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INTRODUCTION 

COMPARISON OF NASA THEMATIC  MAPPER IMAGES OF THE SAFFORD DISTRICT 

WITH EXPOSED ALTERATION HALOES AT THE PHELPS DODGE DOS POBRES 

AND KENNECOTT LONE STAR DEPOSITS 

The purpose  of this f ield trip is to allow the par ticipants to examine images derived from an aer ia l 

mul tispec tral scanner designed to s imulate the Thematic Mapper to be  includ ed on the future Landsat D 

satelli te. The partic ipants can ground check the images to judge for thems elves the effec tiveness of the 

new spec tral bands at 1 . 6  and 2. 2 microns and of the dig i tal process ing o f  the da ta. 

The f irs t par t  of this guide r eviews the Geosat/NASA/JPL Thematic Mapper s imulator da ta per taining 

to the expos ed al tera tion haloes of the Kenneco tt and Dos Pobr es deposi ts. Only the mineralogical as pec ts 

of the remo te sens ing are d iscuss ed here. 

GENERAL DESCRIPTION OF THE TEST S ITE 

The Safford tes t s i te is loca ted in Graham County , southeas t Ari zona . Major access to the region is 

provided by US Highway 70 from the nor thwes t ,  and Interstate  Highway 1 0  and US Highway 666 from the sou th 

and wes t. Thes e highways intersec t  a t  the town of Saf ford , about 1 0  miles southwest  of the mining dis

tric t ( f igures 1 and 2 ) .  

The d eposi ts s tud i ed are in the Saf ford ( o r  Lone S tar) d is trict  on the southwes t flank o f  the Gila 

Mountains , one of  several nor thwes terly-tr ending ranges charac teris tic of  the Basin and Range phys iographic 

provinc e of sou theas tern Arizona. This range is on the eas tern s ide of  the Moun tain Reg ion or Mex ican 

Highlands tha t s epara tes the Colorado Plateaus provinc e f rom the Sonoran Des er t ( Robinson and Cook,  1966). 
The area has one major drainage area , the Gila River , which runs from a sou theas terly to a nor thwes terly 

dir ec tion ; Boni ta Creek drains the nor th par t of the area and f lows into the Gila River nor theas t of 

Saf ford. S everal s tr eams flow intermit ten tly from the Gila Mountains in a sou thwes t direc tion and jo in 

the.Gila River. 

Four s eparate porphyry copper d epo s i ts occur wi thin a narrow nor thwes t-trend ing belt  along the sou th

wes tern f lank of the Gila Mountains. From the nor thwes t to sou theas t these  are the Dos Pobres orebody , 



opera ted by Phelps Dodg e ;  the San Juan o pen pit  opera tion leased by the Phalen Oil Company; the Saf ford 

depos i t  opera ted by Kenneco t t ;  and the Sanchez deposit  held by Inspira tion Copper . 

GEOLOGIC HISTORY 

1. Stratigraphic Evolutio n.  Exc ep t for small xenoliths o f  Precambrian quar t z i te and Pleis toc ene

Recent deposi ts , the geologic column of the distric t cons ists o f  extrusive and intrusive igneous rocks . 

Table 1 ,  modif ied after Langton and Williams ( 1 982),  summarizes the geologic his tory of  the region . The 

older Safford metavolcanic ser ies, in which the four separa te  porphyry copper deposits occur, consists 

of dark gray massive porphyritic andesite  and f ine- textured flow breccia with intercala ted tuff beds . 

Thes e older Safford volcanics are overlain unconformably by the intermed iate Baboon me tavolcanic 

s eries consis ting of daci te, andesite, latite, flow breccia and tuf f . 

2 

The younger Gila Mountain volcanic series, consisting of  basalt f lows, tuff, and agglomerate, discon

formably overlies the intermedia te Baboon volcanic series . The premineral Saf ford metavolcanic rocks have 

been intruded by the Lone S tar quar tz-diorite  plu ton, a representative of the underlying parental magma 

from which the metavolcanics were derived . The dis seminated copper mineralization is assoc iated wi th 

s tocks o f  quartz  monzoni te porphyry, exposed at the San Juan, Sanchez, and Dos Pobres depos its and en

countered a t  depth at the Kennecott  deposi t .  

The andesite and comagma tic quar tz  diorite plutons have b een cut by la tite and quar t z  latite d ikes in 

nor theast- tr ending swarms . By P .  Dunn ' s  ( 19 7 8) interpreta tion, the la tite  dikes are rela ted to the quar tz 

diorite, and the quar tz  latite d ikes are related to the mineralizing quartz monzonite por phyry s tocks . 

A large near-ver t ical pipe o f  mineralized tuf f is par t ially exposed near the center of  the Kenneco tt  

depo s i t .  Gently dipping b eds sugges t a collapse origin b y  r emoval of  magma a t  depth ( P .  Dunn, 19 78) .  

The pos tmineral volcanic rocks o f  the dis tric t can b e  d ivided into three units : upper Eocene horn

blends andesite dikes, s ills  and plugs ; Miocene-Pliocene siliceous tuf f s, rhyolite and agglomera tes ; and 

late Pliocene basal t f lows and interbedded tuf f s .  

2. Structural Evolution. Analogous t o  the Morenci-Me tcalf  d is tric t  3 2  km to the nor theas t, the 

major fau l t  zones s tr ike N-S , ENE-WSW, and NW-SE.  The nor thwes t  faul ts are  parallel to the elonga ted 

regional s truc tural b el t, conceivably par t of an older right-lateral sys tem .  Elongation o f  the premineral 
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ou tcro p belt and irregular alignmen t of quartz monzonite porphyry s tocks wi thin the d is trict are bo th 

though t to be a reflec tion of the same reg ional s tructures that controlled the nor thwest-trend ing faul ts. 

The mos t  prominent s truc tural features at  the porphyry deposits  are northea s t  to eas t-northeas t 

mineralized fractures and d ikes . At leas t s ix major nor theas t-s triking fau l ts cu t the premineral andes ite : 

the Lone S tar , Trojan , Weber Peak , Dry Canyon , Solomon Pas s , Walnut Springs , and Hackberry faults (P. Dunn , 

197 8) .  The nor theas terly faults apparently controlled the present  loca tion of  the porphyry copper deposi ts. 

Copper minerali zation along the Lone S tar , At Eas e ,  and Hackberry faul ts indicates their early exis tenc e. 

The apparen tly comagmatic produc tive quar t z  monzoni te s tocks at  the four porphyry copper depos i ts seem to 

have been d is placed ver tically 500 to 750  meters by early Ter tiary movements  along these northeas ter ly 

faults (see  figure 4 ) . These  nor thea s t  frac tures and fau l ts are a regional feature cornmon in many 

of  the Laramid e s tocks in Ari zona ( Rehrig and Heidric k ,  197 2 ) . 

Nor thwes t-southea s t  en echelon faults are the mos t pronounced fea tures in the d is tric t .  Reac tivat ion 

by gravity movemen t s ince Miocene time has o f f set the Butte  faul t approximately 1 , 000 meters ver tically. 

Pos tmineral ver tical displacement on the o ther nor thwes t-s triking faul ts is no more than 100 meters. The 

displacement of marker units within the volcanic units indica tes tha t these faul ts were reactiva ted dur ing 

the pos tmineral volcanism ( see cross s ec t ions , f igure 4 ) . 

LANDSAT-D THEMATIC MAPPER APPLICATION TO PORPHYRY COPPER EXPLORATION 

(Part of the following description o f  the Geosat/NASA/JPL evaluat ion of the Thema tic Mapper tes t 

cases was ex trac ted verba tum f rom Abrams , M. , D. Brown , L. Lepley , and R. Sadowski ( 1982) , at tached as an 

append ix to this Field Guid e . )  

1. Introduction. Lands a t  data have been used for a number of  years in arid to semi-arid environments 

to locate areas of  iron oxide occurrences which migh t be  associated with hydrothermal al terat ion zones. 

Pioneering work by Rowan and his coworkers in 197 4  clearly demons trated the utility of  compu ter processing 

of Landsat  data to locate  al teration zones in Nevada associated with prec ious me tal deposits . However , 

i!op oxides have a wide range of  occurrences of ten unrela ted to al teration phenomena ; these include sed i

mentary r edbeds , volcanic rocks , weathered alluvium , etc . In add ition there are areas of  al tera tion which 

are iron-oxid e free ,  such as  advanced argillic , s ilicic , and solfataric al terations . These areas are 



characterized by the pres ence of  hydrous minerals, such as kao lini te, aluni te, and seric i te. The spec

tral information provided by the current Landsats does no t allow detection of these areas, and fails to 

distinguish many unal tered areas from altered areas. Ano ther drawback of the Landsat is i ts rela tively 

poor spatial resolut ion ( 80 m) which preven ts recogni tion o f  modera te to small f eatures and ou tcrops 

which might be of cri tical importance. 

