salero succession as caldera fill, in which the 

changing lithologles of the enclosed blocks reflects progressively lower rocks 

on the caldera wall. Steep depositional contacts of Salero rocks to the 

northeast against older granite, including fossil talus deposits in tuffaceous 

matrix, are interpreted as remnants of the original topographic caldera wall 

(Fig. 2C). This caldera-wall granite, previously interpreted as a younger 

intrusion cutting the Salero deposits, closely resembles nearby Jurassic 

granite. Undoubted Upper Cretaceous granitic rocks (Josephine Diorite, 

Elephant Head Quartz Monzonite) along north and east sides of the proposed 

Santa Rita caldera probably are ring intrusions and constitute upper parts of 

the magma body into which the caldera subsided. Southwest of the Salero 

exposures, the shape of the Santa Rita caldera is obscured by younger rocks. 
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Although economic porphyry Cu mineralization has not been identified in the SW 

Santa Rita Mountains, base- and precious-metal veins are widespread (Drewes, 

1971a), and the potential for concealed mineralization seems high. 

T o m b s t o n e - C h a r l e s t o n  a r e a  

The Uncle Sam Porphyry, considered intrusive rhyolite by Gilluly (1956), 

was identified as a 74-Ma welded tuff by Drewes (1971b, p. 75). Our 

observations (Fig. 2D) confirm previous brief suggestions of a possible 

Cretaceous caldera in this area (Drewes, 1980, section D-D'; J. A. Briscoe, 

written commun., 1982). The Tombstone-Charleston area contains a little 

deformed caldera-fill assemblage 15x20 km across, including intracaldera Uncle 

Sam tuff and associated collapse breccia, intruded by the 76-Ma Schieffelin 

Granodlorlte. Exposed granodlorite is inferred to constitute a ring-fault 

intrusion, representing upper parts of a larger magma body cogenetic with the 

caldera-forming tuff. Southwest of Tombstone, the Uncle Sam "Porphyry" 

encloses variably rotated megabreccla blocks of Lower Cretaceous sedimentary 

rocks; the tuff is at least 1 km thick, with no base exposed and the top 

eroded. Northwest of Charleston, gently dipping Uncle Sam tuff abruptly 

thickens to the east, truncates an older ash-flow sheet, and farther east 

becomes the matrix of compositionally diverse blocks of lava tens of meters 

across. These features are interpreted to mark the western topographic wall 

of the Tombstone caldera. Northeast of Charleston, within the inferred 

caldera, gently dipping Uncle Sam tuff directly overlies shattered 

monollthologlc breccia of a welded tuff that resembles Jurassic units in 

adjacent mountains; this breccia is interpreted as Cretaceous intracaldera 

landslide debris. The productive Ag-Pb-Zn-Cu veins of the Tombstone district 

are along the northeast caldera margin, and porphyry Cu-type alteration is 

locally strong within the caldera Newell, 1974). 
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DOS Cabezas N o u n t a i n s  

Cretaceous volcanic rocks in the northern Dos Cabezas Mountains were 

recognized as fragmental pyroclastic breccias by Erickson (1968), who 

considered them to be intrusive. The area has been restudied by Drewes and 

others (in press), who interpreted the pyroclastic breccias as partly 

intrusive, partly extrusive, and perhaps related to caldera subsidence. We 

interpret the entire pyroclastic assemblage as an eruptive caldera-fill 

sequence at least 3-4 km thick and dipping homoclinally SW, as indicated by 

compaction foliation. The sequence is relatively lithic-poor welded tuff in 

its lower part; fragments increase in size and abundance upward, but the upper 

part is again lithic-poor tuff. At least part of a mapped rhyolite "ring 

dike" (Drewes and others, in press) is concordant lithic-poor densely welded 

tuff low in the caldera-fill sequence. Several areas mapped by Drewes as 

intrusive breccia are seml-concordant lithic-rich horizons gradlationally 

withi~ homoclinal caldera fill. Mineralized rock is associated with several 

Cretaceous granitic intrusions into the intracaldera tuff and breccia, but 

assessment of the mineral potential would benefit from improved genetic 

understanding of the volcanic rocks. 

Tucson Mountains 

The "Tucson Mountain Chaos" contains sedimentary and volcanic blocks tens 

of meters across, set in a pyroclastic matrix, and ascribed to diverse 

tectonic and igneous processes (Mayo, 1963). The "Chaos" underlies the Upper 

Cretaceous Cat Mountain Rhyolite (72 Ma), a welded tuff at least 300-400 m 

thick. Much of the matrix of the "Chaos" is petrographlcally similar to 

weakly welded Cat Mountain, and the contact between these units is locally 

gradational. A caldera-collapse breccia origin has been inferred previously 

for the "Chaos" (Lipman, 1976, p. 1409), and we interpret the entire central 

8 



and southern Tucson Mountains to be remnants of the fill and floor of a large 

Late Cretaceous caldera that was the source of the Cat Mountain Rhyolite. 