6 

The fourth Landsa t ,  s cheduled to b e  launched in July , 1 982 will carry a new-genera tion mul tispec tral 

scanner called the Thematic Mapper ( TM) . This ins trumen t  will have 7 channels to provide data wi th 30 m 

spatial resolut ion ( Table 1 ) . 

TABLE 1 .  S PECTRAL BANDS O F  LANDSAT MSS AND LANDSAT-D TM 

Landsa t  MSS Landsat-D TM 

Band Wavelength Band Wavelength 

4 0 . 5-0 . 6 1 0 . 46-0 . 50 
5 0 . 6-0 . 7 2 0 . 52-0 . 60 
6 0 . 7-0 . 8  3 0 . 63-0 . 69 
7 0 . 8- 1 . 1  4 0 . 7 6-0 . 90 

5 1 . 55-1 . 7 5  
6 2 . 08-2 . 36 
7 1 0 . 80- 1 2 . 50 

Two of  the spec tral channels ( 1 . 6  �m and 2 . 2  �m) are loca ted in waveleng th regions which should allow 

detec tion o f  hydrous mineral$ as well as iron oxides, using data from the o ther bands. 

To examine the applications of Landsat-D TM data for copper explora tion, Landsa t da ta were compared 

with s imulated TM data acquired using an aircraft  scanner ins trument. Three porphyry copper depos its in 

Arizona were selec ted for inves tigation: Silver Bell , Saf ford, and Helve tia. These sites present  a range 

of copper occurrences in semi-arid environmen ts , with different hos t  rocks, levels of erosion, and s tages 

of d evelopment. Bo th sedimentary and igneous terrains are represen ted ; the varying levels of erosion pro

vide exposures of alterat ion phenomena from the mos t  intense po tassic to regional propYli t ic. 

2. AnaZysis of Landsat MSS Data. Landsat  data provided some information on alterat ion at all three 

si tes. Using a color ra tio compos i te of band ratios 4/ 5 ,  5 / 6 ,  and 6 / 7  areas with iron oxides pres ent at  

the surface were identifiable at  all s i tes. These areas includ e bo th al tered rocks and iron-rich unaltered 



rocks . At Silver Bell, iron oxides associated with the phyllic al teration zone along the Silver Bell 

fault zone were identifiabl e .  Other , unal tered areas have a similar appearance o n  the images , includ

ing sedimentary redbeds and limonitic Precambrian grani tes . A few rock types were separab le , but the 

limited spatial and spec tral resolution made discrimina tion of many rock types impossible.  At  Saf ford , 

iron oxide areas associat ed with two copper deposits were identifiab le ;  additional areas of iron oxide 

corresponding to weathered alluvium and gravels appeared similar . At Helvetia , al tered hema ti tic arkose 

was discernible  as were areas of unal tered volcanic sediments . Again , the poor spa tial and spectral 

resolution provided only limited geologic informa tion . 
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3. Analysis of Field Spectral Data . In order to examine the expec ted improvemen t provid ed by the 

Landsat-D TM spec tral data , field reflec tance measurements were obtained using JPL's Por table Field Re

flec tance Spec trome ter ( PFRS) at the three test  sites . Most of the maj or rock types at the si tes were 

measured in the wavelength r egion of 0 . 45 to 2 . 45 �m . S tatist�cal analyses of  the spec tra wer e performed 

using a s tepwise linear discriminan t analysis program.  The program was provided groups of  rock spec tra , 

and various wavelength r egions from the PFRS data simulating several scanners. The program determined. the 

op timal linear combination o f  the wavelength variables to separate the rock- type groups . 

In a comparison o f  the separability o f  groups from each of  the test sites for Landsa t MSS and simu

lated Landsa t-D TM data , the TM data provided an increase of  about 20%.in correc t ly iden tified sampled 

rock groups. in all three tes t sites . 

For r etrospec tive verifica tion and explana tion of  spectral anomalies mapped by the TM simulator air

cra f t  scanner , laboratory reflec tance spectra and XRD analyses were ob tained from rock samples co llected 

at the sites of  these anomalies. The resul ts o f  these analyses are discussed below under Saf ford Test Site.  

4.  Thematic Mapper Simulator Aircraft Data . Thema tic Mapper data were ob tained with NASA ' s  NS-00 1 

TM simulator aircraf t s canner . Data were obtained from an al titude of 5 km, producing a 1 0  km swa th wid th 

with a resolution of about 1 2  m. This scanner has the same 7 bands as the TM, and an additional band at  

1 . 0- 1 . 3  �. 
In o rd er to examine d etec tion of hydro thermal al tera tion , a color ratio composite was produced for 

each o f  the three sites u sing TM band ratios 3 / 2  ( 0 . 66 �m/ 0 . 5 6 �) , 4 / 5 ,  and 5 / 6  (1 . 6  �m/ 2 . 2  �m) . These 

par ticular ratios were chosen to enhance the presence of iron oxide minerals and hydrous minerals . The 



3/2 ra tio will  be high for iron oxides due to the fall off in ref lec tance towards the ul traviole t .  

Hydrous minerals will have a high 5 / 6  value due to the absorp tion band near 2 . 2  �m caused by OH-. This 

particular combination was shown to b e  effective for discriminating hydro thermal al tera tion of an epi

thermal precious metal d eposit in Nevada . 
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At Silver Bel l ,  the phyllic alteration zone was clearly d elineated . Comparison wi th an al terat ion 

map produced from mon ths of field and labora tory work showed a nearly perfec t correlation . This zone was 

dis tinguishabl e  due to spec tral features o f  the mineralogical constituents . Iron oxides ( goethite , hema

tite) developed on the surface from oxidation of  hydrothermal pyrite ,  and kaolini te and serici te produced 

from alteration of f eldspars, have diagnos tic and strong absorption f eatures in the TM waveleng th bands . 

Sedimentary redbeds and o ther ferruginous , una ltered rocks were dis tinguishable f rom al tered rocks due to 

their lack of  hydrous minerals . 

At Safford , sericitic alteration associa ted with the copper deposits showed up clearly for the same 

reasons as a t  Silver Bel l .  The alterated rocks were a quart z  monzonite intrusiv e ,  and rhyolitic dikes 

along a shear zone . At Helvetia , a large hematitic area eas t of the ore body was visible .  This area has 

pervasive hemati te d eveloped f rom oxidation of hydro thermal pyrite . Argillic al teration was discernible 

over an outcrop of the mineralizing quar tz  latite porphyry . 

The NS-00 1 TM data were also processed using stepwise linear discriminan t func tion analysis . The 

ground spec tral reflec tance measurements provided the training sets to calcula te the op timal linear combin

ation of wavelength bands to separa te the rock groups examined . 

For Silver Bel l ,  analysis o f  the images produced from the new linear combinations indicated tha t all the 

mapped geologic units could be dis tinguished . In addi tion , some of the mapped units appear ed in dif ferent 

colors , corresponding to phyllic and propylitic al teration , and unal tered rocks . These data were degraded 

to the Landsat-D resolution of 30 m; lit tle informa tion was lost compared to the original 1 2  m data . 

Maj or dikes were visib l e ,  allowing struc tural informa tion to be extrac ted ; all outcrops were separable .  

Similar processing was per formed on  the Safford and Helve tia data , with equally successful results.  

A� Eelve tia, unaltered limes tones were s eparable f rom altered limestones (marbles) rela ted to skarn de

velopment .  The overall improvement compared to curren t Landsat data was striking .  



9 

RATIONALE FOR SELECTION OF THE SAFFORD S ITE 

The Safford ( Lone S tar) distric t was chosen because it contains three known deeply bur ied prophyry 

copper deposits . Only minor outcrops o f  the mineralizing intrusives show at  the surface , and surface 

alteration is mainly limited to the outer zones of a typical porphyry copper deposi t .  The center o f  one 

deposi t ,  Kenneco t t ' s  Safford deposit , is covered by a pos tmineral lava f low. Ano ther deposi t ,  Dos Pobres , 

is no t only deeply buried , but is split by a normal faul t .  The down-faulted block is now covered by sev

eral hundred meters o f  alluvium . Extensive postmineral volcanic rocks cover the Kenneco tt  deposit . In 

contrast to the well-exposed Silver Bell sit e ,  only the outer fringes o f  the al teration associated with 

the buried deposits are exposed . This represents the present real-world situation in explorat ion for con

cealed deposits .  

Vegeta tion cover and cul tural disturbances are minimal .  Access to one o f  the deposits and unpubl ished 

maps and r epor ts were mad e  available by Phelps Dodge Corp . , a Geosat member . Published informat ion on the 

distr i c t  and on the Kennecot t  deposit  shows tha t  the area has been well studied and contains typical por

phyry copper deposi ts (Dunn , 1 9 7 8 ;  Robinson and Cook , 1 9 66 . )  

S ITE-SPECIFIC OBJECTIVES 

The overall obj ective of the Safford test site  study is to assess the usefulness of a number of 

remo te sensing systems as mapping tools in a known porphyry copper environment .  The various imaging 

systems , alone and in combina tion with each o ther , have been evaluated in their ability to remo tely dis

criminate the maj or rock types , al teration pa t terns , and struc tural elements associated with prophyry 

copper mineraliza tion of several maj or deposits . The maj or observable features include : 

1 .  Phyllic Alteration: definition of  the phyllic  alteration tha t represen ts the outer zones 

of  the known buried d eposits in the dis tric t .  