Caldera boundaries to the east and west are under adjacent valley fill, but 

the 73-Ma Amole pluton in the northern Tucson Mountains is interpreted as a 

caldera-margln intrusion. Several porphyry Cu prospects have been identified 

in the Tucson Mountains, although none have been developed. 

Other probable Late Cretaceous caldera fragments 

Hillsboro~ NM: A nearly circular exposure of Upper Cretaceous andeslte 5- 

6 km across, within which is centered the 72-Ma Copper Flat Quartz Monzonite 

and associated porphyry Cu deposits, was interpreted as a small caldera by 

Dunn (1982). No Cretaceous ash-flow tuff is preserved as regional outflow, 

but quartz-bearing tuff breccia occurs locally within the exposed andeslte and 

also was encountered during exploratory drilling (Dunn, 1982). The presence 

of this tuff, and the lack of stratigraphy in the thick intracaldera andeslte 

(bas@ not penetrated in a 900-m drill hole), suggest that the Copper Flat 

caldera may have been a source of ash-flow eruptions whose outflow deposits 

have been completely eroded. The intracaldera andeslte may be collapse 

breccia, as suggested by the intermixed tuff. This caldera, though smaller 

than many ash-flow calderas, is similar in size to Crater Lake, Oregon, if 

structural margins are compared. 

Courtland-@leason: The Sugarloaf Quartz Latlte, discontinuously exposed 

in the SE Dragoon Mountains, was recognized as pyroclastlc by Gilluly (1956) 

and dated at 75 Ma at its type locality (Drewes, 1971b). There, it is 

relatively unaltered quartz latite welded tuff several hundred meters thick, 

with no deposltional top exposed. In the adjacent Courtland mining district, 

Which contains porphyry Cu mineralization (D. Norton, oral commun., 1984), 

altered rhyolitic tuff correlated with the Sugarloaf by Gilluly contains map- 
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scala megabreccia blocks of Paleozoic sediments (Drewes, 1981, pl. 4). If 

Gilluly's correlation is valid, the thickness of the Sugarloaf Quartz Latite 

and its enclosed blocks make it an attractive candidate for caldera fill, 

associated in space and time with porphyry Cu mineralization. 

A_/o: The 63-Ma Cornelia Quartz Monzonite, host to the porphyry Cu system 

at Ajo, intrudes the Cretaceous Concentrator Volcanics, an assemblage of 

andesitic flows, breccia, and rhyolitic tuff. Stratigraphic relations are 

obscure among these rocks, which are likely more than 1,000 m thick, with 

neither base nor top exposed. In places, the tuff forms matrix surrounding 

and veining irregular masses of andesite (Watson, 1968), suggesting a deeply 

eroded caldera-collapse breccia. 

R~d Mountain (Pata$onla Mtns.): Intense hydrothermal alteration obscures 

the origin of Upper Cretaceous-Lower Tertiary tuffaceous silicic rocks at 

least 1 km thick overlying a major porphyry copper system at Red Mountain. 

Preservation in a small (5-km diameter) caldera seems possible (Corn, 1975). 

Central Galluro Mountains: In the Copper Creek area, features of the 

Upper Cretaceous Glory Hole Volcanics (Simons, 1964) suggest a caldera-fill 

assemblage, intruded by the 68-Ma Copper Creek Granodiorite which generated a 

porphyry Cu system. The Glory Hole Volcanics are described as a chaotic 

assemblage of ash-flow tuff and andesitic breccia more than 500 m thick, 

without depositional base or top exposed; pyroclastic rocks are dominant and 

tuffaceous breccia abundant. Mappable Paleozoic rocks, interpreted as later 

landslide deposits (Krieger, 1968) but locally enclosed within the Glory Hole 

Volcanics, could be synvolcanic megabreccia related to caldera collapse. 

Jurass i c  ca ldera  fragments 

The Cretaceous pyroclastlc rocks and associated caldera fragments Just 

summarized overlie tectonically disrupted remnants of Jurassic arc voleanics 
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that also display local evidence of ash-flow and caldera origin. Little 

• mineralization has been reported from these rocks, but association of the 

porphyry Cu deposit at Bisbee with a Jurassic intrusion suggests additional 

potential in Jurassic rocks. 

Canelo Hills: A phenocryst-rich Jurassic welded tuff at least 2 km thick 

(Simons, 1972; Kluth, 1983), enclosing "exotlc-block" brecclas of Paleozoic 

limestone and sandstone, resembles younger caldera-fill deposits. A lower 

major volcanic unit, the "rhyolite lava" member, also contains abundant 

megabreccia blocks (Hayes and Raup, 1968; Simons and others, 1966). Although 

these rocks are mostly contorted and flow layered, relict welded-tuff textures 

preserved adjacent to contacts with Paleozoic blocks demonstrate that the 

rhyolite is rheomorphic welded tuff. Such large-scale rheomorphlsm of tuff 

likely requires oversteepening of the land surface during deposition, events 

especially common in proximity to caldera walls (Lipman, 1984). Both the 

rhyolite member and the welded tuff member are likely fragments of Jurassic 

caldera fills. 

Ruachuca Mountains: Finely porphyritic welded tuff, containing abundant 

large masses (up to 1.5 km) of Paleozolc sedimentary rocks, is as much as 

1,300 m thick over an area about 15 km across in the southern Huachuca 

Mountains (Hayes and Raup, 1968). These rocks, which are lithologically 

distinct from the Canelo Hills volcanics, are accordingly interpreted as 

another dismembered Mesozoic caldera-fill sequence, probably cogenetic with 

the 167-Ma Huachuca Quartz Monzonite which intrudes the tuff. 

PaJarlto Mountains: Thick Jurrasic welded tuff, that depositionally 

underlies Lower Cretaceous sedimentary rocks (N. Riggs, oral commun., 1985), 

is also a probable caldera-fill fragment. These rocks were interpreted as 

Upper Cretaceous, partly intrusive, and possibly related to a caldera by 
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Drewe 9 (1980, section D-D'; 1981) 

Other areas: Kilometer-plus-thick Jurassic pyroclastlc sequences in the 

Patagonia and Santa Rita Mountains, locally containing "exotic blocks" (Simons 

and others, 1966; Drewes, 1971b) are additional probable fragments of Mesozoic 

caldera fills. 

DISCUSSION 

Mesozoic volcanic and associated granitic rocks in SE Arizona and adjacent 

areas are interpreted as remnants of large composite sillclc volcanic fields, 

characterized by voluminous ash-flow eruptions and large calderas, that have 

been dismembered by Basln-Range and older structures, covered by younger 

rocks, and dissected by erosion. Regionally, the Mesozoic volcanic sequences 

include intermedlate-compositlon lavas and breccias, overlain by ash-flow 

ruffs, and cut by granitic intrusions. 

At least I0 latest Cretaceous-early Tertiary (Laramide) calderas have been 

iden~ifled within a region of about 20,000 km 2 (Fig. I), and at least 5 more 

of Jurassic age are probably present. These are minimum numbers, as more than 

half the region is covered by younger rocks and basin fill. The dismembered 

late Cretaceous volcanic field appears to represent remnants of a cratonic arc 

similar in size, volcanic evolution, and petrologic character to the well- 

known Oligocene San Juan field of SW Colorado which contains one of the 

world's major ash-flow fields (Lipman, 1984). Twelve major ash-flow calderas 

are exposed within the 25,000 km 2 San Juan field, which lacks surficlal cover 

on a scale sufficient to hide major calderas. Even if calderas are not 

proportionally present under the vast basin fills of SE Arizona, this area was 

a major locus of ash-flow eruption and caldera formation in the Mesozoic. 

Caldera fragments may have been preferentially preserved and exposed in SE 

Arizona because (I) in comparison with readily erodable equivalent outflow 
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volcanics, the intracaldera accumulations are relatively thick, indurated by 

thermal metamorphism, and structurally low, and (2) Basin-Range faults may 

have tended to wrap around structurally coherent caldera-related intrusions. 

Most evidence for concepts of "volcanic orogeny" (Mayo, 1963), which relates 

some "exotic-block" breccias to volcanic-related pyroclastic intrusive 

activity, can be readily explained by ealdera subsidence processes, and some 

features interpreted as mineralized breccia pipes could be alternatively 

interpreted as ealdera-collapse brecclas. In addition to collapse breccias 

within calderas, large Paleozoic blocks wlthinsome Mesozoic sedimentary 

sequences (Simons and others, 1966; Davis and others, 1979) probably represent 

landsliding off growing fault scarps analogous to Tertiary slide deposits in 

the Basin-Range province (Longwell, 1951; Krieger, 1977). 