2 .  Peripheral Al teration: identification of  alteration areas associated wi th hydro thermal 

ac tivity in o ther par ts o f  the distric t .  

3 .  Rock Types: discrimination of  the main lithologies in the area , based o n  their ind ivid

ual spectral characteristics. 

4.  S tructural Features: identification of maj or struc tural elements , including regional 



nor thwest faul ts (But t e ,  Valley , etc . ) , transverse faults ,  and ENE prophyry dike swarms . 

REMOTE SENS ING MODEL 

The primary part of  our remo t e  sensing model is the spectral modeling features expec ted to be ob-
2 

servabl e  through images ob tained from three scanner devices including ( 1 )  Landsa t 4-channel MSS ,  (2 )  M S 

lI-channel scanner , and ( 3 )  Landsa t-D Thematic Mapper as simulated by the NS-OOI scanner . An idealized , 

synthe tic, 3 0-channel array was also evalua ted from a theoretical point  of  view. 
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For comparison ,  a pho togeologic model based on conventional color aerial pho tography is also con

sidered . This model is limited by the by the availability o f  only three broad spectral bands available 

to color film and to the human eye . However , more tex tural , morphological , and o ther spa tial informa tion 

is availabl e  from the high spatial resolution o f  pho tographic film.  

1. Ore Zones. The ore zones are  no t exposed in the Dos Pobres and Kennecott  deposits . However , the 

mineralizing intrusions, the struc tures control ling the locus of intrusions and the mineral emplacement ,  

and the intermedia te and outer al teration zones are par tially exposed . 

2. High-Pyrite Zones. The "pyrite halo" a t  the Kennecott  site consists o f  that por tion of  the main 

al teration zone outside of  the main ore deposits . The pyritic zones are charac terized by low copper con

centrations , high pyrite/copper sulfide ratios , and relative abundances of  j arositic limoni te . 

The presence of  sericite and clay minerals in the pyritic zone tends to produce an overall lighter 

tone in contrast wi th the darker tones of surrounding fresh rocks . A diagnostic brick-red or yel lowish

brown color is charac teristic o f  the capping produced by oxidation of copper-poor sulfides . 

3. PhyZZic/ArgiZZic AZteration. Phyllic and argillic alteration generally coincide with the pyritic 

zone , the general charac teristics of which have already been summarized . In addition to the indirect 

tonal and geomorphic f eatures , the main alteration minerals--sericite , clays , and limonite--can be detec ted 

directly by their diagnostic spectral absorption bands . The iron and hydroxyl absorp tion bands make phyl

lic and argillic al teration highly visib le on both Landsat and aircraf t imagery . 

4. PropyZitic AZteration. Areas of propylitic altera tion should have an overall light tone and a 

pale greenish tint in the visible region of  the spectrum , due to the presence o f  minerals such as albite , 

epidote , and chlori te . Also, the presence of  smal l  amounts o f  limonite from the oxidation of pyrite 



should b e  detectable on Landsat and aircraft imagery . The Mesozoic andesite host rocks are pervasively 

propylitical ly altered by autometamorphism . The obj ective of the model , therefore , was to discrimina te 

between propylitic and phyllic alteration .  The propylitic zones would show less absorp tion in iron and 

hydrozyl bands . 

5. PZugs� Dikes� and Tuffs. Eocene rhyolite , quar tz  latite , latite , and daci te plugs , dikes , and 

associated tuffs are exposed a t  the Kenneco t t  proper ty and nor th of the Phelps Dodge orebody . Some of 

these outcrops are hundreds of me ters in length and wid th and should be visible against the andesitic 

Cre taceous-Paleocene metavolcanics . 
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6. Productive Porphyries. Paleocene-Eocene productive quartz monzoni te , tonali te , and granodiorite 

porphyries are exposed at or near Dos Pobres ,  S an Juan , and Kenneco t t .  These generally contain abundant 

sericite and iron oxide and thus should be discernable with Thematic Mapper spectral bands . 

7. Structural Features . Mineralization was con trolled by nor theast to east-nor theast faul ting that 

also controlled the emplacement of the produc tive porphyry stocks and dikes. The dike swarms and mineral

ized frac tures and chemical zones were difficul t  to map by conventional me thods because of the lack of 

marker units in the andesite.  Because phyllic al teration follows these nor theasterly struc tures , they 

should be mappable by their spectral contrast wherever the al teration zones are wider than the 10 meter 

resolution of the scanner . 

The postmineral northwesterly Butte ( Foo thills) faul t  should be mappable from all sensors because it 

is marked by the contact between Ter tiary alluvium against Mesozoic metavolcanics.  

DATA S OURCES AND INTERPRETATION METHODS 

1. Remote Sensing Data. Remo te sensing data acquired for the Safford test site included aircraft 

radar , Landsat imagery , aircraft multispectral scanner data , and color aerial pho tography . This Field 

Guide discusses data from the NS-OOI Thematic Mapper simulator acquired over Safford by NASA aircraft 

from Johnson Space Flight Center in October , 1 9 7 8 .  

The NS-00 1 (TMS) scanner coverage consists o f  a west-northwest-oriented swa th 3 0  x 1 1  km in size wi th 

an IFOV (instantaneous field of view) of 1 2  meters . Due to a brief malfunc tion of the NS-OOI scanner , a 

1 . 6-km-wide strip of data is missing from that swath . The missing 1 . 6  x 1 1  km strip is unfortunately 



centered over the San Juan mine , so the remote sensing model was no t tes ted over tha t area . The 

II-channel data were acquired at a slightly higher altitude than the TMS data , and cover a nor thwest

oriented swath o f  20  x 45 km with an IFOV of  1 5  m .  
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2. Support Data . Ancillary data used in the interpretation of  the Safford images inc ludes geologi

cal and geophysical information from both published and unpublished sources . De tailed geologic data on 

the Dos Pobres deposit and the surrounding area are provided by an unpublished Phelps Dodge geologic map 

at a scale of approximately 1: 4 , 800 . This map shows fine s truc tural and lithologic details , inc luding 

the loca tion of the eas t-nor theas t mineralized shear zones , the Trans-Butte  fault , the Dos Pobres anti

cline , the Red Dike fault zone , the contac t between Cre taceous-Paleocene me tavolcanic hos t  rock and the 

nonmineralized Eocene Baboon metavolcanics ,  and mos t importantly the small ( 2 5  x 75 m) heavily al tered 

Paleocene "produc tive" porphyry outcrop s .  This map was accompanied b y  a n  unpublished Phelps Dodge 

geologic repor t by J .  M. Langton and S .  A.  Williams that has only now b ecome available in published form 

(Titley , 1 982).  

The principal de tailed geologic data for the entire Saf ford dis tric t was provided by three pub lished 

1 : 24 , 000 scale maps released by Bear Creek Mining Co . (Kenneco t t  Corp . ) .  These maps , compiled by Annan 

Cook in the early 1 9 60 ' s , include an alteration map , a geologic map , and a s tructure map . These maps  showed 

the mineralized and al tered eas t-nor theast  shear zones and productive porphyry dikes , the me tavo lcanic 

hos t  rocks , the Lone S tar parent  p lu ton , and the outline of the phyllic al teration zone . 

I t  is impor tant to note tha t  these Kennecot t  maps  were compiled many years before the Geosat Test 

Case s tudies , but were no t released until January , 1 980 , several months af ter the mul tiscanner data were 

processed by JPL to produce the images that we evalua ted . The digital da ta processing was comple ted with

out recourse to that Kenneco t t  support  data , which inc luded the only dis tric t-wide altera tion maps o f  

appropriate scale and detail . The timing o f  the release for tuitously provided us with a double-blind ex

periment wherein we a ttempted to recreate from remo te-sensing data unseen maps  produced by conventional 

techniques . 

-' Published information includes a small-scale ( 1: 1 50 , 000) geologic map of  the Safford (Lone S tar) dis

tric t by P .  C. Dunn ( 19 7 8) .  Geologic cross sec tions in the literature are: Saf ford deposit by Robinson 

and Cook ( 1966) , the Dos Pobres deposit by Langton and Williams ( 1 982) , and o ther par ts of the district 



by P .  C .  Dunn ( 1 9 78) . Geochemical , mineraliza tion , and geophysical maps of  the Safford deposit are 

shown in Robinson and Cook ( 1 966) . A distric t geochemical map is shown in Horsnail ( 19 7 8 ) .  