Well-stratifled outflow welded tuff sheets of the Mesozoic volcanic fields 

are not widely exposed in SE Arizona; the only major area of such rocks 

isolated from any apparent caldera is in the Roskruge Mountains (Bikerman, 

1968)i where at least 5 major ash-flow sheets and associated alr-fall ruffs 

are present. Even there, a granodiorite intrusion into the tuffs is coeval in 

age, suggesting a possible source nearby. Areas of stratified intermediate- 

composition lavas, subordinate ash-flow tuff~ and volcanlclastic sedimentary 

rocks, as in the NE Santa Rita Mountains (Finnell, 1971), represent remnants 

of outflow volcanics outside any caldera, from which most outflow ruffs have 

been eroded. More detailed stratigraphic and petrologic study is needed to 

understand the caldera features in SE Arizona and to correlate regional ash- 

flow sheets between mountain ranges. 

Important mineral resources, including several major porphyry Cu systems 

and many smaller mineralized centers, are associated with granitic intrusions 

within Mesozoic calderas or along their margins--especially at Silver Bell, 
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Sierrita, Tombstone, Ajo, and Hillsboro. Other porphyry Cu deposits could be 

present in the roots of" Arizona calderas that are so deeply eroded that only 

precaldera rocks are preserved. The clustering of porphyry Cu deposits in 

Arizona may be partly due to level of erosion, intermediate between the 

base/precious metal veins of a San Juan volcanic field and deeper plutonlc 

mineralization such as tungsten skarns in the Sierra Nevada (Newberry and 

Einaudi, 1981). The close spatial and temporal association of many porphyry 

Cu deposits with caldera-related siliclc magmatlsm in Arizona casts doubt on 

models that associate porphyry Cu deposits exclusively with intermediate- 

composition stratovolcanoes (Sillitoe, 1973; Branch, 1976). Throughout 

southern Arizona, sillcic volcanism and caldera formation closely predate 

porphyry-Cu-related plutons. Intermediate-composition plutons, such as those 

associated with Cu mineralization in Arizona, commonly have been emplaced 

elsewhere within ash-flow calderas or along their margins after collapse and 

reco{d renewed upward movement of less evolved lower parts of the ash-flow 

magma chamber (Lipman, 1984). Porphyry Cu mineralization is closely related 

spatially to caldera-forming magmas, but the petrologic relations and timing 

require more rigorous evaluation. Elsewhere, important mineralization has 

occurred millions of years after caldera collapse, associated with younger 

magmas utilizing caldera structures (Steven and others, 1974). Nevertheless, 

calderas and porphyry Cu mineralization, rather than being antlthetic 

(Sillitoe, 1980), are commonly associated in Arizona and probably in other 

cratonic continental arcs. 
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FIGURES 

Proposed cover photo (color): Chaotic volcanic breccia, interpreted as 

caldera-collapse megabreccla in the Upper Cretaceous Salero Formation. 

Composltlonally diverse blocks, ranging in size up to at least as much as 

several tens of meters across, are surrounded by quartz latltlc welded tuff 

matrix. Block include Upper Cretaceous andeslte, Jurassic welded tuff of the 

Mt Wrlghtson Formation, and Juasslc Squaw Gulch Granite. Cottonwood Creek, 

southwestern Santa Rita Mountains. 

Alternative: Silver Bell Mountains and open pit mines at sunset 

Figure I. Map of southeastern Arizona showing distribution of Upper 

Cretaceous-lower Tertiary (Laramide) igneous rocks discussed in text, and 

associated major Cu porphyry deposits. Modified from Titley (1982) and Kelth 

(1984). Areas of Tertiary and older rocks shown in outline. Ajo, AZ, is west 

of map area; Hillboro, NM, is to the east. 

Figure 2. Generalized geologic maps of areas interpreted as containing 

fragments of Late Cretaceous calderas (most regional structures omitted). 

A. Silver Bell Mountains, Arizona (from Saywer, 1985) 

B. Southern Sierrita Mountains (modified from Cooper, 1973) 

C. Southwest Santa Rita Mountains (modified from Drewes, 1971a) 

D. Tombstone-Charleston area (modified from Gilluly, 1956; Drewes, 1980) 
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EXPLORATION POTENTIAL 
OF THE 

GREATER SILVER BELL AREA 
PIMA COUNTY, ARIZONA 

The main Silver Bell district has produced many million of tons of ore ranging from 0.6% copper 
up to 3.5% copper. Of course, the higher grade was from the early years, 1865-1930, when oxide 
and sulfide ores were mined underground, and from shallow surface workings, in the tactite zones 
in altered limestone, whereas, the bulk of  the tonnage from 1954 has been of the lower grade, large 
tonnage open-pit operations. This production is continuing by mining lower-grade material which 
is placed on dumps, leached, and the copper recovered in a solvent extraction-electro winning 
(SXEW) plant. 

The advent of better equipment, improved control of equipment by the use of GPS, real-time 
monitors on equipment, the rapid turn around on assays, modeling of mineralized blocks, as well 
as the improved SXEW plants, has placed a new face on mining and producing copper from lower 
grade ores. 

Drilled mineral resources, or reserves, are still being found in the Silver Bell district, as 
exploration thoughts are being re-examined. 

The classic curve of the main Silver Bell zone was reported by Richard and Court-right (1966). The 
eastward extension of the alteration-mineralized was mapped and the zone shown to be covered by 
alluvium cover to the east. Drilling of a number of holes through the alluvial cover, indicated that 
the zone continued, but not of  sufficient mineral grade at the time. 

Graybeal (1982) reported on the northern E1 Tiro pits and the north Silver Bell area of alteration- 
mineralization. Graybeal noted that the alteration-mineralization on the north end curved back 
westward before the zone was cut by the northerly-trending Atlas fault. Several drill holes were 
place west of the fault to locate the offset portion, but were unsuccessful. It was then suggested that 
the Atlas fault had considerable displacement, with the west side moving to the south. 

The West Silver Bell Mountains were mapped and alteration-mineralization was noted, suggesting 
better values might be found to the south under alluvial cover. Several holes were drilled, and 
although of  interest, did not return sufficient copper values to continue the exploration. 

Jaba, Inc., took up a position in the West Silver Bell mountains and did geochemical and 
geophysical work, confirming the work of ASARCO, and also drilled several holes, but again did 
not find what was needed at the time. 



Silver Bell.Text Page 2 

Noel McAnulty (1976) wrote an interesting paper on "'Resurgent cauldrons and associated 
mineralization" in which he documented the various styles of mineralization found within and 
around the cauldrons. 

Peter Lipman, and others, (1976,1981, 1984, 1985, 1990, 1993) also was interested in this 
relationship of calderas and mineralization. He suggested that the Silver Bell Mountains was one 
such caldera with the associated mineralization. This later work was also with Sawyer(1986, 1987, 
1989) who completed his PhD dissertation at Silver Bell and proposed the late Cretaceous Silver 
Bell Caldera with its late monzonite porphyries intruding along the margin of the ring zone. 

Sawy~ note, A. the eastern tilt of the units, and that the ring structure on the eastern side would be 
coveredby alluvial material. He also noted that the northeast side of the ring structure would be cut 
offby the west-trending Ragged Top fault. North of the Ragged Top fault, the exposed units do not 
indicate any alteration or mineralization, again suggesting a large strike-slip fault movement has 
occurred along the fault. 

Lipman (1993), shows a total ring around the Silver Bell area, however as noted above, the Atlas 
fault and the Ragged Top fault have cut portions of the caldera ring, and these portions have either 
not been found, or weakly indicated, to date. 

Jaba, Inc., also took up a large land position on the eastern side, where the ring structure may have 
turned northward. The area had been drilled earlier by several companies, with inconclusive results 
at the time. However, Jaba did fmd some alteration-mineralization suggesting the continuation of 
the ring on the east side. 

As the mined open-pits at Silver Bell indicates, they are like "beads along a string", with weak 
mineralization in-between. It may be that the sparse drilling to date has missed such beads, or were 
outside the ring structure. 

What is non-ore today may be ore tomorrow with the advent of the new technology, as being 
practiced at Phelps Dodge's Morenci Mine in eastern Arizona, where rock with 0.1% copper is 
being placed on dumps and leached of their copper content. 

The Waterman Mountains lie south of the Silver Bell Mountains and has be studied by McClymonds 
(1957, 1959). McClyrnonds found the range to be highly broken and units displaced by large strike- 
slip faults. Alteration and mineralization, prospects, and mines, are located in the Waterman 
Mountains. Sparse production has been attained, however, many clues are noted, and re-evaluation 
may be applied to find viable mineralization. 
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Nested calderas are not uncommon (Lipman, et al, 1976), and this may be the case in the greater 
Silver Bell District, ie, Silver Bell Mountains, West Silver Bell Mountains and the Waterman 
Mountains. 