3. Proaedu�es fo� Inte�p�etation and Comp�ison o f  Data . Interpretation of  the Safford data pro

ceeded in four steps : 1 .  Visual comparison between images and support data , primarily through the use 

of overlays ; 2. Ground checking , collec tion of  samples at  the site to substantia te any in terpre tive 

conclusions , and to determine the cause o f  any unusual fea tures ; 3 .  Laboratory spectral 

reflec tance and x-ray dif fraction analysis of the samples ; and 4 .  Fur ther visual comparisons and inte

gration with laboratory and ground spectral data . 
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The boundaries o f  dis tinc tive spec tral f eatures were traced onto mylar from the various images , and 

the individual areas were classified and labelled according to similar spectral charac teristics. Maps 

wi th suppor ting geological data were then p laced on top of the appropriate images and compared with the 

in terpreted overlays by the quick-f lip technique . We used direct superposition of mapped geology and 

al teration on the color image produc ts and the dif f erent image products on each o ther . We could compare 

lithologic and al tera tion separations and d educe qualitative image spec tral signatures by internally com

paring the image data suites themselves and externally comparing these with theore tical and measured 

spec tra , x-ray dif fraction results , field identification , and the support maps . 

IMAGE PROCESS ING 

The following section on image processing was extrac ted verba tum from the excellent NASA report  by 

Podwysocki ,  Gunther , and B lodget ( 1 9 7 7 ) .  

" 1. Cont�ast Enhanaements. One of  the more elementary processing techniques involves a contrast 

stretch of the raw digital information.  Usually , the raw data received from a digital sensor system oc

cupy a relatively small  por tion of the designed range for the system. These raw values can be stretched 

or expanded over the total dynamic range of a film processor by a digital scaling of the untreated data 

(figure 22) . The resultan t  image contains information occupying the to tal range of  film densities so 

tha� originally low-contras t images are made more contrasting . Various types of contrast s tre tches are 

available , requiring some j udgemen t  so that the most useful image is produced (Elston , 1 97 6 ) . Contrast 

enhancements of individual scanner channels  may be  combined to produce an enhanced color composite. 
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" Contrast enhancement o f  the raw mul t ispec tral data is advan tageous for general interpre tation but may 

no t make use of  all possible information tha t  exists wi thin a scene . Because i t  is only possible to com

bine any three bands with the primary colors to produce a color composi te image , some informa tion tha t may 

be crucial is lost and o ther informa tion that may be redundant is included . 

" Contrast  enhancements may b e  applied to the raw data and almost invar iably must be applied to data 

processed by the following procedures in order to make an interpretable image . 

"2. Banding Ratioing. Banding ratioing has been shown to be a useful tool for mapp ing geological 

uni ts ( Rowan et  a l . , 1 97 4) .  A ratio can be  thought of  as a method for enhancing minor differences between 

two bands (see f igures 20 and 2 1). In add i tion , dif ferences in illumination due to topographic slope 

changes are minimized . 

" Band ratioing also can be  used as a me thod for dimensionality r educt ion . Up to six spectral bands 

may be combined into three ratios . Although no t all rock types may be enhanced in any given comb inat ion , 

it  is a useful product for reconnaissance , especially if  there is a sp ecif ic reason for the ratio choices 

( Rowan e t  a l . , 1 9 7 4 ; B lodget e t  al . , 1 9 7 5).  The resultant ratio image may be  used to define training areas 

required for more rigorous enhancement procedures . 

"If  the band ra tioing process is used as a general technique in an at temp t to discriminate all poss

ible li thologic uni ts , the number of  ratios is given by the formula : N(N - 1 ) ,  where N = number of chan

nels . This amounts to 1 2  ratios for the Landsat satellite MSS ,  or six if their inverse permutat ions are 

d isregarded . The possible unique ways that a g iven number of bands can be comb ined in groups of three for �(N - 1� ! 
color composites is g iven in the formula: 3!(N(N _ 

1) 
_ �! 

where N = number of  channels . Using the four 

Landsa t bands as an example , t his produces 20 possible ratio combinat ions without the use of inverse per

mutations , or 220 if they are inc luded . B ecause the human eye can discr imina te some color comb ina tions 

more readily than o thers , each ratio composite should be investigated in several color comb inat ions . M! 

color combinations are possible , where M = 
3, the three primary colors . Therefore , the previously men

t ioned ratio combinations could be increased six-fold if all possible color combinat ions were applied . 

I t_i� obvious that this information-extraction process quickly becomes unmanageable and inefficien t .  In 

addition , many of the combinations are probably redundant .  

"3. Principal Components Analysis. Principal components analysis has been u tilized in statistical 



processing o f  data for a considerable time and is well  illustra ted in numerous texts . Variations o f  

this technique have been applied t o  image processing .  The method produces new variab les (components) , 

which are linear combinations of  the original variables ; each component con tains uncorrelated informa

tion.  The process is useful because it u tilizes all the data , requires no prior information and often 

reduces the dimensionality o f  the data so that the information may be displayed as an image in a color 

composite  f orm. However, areas with bad data (dropout lines , bit slips) , clouds , bodies of water , etc . 

may be excluded to force emphasis on the land surface.  
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IIIn a geometric sense,  principal component analysis fits a new se t of  coordinate axes to the data , 

choosing as the fir s t  new axis or componen t an orientation that wil l  maximize the variance accounted for 

by that axis ( figure 23) . A p rac tical example using data from a portion of a Landsat image of Utah shows 

the variance-covariance matrix ( Tab le 2) , the eigenvalues ( Table 3) , and the transformation ma trix 

Tab le 4) .  

TABLE 2 .  Variance-Covariance Matrix for a Portion o f  a Landsat Image 

M� 4 5 6 

4 125.50 
5 153.8 222.90 
6 122.3 183.9 165.60 
7 46 . 96 73.19 68.87 
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31.34 

Variance-Covariance Matrix for the Waterpocket Fold scene ( 1 01 4- 1 7 3 7 0 ) . Values along the main diago-
nal of the matrix ( trace) contain the variances for each MSS channel .  MSS 5 has the greates t variability , 
followed by MSS 6, MSS 4 ,  and leas t of  all MSS 7 .  Values o f f  the trace are the covariances ; their non
zero values indicate an inter-relationship of band s .  The to tal scene variance is given by the sum of  
the values along the trace.  

IIBased on the results o f  the two illustrated scenes and others that have been processed , the follow

ing·.generalizations can be made .  Principal component analysis is a useful technique for discriminating 

rock and soil types if lit tle prior information is available .  All  bands are  processed rather than 

selected channels as in straight contrast  enhancement or band ratioing . The data are dimensionally 



TABLE 3. Eigenvalue Matrix af ter Principal Components Transforma tion for the Ma trix in Tab le 3 

Component 1 2 3 4 

1 512.48 
2 0.0 25.20 
3 0.0 0.0 6.23 
4 0.0 0.0 0.0 1.43 

% Variance Accounted 93.98 4.62 1.14 0.26 for by Each Component 
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Values along the matrix trace are arranged in descending order . Total scene variance remains the same as 
in Table 3. The majority o f  the variance (93.98%) is now located in the first component with successively 
less in the higher numbered components. Off-trace values are now zero , indicating no in ter-rela tion be
tween the components. The percent variance accounted for by each component is determined by  the component 
variance divided by the total variance . 

TABLE 4. Eigenvec tor Matrix af ter Principal Components Transformation Based on Data of  Tab les 3 and 4 

MSS Band 4 5 6 7 Component 

1 0.463 ' 0.654 0.555 0.224 
2 -0.760 -0.038 0.525 0.382 
3 0.457 -0.728 0.315 0.404 
4 0.002 0.202 -0.564 0.800 

Component one has positive loadings ( contributions) on all four MSS bands , with the first three being 
more importan t .  The second component consists of  negative loadings o n  MSS 4 and MSS 5 and positive 
loadings on the remainder; the loading o f  MSS 5 is insignifican t .  The nega tive loadings for component 
two can be interpre ted as the contras t of MSS 4 and MSS 5 to MSS 6 and MSS 7. 
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reduced so tha t the resulting information of ten can be displayed in a three-color composi te image . In

forma tion redundancy will be  a t  a minimum. Success of the process will be somewha t dependent upon scene 

conten t ,  j ust  as in the previously mentioned procedures . This is most evident in the higher order com

ponents ,  which may or may no t incorporate usab le information. Unlike contrast enhancement or band ratio

ing, ascribing a phenomenological a ttribute to an individual target is more dif ficult because the loadings 

that went  into the production of a given component usually are based on the total scene content and not 

individual lithologic types. 

"4. Canonical Analysis . Canonical analysis produces a data transformation based on spectral signa

tures of a set of targets ( Seale, 1 9 7 4 ; Merembeck e t  al . , 1 9 7 7 ) .  Mathematically , the process creates a 

set of  transformed variables based on maximizing the among-category and minimizing the within-category 

covariance matrix . Geometrically, a se t of mutually orthogona l ,  and hence uncorrelated , axes are fit ted 

to the data by a rotation, translation and scaling , such that the first new variable or axis accounts for 

the greatest  amount of variance with succeeding axes containing lesser and lesser amounts (see figures 24 , 

2 5 ,  and 26). 