Exploration based on renewed theories, known facts, and improved technology, should be 
encouraged in the greater Silver Bell area. Conservation plans of Pima County should include such 
mineral potential area, as part of the future tax base. 
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The main Silver Bell district has produced many million of  tons of ore ranging from 0.6% copper 
up to 3.5% copper. Of course, the higher grade was from the early years, 1865-1930, when oxide 
and sulfide ores were mined underground, and from shallow surface workings, in the tactite zones 
in altered limestone, whereas, the bulk of the tonnage from 1954 has been of  the lower grade, large 
tonnage open-pit operations. This production is continuing by mining lower-grade material which 
is placed on dumps, leached, and the copper recovered in a solvent extraction-electro winning 
(SXEW) plant. 

The advent of better equipment, improved control of equipment by the use of  GPS, real-time 
monitors on equipment, the rapid turn around on assays, modeling of mineralized blocks, as well 
as the improved SXEW plants, has placed a new face on mining and producing copper from lower 
grade ores. 

Drilled mineral resources, or reserves, are still being found in the Silver Bell district, as 
exploration thoughts are being re-examined. 

The classic curve of the main Silver Bell zone was reported by Richard and Courtright (1966). The 
eastward extension of the alteration-mineralized was mapped and the zone shown to be covered by 
alluvium cover to the east. Drilling of a number of holes through the alluvial cover, indicated that 
the zone continued, but not of  sufficient mineral grade at the time. 

Graybeal (1982) reported on the northem E1 Tiro pits and the north Silver Bell area of  alteration- 
mineralization. Graybeal noted that the alteration-mineralization on the north end curved back 
westward before the zone was cut by the northerly-trending Atlas fault. Several drill holes were 
place west of the fault to locate the offset portion, but were unsuccessful. It was then suggested that 
the Atlas fault had considerable displacement, with the west side moving to the south. 

The West Silver Bell Mountains were mapped and alteration-mineralization was noted, suggesting 
better values might be found to the south under alluvial cover. Several holes were drilled, and 
although of interest, did not return sufficient copper values to continue the exploration. 

Jaba, Inc., took up a position in the West Silver Bell mountains and did geochemical and 
geophysical work, confirming the work of ASARCO, and also drilled several holes, but again did 
not find what was needed at the time. 
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Noel McAnulty (1976) wrote an interesting paper on "Resurgent cauldrons and associated 
mineralization" in which he documented the various styles of mineralization found within and 
around the cauldrons. 

Peter Lipman, and others, (1976,1981, 1984, 1985, 1990, 1993) also was interested in this 
relationship ofcalderas and mineralization. He suggested that the Silver Bell Mountains was one 
such caldera with the associated mineralization. This later work was also with Sawyer(1986, 1987, 
1989) who completed his Phi) dissertation at Silver Bell and proposed the late Cretaceous Silver 
Bell Caldera with its late monzonite porphyries intruding along the margin of the ring zone. 

Sawyer noted the eastern tilt of the units, and that the ring structure on the eastern side would be 
covered by alluvial material. He also noted that the northeast side of the ring structure would be cut 
offby the west-trending Ragged Top fault. North ofthe Ragged Top fault, the exposed units do not 
indicate any alteration or mineralization, again suggesting a large strike-slip fault movement has 
occurred along the fault. 

Lipman (1993), shows a total ring around the Silver Bell area, however as noted above, the Atlas 
fault and the Ragged Top fault have cut portions of the caldera ring, and these portions have either 
not been found, or weakly indicated, to date. 

Jaba, Inc., also took up a large land position on the eastern side, where the ring structure may have 
turned northward. The area had been drilled earlier by several companies, with inconclusive results 
at the time. However, Jaba did fred some alteration-mineralization suggesting the continuation of 
the ring on the east side. 

As the mined open-pits at Silver Bell indicates, they are like "'beads along a string", with weak 
mineralization in-between. It may be that the sparse drilling to date has missed such beads, or were 
outside the ring structure. 

What is non-ore today may be ore tomorrow with the advent of the new technology, as being 
practiced at Phelps Dodge's Morenci Mine in eastern Arizona, where rock with 0.1% copper is 
being placed on dumps and leached of their copper content. 

The Waterman Mountains lie south of the Silver Bell Mountains and has be~tudied by McClymonds 
(1957, 1959). McClymonds found the range to be highly broken and units displaced by large strike- 
slip faults. Alteration and mineralization, prospects, and mines, are located in the Waterman 
Mountains. Sparse production has been attained, however, many clues are noted, and re-evaluation 
may be applied to find viable mineralization. 
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Nested calderas are not uncommon (Lipman, et al, 1976), and this may be the case in the greater 
Silver Bell District, ie, Silver Bell Mountains, West Silver Bell Mountains and the Waterman 
Mountains. 

Exploration based on renewed theories, known facts, and improved technology, should be 
encouraged in the greater Silver Bell area. Conservation plans of  Pima County should include such 
mineral potential area, as part of the future tax base. 



Silver Bell Reference Page 4. 

Reference 

Graybeal, F.T., 1982, Geology of the E1 Tiro Area, pages 48%507,/__n Titley, S.R., Editor, 
Advances in the Geology of the Porphyry Copper Deposits: University of Arizona Press, 
Tucson, 560 pages. 

Lipman, P.W., 1981, Volcano-Tectonic Setting of Tertiary Ore Deposits, Souther Rocky 
Mountains, pages 199-213,/__n Dickerson, William R., and Payne, William D., editors, Relations 
of Tectonics to Ore Deposits in the Southern Cordillera: Arizona Geological Society, Tucson, 
Digest Volume 14, 288 pages. 

Lipman, P.W., 1984, The Roots of Ash Flow Calderas in Western America-Windows Into the 
Tops of Granitic Batholiths: Journal of Geophysical Research, Volume 89, Number B 10, 
pages 8801-8841, September 30 th. 

Lipman, P.W., 1993, Geologic Map of the Tucson Mountain Caldera: U.S.G.S. Map 1-2205, 
2 sheets. 

Lipman, 
Western 
Number 

P.W., et al, 1976, Multiple Ages of Mid-Tertiary Mineralization and Alteration in the 
San Juan Mountain, Colorado: Society of Economic Geology, Bulletin Volume 71, 
3, May, pages 571-588. 

Lipman, P.W., and Fridrich, C.J., 1990, Cretaceous Caldera Systems-Tucson and Sierrita 
Mountains, pages 51-65,/n Gehrels, G.E., and Spencer, J.E., Editors, Geologic Excursions 
Through the Sonoran Desert Region, Arizona and Sonora: Arizona Geological Survey, Tucson, 
Special Paper 7, 202 pages. 

Lipman, P.W., and Sawyer, D.A., 1985, Mesozoic Ash-Flow Caldera Fragments in South 
Western Arizona and their Relation to Porphyry Copper Deposits: Geology, Volume 13, 
pages 652-656. 

McAnulty, Noel, 1976, Resurgent Cauldrons and Associated Mineralization, Trans-Pecos, 
Texas, pages 180-186, in Woodward, L.H. and Northrop, S.A., Editors, Tectonics and Mineral 
Resources of Southwestern North America: New Mexico Geological Society, Sacorro, 
Special Publication Number 6, 218 pages. 

McClymonds, N.E. 1957, Stratigraphy and Structure of the Waterman Mountain, Pima County, 
Arizona: University of Arizona unpublished M.S. thesis, Tucson, 157 pages. 



Silver Bell Reference Page 5 

McClymonds, Neal E., 1959, Paleozoic Stratigraphy of the Waterman Mountains, Pima County, 
Arizona, pages 66-76,/__n Heindl, L.A. Editor, Southern Arizona Guidebook II: Arizona 
Geological Society, Tucson, 303 pages. 

Richard, K., and Courtright, J.H., 1966, Structure and Mineralization at Silver Bell, Arizona, 
pages 158-163,/__n Titley, S.1L, and Hicks, C, Editors, Geology of the Porphyry Copper Deposits: 
University of Arizona Press, Tucson, 287 pages. 

Sawyer, D.A., 1986, Late Cretaceous Caldera Volcanism and Porphyry Copper Deposits, Silver 
Bell Mountains, Southern Arizona (road tog) pages 408-421, in Beatty, B, and Wilkinson, 
P.A.K., Editors, Frontiers in Geology and Ore Deposits of Arizona and the Southwest: Arizona 
Geological Society, Tucson, Digest Number 16, 554 pages. 

Sawyer, D.A., 1987, Late Cretaceous Volcanism and Porphyry Copper Mineralization at Silver 
Bell, Pima County, Arizona--Geology, Petrology, and Geochemistry: Unpublished Ph.D 
Dissertation, University of California, Santa Barbara, 400 pages. 

Sawyer, D.A., 1989, Field Guide to the Late Cretaceous Silver Bell Caldera and Porphyry 
Copper Deposits, pages 127-133,/n Chapin, C.E., and Zidek, Jiri, Editors, Field Excursions to 
Volcanic Terranes in the Western United States, Volume I, Southern Rocky Mountain Region: 
New Mexico Bureau of Mines and Mineral Resources, Socorro, Memoir 46, 486 pages. 