"Canonical analysis is useful for dimensionality reduction and discrimination between rock materials 

where the differences may be small . I t  produces resul ts similar to those of  principal components analysis 

but is more time consuming b ecause of  the necessity for defining training categories . The process is most 

practical when o ther techniques do not produce satisfac tory results.  However , no amount of data processing 

or manipulation may be able to discriminate rock units which ,  al though dif ferent to the geologist because 

of age , f ossil content, composition , etc . , exhibit the same spec tral charac teristics for any given sensor 

system. 

'�and ratio images often achieve b e t ter separation of  some rock types and allow for some data compres

sion; however, for a thorough analysis the number of possible ratio combinations to be investigated makes 

the process expensive and time consuming . Principal component and canonical analyses are advantageous 

because of the inherent data compression capabilities of either process . The former technique is an in

expensive first approach to rock discrimination and produces r esul ts quite similar to the latter me thod 

but has a higher dependence upon general scene conten t .  Of  these two methods, canonical analysis excels 

when the differences between rock types are small because the transformation depends upon the target areas 

chosen . "  
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THE KENNECOTT DEPOSIT 

This sec tion describing the Kenneco tt  deposit is taken from Robinson and Cook ( 1 966) . 

1. Lithology. The Mesozoic hos t  rocks that contain the Kenneco t t  ore body cons ist  of  Cretaceous to 

early-Ter t iary andes i te and dacite volcanic rocks intruded by quar tz  diorite , granod ior ite , and quar tz 

monzoni te porphyry s tocks , and rhyo l i t e ,  lat i te ,  quar tz  la tite , and related d ikes ( f igures 5 and 6) . 

Lithic tuf f  and gri t f ill a volcanic vent shown near the center of  f igure 5 (as Ta) . The Lone S tar 

s tock , the parent plu ton , occupies a large part of the nor thwest  quadrant of this f igure . Pos tmineral 

basalt  (Ta) and more acidic (Ta) mid- to-late Tert iary volcanics cover the Kenneco tt ore body .  

2. Mineralization. The orebody consis ts of the primary minerals pyri te and chalcopyrite with lesser 

amount s  of  borni te and chalcopyri t e .  Pyrite is the mos t  abundant sulf ide presen t .  The pyr i te halo is  ex

posed at the center of the map ( f igures 7 and 8). Secondary minerals include chalcoc ite and covellite . 

Chrysocolla is the mos t abundant oxide mineral present .  Goethite and hemat ite have replaced sul f ide 

and primary iron-bearing minerals . Transported limonite has f illed fractures and coated the rocks yel low 

to brown. 

3. Structure. The Kenneco t t  depo s i t  is localized in an extensive sheared zone thousands of feet wide 

termed the "Lone S tar shear zone" ( figures 9 and 1 0) . The Lone S tar shear zone occup ies the 6 , 000-foot

wide corridor between the Lone S tar and At Ease faults  tha t extends at leas t 5 , 000 feet under the Tert iary 

volcanics. Displacement along the shear zone could be as much as 800 fee t .  The Troj an fault is a normal 

fault that displaces the Tert iary younger volcanics , with 1 7 0  feet  dropped on the sou theast  side . 

4. Alteration. Figures 14 and 1 5  show al teration zones as mapped in the f ield approximately 20 years 

ago . The following s ection on alteration is quo ted from Rob inson and Cook ( 1 9 66) . 

" • • •  an area 1 2 , 000 by 6 , 000 feet was subj ect to extensive hydro thermal al tera tion . Hal f  of  this area is 

exposed , and the balance is covered by the later Ter tiary volcanics • • •  

"A central area of  intense alterat ion is composed of a s trongly developed quar tz  sericite zone on the 

southwes t ,  which adj oins and is par tially superimposed on a large area of pervas ive secondary b iotit ization 

on_the nor theas t .  The ore body is in these two zones around which are arranged the chlori tic and propylitic 

zones in a roughly concentric pat tern . Par t  of the quar tz  sericite and the chlor i t ized zone s is in essen

tially pyri tized areas . The propylitic zone is , however , unmineralized excep t where traversed by shear 
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zones , veins , or dikes that may be  accompanied b y  sulf ides--pyri te and (or)  chalcopyr ite .  Alterat ion 

boundaries are rather arbitrary in that mineralogical changes are transitional and overlapping , par t icu

larly in the porphyritic andesite  hos t  rock . The influence of rock type and s truc ture is also important 

because the quartz  sericite zone corresponds mainly with the pos t-andesite intrus ive complex and also 

wi th the pyroclastic lithic tuff and volcanic vent debris . S er icitic altera tion no t only occurs in all 

d ikes but  also along their contact  zones with the porphyri t ic andesi te--in both the chloritic and pro

pylitic zones--as much as 1 0 , 000 f ee t  southwe s t  of  the ore bod y .  Sericitization is clearly la ter than 

bio t i t i za t ion in gross f ield pattern , wherein the b iotitized rock contains sheaves of sericitized rock 

along veins , shears ,  and contac ts . Microscopically , it is  clear that b io tite is also altered to seric i te 

along these zones . 

"In mos t  of  the intrusives p o tash f eldspar , probably primary , makes up 1 5  to 20 percent of  the ground

mass .  In some ins tances , however , there i s  a concentrat ion o f  po tash feldspar along veins , indicating 

ei ther addi t ion to the rock or possible segregation of primary po tash feldspar during alterat ion . In the 

andesi te ,  secondary po tash f eldspar and associa ted quartz and ser icite are abundant along veins . 

"Prior to the development of  serici te ,  the plagioclase in the andesite--andes ine--had been altered 

largely to oligoclase or albi te. In the intrusives , alb i tization had also taken place at an early s tage . 

"QUARTZ SERICITE ZONE. Rocks that have undergone this type of  alterat ion--occurr ing mainly over an 

area o f  7 , 000 by 5 , 000 feet--are characteristically bleached to a white or light-gray color . This altera

t ion s tage appears to have been later than the o ther s tages . The rocks of  acidic to in termed iate composi

t ion composing the dikes , plugs , and volcanic vent debris were the mos t  severely af fec ted . Both plagioclase 

phenocrysts  and plagioclase in the groundmass  were thoroughly conver ted to sericite and quar tz--Iargely 

along veinlets . Mafic  minerals were s imilarly af fec ted . The biotitized andesite , where adj acent to faults ,  

intrusive contac ts , veins , and shears , was also altered by convers ion o f  maf ics  and plag ioclase to ser ic ite , 

quar tz , and minor sphene. Those zones are relat ively narrow and exhibit gradat ional boundaries from per

vas ive s er icitic content into the b io t itized andesite . The superimposition of the quar tz ser icite zone 

on- �he b io ti tized zone is , thus , clearly demons trated. A s imilar relat ion of this type of altera tion to 

the chloritic and propylitic zones is also apparent • • •  

"It is  o f  intere s t  to no te that the potass ium-argon age dating o f  the ser ic ite is  53  m . y. or slightly 



younger than the San Juan and Lone S tar s tocks . 

"BIOTITE ZONE . The rocks mainly affec ted by this type of  al terat ion are the porphyr itic andesites . 
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Hornblende and augite were replaced by brown b io t i te in f lakes , c lo t s , and , more rarely , in veinlets car

rying sulfides . The s trongest  biotitization-- 1 0  to 50 percent and averaging abou t 20 percent--is developed 

around the intrusive plugs and d ikes in and adj o ining the ore body . The acidic to intermed iate intrusive 

rocks have secondary b io t i te developed in only minor amoun ts , a few percen t ,  along quar tz  veinle t s .  Other 

occurrences in these intrusives , if ever presen t ,  were probably des troyed by the later serici tic al terat ion 

phase  • • •  

"CHLORITE ZONE . Chlor i te is  the mos t  widely d i s tr ibuted alteration mineral and occurs in all stages 

of  al terat ion.  However ,  as shown on the map , a predominantly chlori tic zone 1 , 000 to 2 , 000 feet wide sur

rounds and overlaps the biotitized and sericitized zones on the southwe s t  of the ore body • • •  The boundar ies 

of the chlori tic zone are arbi trarily drawn when maf ics are more predominantly replaced by chlorite than by 

secondary bio tite .  

"PROPYLITIC ZONE . This is  the mos t  widespread zone and represents the area o f  lowes t  alterat ion inten

sity .  Epido te and to a lesser extent chlori te are the common secondary minerals . The relation of this zone 

to mineraliza tion and o ther alteration processes is  no t clear , bu t it appears to have been very early and 

pos s ib ly deuteric in origin . 

"SUPERGENE ALTERATION . As already mentioned , al teration of the outcrop and sub-Ter t iary volcanic out

crop has produced a typically conspicuous colored cap rock over the ore body and over the mineralized ve ins 

and shear zones . The color of  the rock is related in intensity d irectly to the amoun t of  former sul f ide 

content and to the degree of oxidation and weathering to which it  has been subj ec ted . 

liThe dikes and plugs that have undergone seric i tic hydrothermal al teration are inherently bleached . 

Weather ing of  the sulf id es has also produced oxid ized compounds ,  which have s tained these  l ight-colored 

rocks various hues of  yellow , b rown , red , maroon , and black. The biotitized and chlor itized prophyr itic 

andesi tes tend to be relatively darker in color , al though oxidation of  the iron compounds together with 

leaching have ac tually produced a l ighter colored rock in the zone of  weathering . Thi s  grades into dark

gray , b lack, or green rock in the primary zone below. Al though some o f  the micaceous minerals in the 

weathered b io t i te zone may actually be serici te , i t  is thought that mos t  of this mater ial is b io t ite from 
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which the iron has been leached by weathering . 

"The minerals that create  the conspicuous color in the leached rock over the ore body are predominan tly 

the ferric iron compounds goethite and hema t i t e .  Jarosite  and alunite are more abundant over the pyr it ic 

halo . 

"Kaolin , a luni te , and mon tmorillonite are developed to the grea te s t  extent along larger shear s ,  

faults , and selvages on con tacts  where movement has occurred . Apparently the sheared , frac tured , and 

crushed rock was extensively conver ted to kaolin along the channels followed by ac id-charged ground wa ter . 

Beyond these channels kaolin is d eveloped to only a minor degree • • • • " 

5. The NS- OOl Canonical Transform Image and Its Interpretation. Figure 1 2  is  a pho tographic copy of 

a small por tion of  a digital image generated a t  the Jet Propulsion Laboratory from magne tic tape data ac

quired by NASA ' s  airborne NS-00 1 multispectral scanner survey of the Saf ford distric t .  The scanner recorded 

ground radiance in eight bands that included the s even Landsat-D Thematic Mapper bands located in the spec

trum a t :  

Band -
1
-

2 
3 
4 
5 
6 
7 

Center Wavelength in Microns 
. 48 greenish blue 
. 56 yellow green 
. 66 r ed 
. 83 reflect ive infrared 

1 . 6  reflec tive infrared 
2 . 2  reflect ive infrared 

1 1 . 0  thermal infrared 

The thermal band number 7 was no t included in the canonical transform processing of the remaining (ref lec

t ive) band s . The red , green , and blue colors tha t were composited in figure 1 2  were arbitrarily ass igned 

to represent the 2nd , 3rd , and 1s t princ ipal components , l is ted in order of their impor tanc e .  Informa t ion 

from all six bands is represen t ed in each of  the components in differen t  propor tions . 

The spectral anomalies (or  spectral clus ters )  that represent phyllic alterat ion are shown as red or 

yellow in f igure 12 and are outlined in the figure 1 3  cartoon . The numbered points on f igure 1 3  ind icate 

the loca t ions of  the samples taken for labora tory reflec tance spec tra ( f igure 25) and x-ray dif frac tion 

analysis . The yellow-coded areas seem to represent quar tz  sericite alteration , whereas the red-coded areas 

include chloritization with local b io tite  and quar tz  serici t e .  Much of the propyli tic zone is shown as 

s teel blue in the canonical transform. 
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THE DOS POBRES DEPOSIT 

The following geologic descrip tion and f igure 17 of  the Dos Pobres area are quated from Lang ton and 

Williams , 1 982 . 

2 2  

1. Lithology. " SAFFORD METAVOLCANICS . More  than 7 5  percent of  the o r e  at  Dos Pobres occurs in the 

Safford metavolcanics , a metamorphosed Cretaceous-Tert iary s equence .  The bulk of  the volcanic pile is 

andesitic in composi t ion , but dacites , daci te tuf f s ,  and lat ites have been recognized . Specif ically , the 

maj ority of the flows and breccias are hornblende or pyroxene andesites that have been pervas ively altered 

in the vicinity of  the orebody . The fragmental nature of  the flow breccias is o f ten obscured by me tamorph

ism or hydro thermal alteration,  but it may be accentuated by crackling . Contac t metamorphism by the 
+ 

parental granod iorite has been clearly dated at  69 . 8  - 2 . 7  m . y .  

"PRODUCTIVE PORPHYRIES . Some of  the higher grade copper values occur in the d ikes or phacoliths in 

the upper levels of  the mine , but with dep th the porphyries become p rogressively lower grade and rela t ively 

barren • • •  

" • • •  the principal productive porphyry is generally a quar tz  monzonite , ranging in composition to 

tonalite or granod iorite • • •  

"HORNBLENDE ANDESITE DIKES AND S ILLS . Intrus ions in the form of  hornblende andesite d ikes and sills 

are mos t  obvious in the eas t-northeas t-wes t-southwest  shear zones away from the ore , and most of them are 

clearly consanguineous with the Baboon volcanics . Large t i taniferous hornblende phenocrys ts ,  of ten more 

than 1 cm long , sugges t that these nonproductive intrus ions were satura ted with wa ter . The dike s ,  which 

are evidently late- and pos t-mineral , acted as dilutents  to the ore . Ore grade in their vicinity is in

variably lower than in the core of the orebody , where no d ikes or sills have been recognized . These  

intrus ions are  generally only a few f ee t  thick in the Safford me tavolcanic s ,  but  they may reach thicknesses 

of more than 200 f t .  in the lower Baboon sequence . 

" BABOON METAVOLCANICS . The propyli t ized andesitic agglomerates , flow breccias , mud flows , and lithic 

tuffs of the Baboon metavolcanics crop out northeas t ,  nor th ,  and nor thwest  of the orebody and thicken to 

mor� than 1 , 500 f t .  nor thwes terly . The sequence has been hydrothermally altered locally , but has not been 

me tamorphosed by either the product ive porphyries or the parental pluton ( s ) . Propyli tizat ion appear s to 



be au tometamorphic away f rom the eas t-nor theast�wes t-southwest  shear zones , but is clearly hydro thermal 

toward the orebody . Lower members of these volcanics are intruded by the aforemen tioned hornblend e 

andesite d ikes of late- or pos t-mineral age , and the upper units contain large xenoliths of  the same in

trusions , wi th coronas that indicate the d ike fragmen ts were cooling with the flows . "  
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2. Structure . "Two of  the mos t  impor tant s truc tures that influence the geometry of  the orebody are 

the Foo thill fault and the Dos Pobres anticline ( see f igure 1 7) .  I t  was ini tially thought that fold ing 

resulted from older lateral movement  along the Foo thill fault , but more recent evidence clearly suggests  

tha t the drag f old is a secondary feature related to  the Valley and Red Dyke faults .  A nor thwes t-sou th

eas t  cross section parallel to the Foo thill f ault demons trates fold control for the core • • • • 

" • • •  Several eas t-nor theas t-wes t-southwes t  faults have had considerable pos t-mineral displacement ,  

but these s truc tures were the principal channels for produc t ive porphyries and ore-bearing fluid s .  Essen

t ially contemporaneous with the maj or down- throw of  the Foo thill fault , these veins had recurrent movemen t 

and down faulted the ore in a s tep-like pattern from southeast to nor thwes t .  

"Crackle b recciation cons titutes the dominan t frac tur ing in the mine and i s  mos t  extensive in the 

metavolcanics , no t in the product ive porphyries . All of the crackling or fractur ing no t related to post

mineral faulting appears to be  hydro thermal in origin . S imple part ing across  fragments and large pheno

crys ts , wi th virtually no d i splacement of the respec t ive boundaries , is typ ical of the character of this 

fractur ing and is seen throughout the orebod y .  

"Contac t breccias intimately associated with the porphyr ies of ten hos t  the highest  grade ore ; these 

features are more impor tant in the upper portions of the deposit and mus t  have formed early dur ing intrus ion . 

Typ ically , the upper extremities o f  d ikes grade into the breccias , which are characterized by numerous 

fragments of  me tavolcanics embedded in the porphyry . 

"A later event was the d evelopment of  a megabreccia , which was apparently related to the de-gassing 

of the produc tive res t-magma. This breccia incorporates huge fragments  of me ta-andesite , produc tive 

porphyry , and contac t breccia. The overall appearance o f  the megabreccia sugges ts ' float ing ' blocks of 

the -porphyry in a crackle breccia • • • •  

"Arguments can be made for pos t-ore tilting and low-angle faulting in the Lone S tar m ining dis tric t ,  



es pecially at  the Dos Pobres depos i t .  However , any s ignif icant til ting tha t d id occur mus t  neces sar ily 

have preceded the Miocene extrusive period , as these younger volcanics have an average dip of approxi
o 

ma tely 1 2  NE near the orebody . Until fur ther informa t ion is ob tained , it  mus t  b e  assumed tha t the Dos 
o 

Pobres orebody has been til t ed between 1 2  and 2 5  NE . . . • 
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"Erosion appears to  have b een more extensive sou theas t of  the Dos Pobres orebody . The Baboon vol

canics are no t present 4 mil es sou thea s t  of  the d epos i t ,  but they thicken to at lea s t  1 , 500 f t .  nor thwes t 

of  the orebody . 