+ ' ~ ,  - %o~ ., 

.~-~ ~ ~ - ~ • 

" ~ '  i ,,+ ," ~ " 

,t 
; '~1 \ -  

:~ ;- ~-.~~!~!. , 

~ ;,~. - ~ - - k - ~  

~ i , " ~ '  . ; °~  ' 

• "- ' + : - ~  ~ "  - ~ " +  : , - : ' ~  :7-: m.~---...-:~. ; .  -; ~- - 

i~. : \ 

k--~ .,. I . 

I :.~ 

%.o.  

y'- i 

L,f  I ,~ - • ~ ,  : 

-~,. .. , , "  

I 

, . ~ -  
\ 

\ 

~ _ ~ .  ~ 

g. ,,, .,._~ 

- Ii 

- -- ...; i .__~:._. 
~ ,.' ,, 

" ~  - ,, - / 
i i  

/ 

:~-__ ..~ p.: ~..,~..~ 
: ~ . ~ . ~  : - . . . . : ; : . -  

. : ~ .~ 

. - -  - t 

/ 

~.: . ,  _ , ~  
, - -  ' ,  

I 

. . . . . .  7 ,. / 

. _ s  ~ , ~  
' ) ,~..:-,,.:.~. -~.~ 

,.' ?: : -  ~5 " . 

• .- , ' L : . /  " ' .  ~ht~: 

_.., ..._# fl., 
~.~ - -";""~t"~ . ~ /  :::'~ '; L";[,' 

/ 

. : " i " "  : -  ~ . ,  

= + -  

&I t 

.+: +~--.-~ 

"I " -"V 

x , t ,  / ~ 

"-,-., .i?. ~',~ I 

- -"  i 

.~- ~ ... 

" --~ ::k:- .-?,R.9- " - :,_.~--~:- ~ ~ 

- .;--~:. ~';- \,- ~ - \- _...Y~_~:~.~,,~ .-~', :-, 

:v, 

" + "'k ~.:.,. ,~ :.. 

"--~ ~--~ . .... ~:i :.-"~,~- .... 

~, ~:.-,,!. .o--~ x I . , 

" - ~ ~ -  \ <  _ ~  ~ I 

,, " ' "  \ '~ ~ ; ' < 1 , : '  ~ Y '  ~ . .~  . . . .  ~ 

. ~ . ,~ ~ ' ~  \ " ~ "  I ~ ~ ~ ~ " : " ~  

Z ; ~  ~ ~ ~" "..~ I ~ . %--,V i -  - d '~-"  I ~.. ~ _ -~ . -~. ,.! ,,~:. "-.. ~ ..- ,. 
~-S-" "~', ~ . I ~- . . . .  ~ ~-". : • " -~ '. 

, : ~j " " = ~ ,  % 

' - " = C - - "  . : ~ -  - - " " 

• ~: .,.. ~.  ;~ '  t ~ - ~  ~ " l '  ~ -=~,~-'~ ~ . ~ ' / ' x  • ;" 

~.." I..f~t ~ x 



r~  ~ r  

& . ~  ,,,,, 

I 

from Banks and Dockter,1976 
L 

Galey,1876 
8awyer,unpubl. 

.5 km \ 

\ 

Tv 

GEOLOGIC MAP 
SILVER BELL AREA 

--:\ 
\ 

\ 

---.~ 
I TUCSON 



/ /  / ~ Lipman,1983 

0 10 km 
t ,  ! 

GEOLOGIC CROSS-SECTION SILVER BELL 

E 
W 

El Tiro 

J 

, ~ '  ~ . ~ ~ : ~  , .  . , ~ - . 

after GRAYBEAL,1982 

2 km 

a 



Southwestern Exploration Div is ion 

June 17, 1552 

Dave Skidmore 
Tucson Office 

Bill Rehrig 
Applied Geologic Studies, Inc. 
2875 West Oxford, Suite #3 
Englewood, CO 80110 

Here is Dr. Rehrig's name, company, address, city, state, zip and phone 
303/761-5624. 

I have called Rehrig's office and they should send a brochure. 

Rehrig believes he could do you a great job on interpretation of the 
structure of the greater Silver Bell area with special interest in the 
North Silver Bell area. This to help evaluate and guide pit designs, 
railings/leach pile substrates, etc. by analysis of the fracture 
pattern, density, orientation, mineral/gangue content, et al. 

Two-Three month program, +-$IOK expenditure. 

Should you have any thoughts that need answers/suggestions, then 
Rehrig says to call him and he'd be pleased to chat about the problem/ 
solution. 

JDS:mek /~James D. Sell 

cc: W.L. Kurtz 