"Low-angl e  faul ting has b een r ecognized a t  the Dos Pobres orebody , but i t  is  mos t  d ifficul t  to trac e 

the s truc tures for any d is tance along s trike . This faulting apparently preceded or was con temporaneous 

wi th the early s tages of Miocene volcanism • • • • 

"The Oligoc ene-Pliocene Gila Moun tain Volcanics were extruded on an erosional surface tha t had exposed 

all o f  the Laramide intrusives and consanguineous metavolcanics .  The source of  these volcanics was to the 

nor theast  along Bonita Creek , and this arcua te volcanic chain may be mapped in the Pelonc illo Moun tains as 

far southeas t as S tein ' s  Pas s ,  New Mexico . Contemporaneous with this volcanism , a p ed imen t was forming 

along the sou thwes t front o f  the Gila Moun tains , and the gravels d er ived from it thicken rapidly toward 

the c enter of the Saf ford Valley . 

"Bas in and Range block f aul ting represented the las t  maj or tec tonic even t in the d is tric t .  The no r th

wes t-sou theas t faults were particularly ac tive , and gravity d is placemen ts in excess  of 2 , 000 f t .  have been 

recognized on several o f  the high-angle s truc tures . Add itional adjus tmen ts on nor th-south and nor thea s t

southwes t faults also occurr ed , but appar ently they were no t of the magni tude of  those  in the Foo thill , 
o 

Red Dyke , Valley and But te faul ts . Dis trict til ting o f  at  least  1 2  NE can be j us tif ied dur ing these adj us t-

ments . Finally erosion and oxidation o f  the orebody and developmen t  of extens ive thicknesses of clay beds , 

basin f ill , terrace gravels , and alluvium during Pliocene and Recen t per iods es tabl ished the environmen t as 

it now appears ." 

3. Al teration. " ALTERATION OF PORPHYRY . The produc tive porphyry a t  Dos Pobres is  generally a quartz  

monzoni te by mode ;  however , the f reshes t samples seen tend to  be granodior i tic , as a t tes ted by phenocrys ts 

of embayed a quar t z ,  plagioclas e ,  hornblend e ,  and dark brown b io ti t e .  The ma trix carries a quartz , 



plagioclase,  hornblende ,  quartz ,  and or thoclas e .  I t  seems likely tha t the porphyry was indeed a grano

diorite originally , and tha t i t  was modified locally and erra tically by la te magma tic effects .  

"The produc tive porphyry is generally s een in the form o f  d ikes or fragments of d ikes in the center 

of the orebody . These d ikes have been dated at  52 . 2  ± 2 . 0  m . y .  A more coheren t s tock of  the prophyry , 

which has b een da ted a t  4 7 . 8  ± 1 . 8  m . y . , occurs a t  d ep th in the nor thwes t par t of  the deposit  • • • • 
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" • • • The earlies t change t o  occur i s  the replacement of  hornblende by bio t ite  flakes , which appear 

identical in charac ter to the b io tite  phenocrysts , but which may also crys tall ize as frilly rings or over

growths on the larger books themselves . This alteration is surely of late magma tic age . Coars e  pr imary 

bio tite has b een deformed by f lowage ,  whereas this new b io ti te has no t .  I t  is probable tha t ,  when this 

bio tite alteration was taking place ,  the wall rocks wer e undergoing meso zonal metamorphism . 

"Wi th cont inued cooling , late magmatic b io tite  ceas ed to form and a new ass emblage began to crys tallize ;  

quar tz + or thoclase + magneti te + bornite .  Quar tz and or thoclase grow in the ma tr ix at  the expense of  plag

ioc lase and late magmatic b io ti te .  The orthoclase thus formed is clear and generally non-per thi tic . At 

this s tage the rock seems quite  normal , and one migh t no t suspec t any al teration , but the mode is tha t of 

quartz monzonite . This metamorphosis probably began as la te magmatic but continued into the deuter ic s tage , 

for i t  is  of ten frac ture controlled as well as pervas ive .  Bornite is seen mos t  of ten in frac tures , with 

quar tz and orthocla s e ;  these  veinlets have a dis tinc tly hydro thermal aspec t .  This s tage of al teration 

doub tless  coinc ided with the main pulse of mineraliza tion in the wall rocks and with the per iod of in tense 

K-metasomatism seen in them . 

" In mos t  places this episode ended , as cooling cont inued , with s imple deuteric altera tion . Any b io tite  

surviving , usually with phenocrys ts , was par tially replaced by coarse clinochlore and blebs of epidote with 

acc essory ru t ile ; the chlorite may b e  accompanied by minu te platelets of  hema t i t e .  Plagioc lase is al tered 

mildly to shreddy serici te and some ear thy epido t e .  Usually only the cores of  phenocrys ts are s o  afflic ted , 

and sodic rims remain unchanged . Sulfides r emained mobile in veins at  this time , with chalcopyr ite j o ining 

bornite in a gangue of quar tz , carbonates , and chlorite • • • •  

_- " In some places , however , the porphyry shows inc ipient  alteration to a quar tz-seric i ty assemblage .  

This alteration is of  deuteric age  and occurs in  areas where more sulfur was availabl e .  While such alterat ion 
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i s  seldom complete ,  the tendency is f o r  groundmass  quar tz t o  grow t o  the poin t of coalescing , while a l l  re

ma ining f eldspars and al ter ed maf i tes are par tially replaced by seric i t e .  Any chlor ite tha t survives is 

highly magnesian , and even ames ite may be  presen t .  Pyri te may appear and bornite yields to chalcopyrite . 

These sulfides occur in quar tz veinle ts or  may b e  d issemina ted in s i tes of  former ma fites . Al teration of 

this na ture is uncommon and s eldom complete , as is typical of  low-sulfur porphyry copper sys tems elsewher e .  

The bes t example of  such alteration i s  locally observed o n  the southeast  s ide  o f  the orebody • • • • 

" During the s eries of  alteration s teps from fresh to deuteric to new b io ti t e ,  S i0 2  decreas es , 

while Ti , Na , AI, and Fe increas e ;  these changes are due in large measure to the appearance of abundant 

new bio tite .  The lack of  impor tant changes in K20 reflec ts the loss of  or thoclase during b io tite  crys tal

lization and implies no r eal K-metasomatism within the intrus ive • •  � .  

" 
• • •  The elements that show cons iderable change are those whose  mob i l i ty is  closely tied to the presence 

of sulfur. Calc ium is the bes t example , for it is quickly removed when sulfur is  available ; elemen ts such 

as Si and Al increase only because they are r es idual , and there is  a corres pond ing decrease in the volume of 

the or igina l  rock.  The assemblage quar tz-sericite-rutile der ives readily from plagioclase-sphene in the 

pr esence of  sulfur , and the los s  of  Ca from plagioclase  is inevi tably the maj or change . 

"ALTERATION OF WALL ROCKS. The his tory o f  events in the andes i te pile tha t hos ts the produc tive por

phyries and mos t  of the copper values has been somewha t more complex . The p ile exhib its an epizonal meta

morphic ( altera tion) even t of almos t  regional extent that is bel ieved to be the compos i te effect of two 

process es. One process was undoub tedly the slow cooling o f  such a thick , rapid ly extruded pile tha t yield ed 

an au tometamorphism or ' s tewing ' in the epizone . We sugges t a slowly cooling heat source below as the 

second cause for the abnormally s trong epizonal effects  in the volcanic rocks o f  the d is tr ic t ,  which are in 

contras t to those  effects  in many o ther thick piles of maf ic volcanic s .  This source o f  hea t mus t  have been 

the granodiori te or parent plu ton o f  batholi thic d imens ions ( the Lone S tar plu ton) und erlying the d i s tr ic t .  

"As a r esul t o f  prolonged cooling , the andesites demons trate an al tera tion charac terized by s tab ility 

of  epido te and pennine. B o th minerals may replace mafic  minerals completely as  coarse-grained ep ido te 

prisms embedded in pennine. Epid o te s ingularly replaces plagioclas e  in par t ,  and the surviving plagioclase 

is albi tic in nature . Excess iron , derived from maf ic minerals and accessory magne tite , appears as tiny 
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hematite tablets in situ. Although calci te i s  no t abundant ,  i ts presence in the volcanics is commonplace , 

and i t  may form patchy crys talloblas ts in the matrix . In contrast to the dominant andesi tes in the p ile , 

daci tes respond ed somewhat differently ; they were altered to an assemblage of  quar tz-serici te-pennine 

with epidote  rar e or abs en t .  

"The second al tera tion event ,  imposed o n  the volcanics in the aureole around the Dos Pobres depos i t ,  

was iden tical to the firs t and was due t o  rising temperatures that resulted from in trusion of  the produc tive 

magma . Aga in epido te and pennine formed , o f ten merely as con tinued developmen t of the same earlier formed 

minerals , but  wi th exaggerated growth . Plagioclase may be to tally des troyed , and clo ts or pods of coarse 

epido te , with inters t i t ial calci te and pennine , spread crys talloblastically and invade the surround ing ma

trix. It has b een observed that any nucleus might have initia ted this process , such as a large plag ioclase 

phenocryst or perhaps an especially reac t iv e  xenoli th or merely a frac ture inter sec t ion . Some clo ts do 

show epido te  veinlets leading away in one or two d irec tions . This early zone dies ou t away from the pro

duc tive porphyry and merges insensibly in to the more reg ional propylitiza tion of  ident ical mineralogy . 

Ef fects canno t be  s een with any certainty beyond about 2 , 000 f t .  f rom the periphery o f  the orebody . 

"Wi th continued ris ing in temperature and f inal emplacemen t of  the productive magma , meso zonal me ta

morphism began . The earlier assemblage vanishes and the andesi tes exhib i t  abundant secondary actinoli tic 

hornblende and brown b io t i te ,  which has been dated at 56 . 9  ± 2 . 2  m . y .  Bo th minerals occur as small crystals 

tha t vigorously a t tack b o th relic t plagioclase and hornblend e .  The new actinoli tic hornblende is no t Fe 

rich , and dissemina ted dus t-like magne tite is a common accessory in this assemblage . In many samples the 

disseminated magne t i te is concentrated in hazily d ef ined areas suggestive of the ou tlines of former cogna te 

xenoli ths . 

"Early meso zonal me tamorphism was merely a transien t stage , for as more K20 was add ed dur ing meso

zonal cond i tions , the assemblage yielded to a metasoma tic one • • • •  This altera tion represents the ma in pulse 

of K-metasomatism and mineralization , and , where mos t  intense , i t  may affec t even the produc t ive porphyry 

dikes. As an end result , these d ikes may be so heavily replaced by secondary b io t i te tha t they are ind is

tinguishable from the and es i tes , except for the gho s t  of  biotite phenocrys ts • • • • 

"Crackling appears to have b een an impor tant mechanism dur ing the mesozonal K-metasomatism ,  while i t  



was rela tively unimpor tant during the preceding meso zonal metamorphism . The wall rocks wer e laced wi th 

frac tures tha t are now veinlets carrying quar t z ,  or thoclase , apatite , bornite ,  and chalcopyrite • • •  

"The b io ti te zone may be  s een up to 1 , 600 f t .  from the center of  the orebody ; then i t  gradually 

fades and merges in to the surrounding propylitic assemblage .  Toward the outer par ts of  the zone b io tite 

becomes no tably paler and assumes a green color . The ef fec t is f ir s t  shown by bio tite formed at  the ex

pense of plagioclase , whils t biotite d eveloped in the matrix is s till brown ; but eventually this , too , 

assumes a green color • • • • 

28  

"Subsequent to  (pos t-ore) til ting , oxidation and erosion were the dominant forces at  work dur ing 

Oligocene and early Miocene t imes . Also at this time minor supergene enrichment was superimposed on the 

hypogene ore in the Dos Pobres deposi t .  The central por tion of  the Dos Pobres chalcopyri te-borni te ore 

pipe was par t ially leached , thoroughly oxidi zed , and locally enriched to depths of  approxima tely 1 , 2 00 f t .  

( 2 , 900 f t .  level) . Sul f ides in the periphery o f  the marginal zone and in the pyri tic aureole , however , are 

of ten wi thin 300 f t .  of the surface on the southeas t side of the orebody . Chrysocolla and cupr ite are the 

dominant copper oxides for dep ths of 1 , 000 f t .  over the cen ter of the sulf ide ore , but subord inate  amoun ts 

of  tenorite and brochan t i te have been recognized . Native copper , chalcocite , and covellite are abundant 

in the mixed oxide-sulf ide zone between the 2 , 9 00- and 3 , 300- f t .  eleva tions . Oxid e ore averages 0 . 62 per

cent Cu , compared to 0 . 72 percent for the sul f ide ores . Hema t i t e ,  j aros i t e ,  and l imoni te capp ing on the 

southea s t  sid e  of the orebody also reflects minor chalcocite enr ichment in the vicini ty of the productive 

porphyries . "  

4 .  The NS- OOl 3-Ratio Image and Its Interpre ta tion. Figure 1 8  i s  an enlarged por tion o f  the d igital 

image produced by the Jet Propuls ion Laboratory f rom the same NS-00 1 airborne scanner tape that produced 

the image shown in figure 1 2 .  However , the image in f igur e 1 8  was made by a band-ratioing technique to 

produce a 3-rat io false color compos i te us ing the following codes : 

1 . 6/ 2 . 2  r ed = high values ; cyan low values 

. 66/ . 56 green high values ; magenta low values 

. 83 / 1 . 1  b lue high values ; yellow = low values 

The numbers repr esent the center waveleng th of  the bands whose in tensi ties were ratioed pixel-by-pixel . 
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According to  published labora tory spec tral measur ements (Hun t and Ashley , 1 97 9 ) , ground areas who se sur

fac e has a high p ercen tage of c lay minerals associated with phyllic al tera tion and argil lization would 

have a high 1 . 6/ 2 . 2  ratio and thus would be colored red on the image .  Areas high in ferric iron would 

have a high . 66 / . 56 ratio ( high r ed- to-green ratio)  and would be coded green . A combina tion of high 

ferric iron and high "clays"  would produce a yellow code .  Figure 19 is a car toon showing the s i tes of  

conspicuous yel low- to-red-coded s pec tral anomalies and the loca tion of  samples taken for  labora tory spec

tral refl ec tanc e and x-ray diff rac tion analyses . The magenta pa tterns in the arroyos represent verd en t 

vegeta tion ( compare the areal pho tograph o f  f igure 1 6  to the ratio image of  f igure 18 ) . 

The r ed-to-orange area that included sample F ( f igure 1 9 )  should , according to our spec tral model , 

contain large amounts of  clay . Our f ield insp ec tion of  tha t site  showed that i t  is  a highly argilli zed 

produc tive porphyry ( see f igure 1 7 ,  geologic map) . Analys is of  samples showed maj or alunite.  Sample 

numbers C,  D ,  and E all contained kaolin . Sample  B on the other hand contains maj or chlorite and minor 

calcite .  One migh t conclude then tha t f igure 1 9  is a map showing the boundaries of phyllic al terat ion 

and tha t figure 1 8 , the 3-ratio image , has d emons trated tha t the NS-OO I mul t ispec tral scanner was opera ting 

as an airborne al terat ion mapper . The par ticipants of this f ield trip are invi ted to test this hypo thes is . 

REFLECTANCE SPECTRA AS DIAGNOSTIC DATA 

Our examina t ion of  the computer-generated 3-ratio and canonical transform images of the Saf ford dis

tr ict  (of which f igures 12 and 18 are but small samp les)  ind icates tha t these remo tely sensed images 

could have b een used to produce an al teration map very similar to the al teration map produced by f ield 

mapping . Figure 1 4  is a small sec tion o f  an al teration map released by Kenneco t t  Corp . af ter the NS-OOI 

images were produced . Taking these 1 : 24 , 000 scale alteration maps into the f ield with the 3-ratio and 

canonical scanner images and color aerial pho tography , we conf irmed by f ield investigation that the scanner 

images could indeed have directed us to phyllic al terat ion haloes . 

We wanted next to determine the extent to which the spec tral signa tures of  rocks , as mapped by the 

Thematic Mapper , can be used in mineralogical r emo te sens ing . We collec ted the surface rock samples 

marked on f igures  13 and 19 at si tes of  d is tinc tively coded spectral environments shown on the scanner 



images as d i s t inc tively coded false ( arbi trary) color s .  These samples were then subj ected to x-ray d i f

frac tion analys is and to reflec tance spectrometery a t  Jet Propuls ion Labora tory (by K. Ba ird ) and to 

reflec tance s pec trome tery at  the Univer s i ty of  Ar izona , Optical Science Center (by E. Shih) . 

J U  

The in tegrating sphere reflec tance spec trometer at  the Op tical Sc ience Cen ter has a samp le chamber 

large enough to hold a hand-s ize  rock sample and ob tain reflectance spectra of  various surfaces of the 

rock.  We measured the continuous reflectance spec tra f rom 0 . 4  to 2 . 7  microns of  both fresh , broken sur

faces and the unbroken , weathered r ind of  all samples . The resul ting spectra for those samples that fall 

wi thin the maps of this Field Guide are shown in f igures 2 5  and 2 6 .  

1. Dos Pobres Spectra. The spec tral l ine prof iles labeled G ,  A ,  B ,  E ,  E
d

' and F on f igure 2 5  and 

at the bottom of f igure 26 represent samples co llec ted at these points shown in f igure 1 9 .  The spectra 

on the lef t describe the visible  and infrared "colors" of  the weathered r inds and the spectra on the right 

describe the "colors" of  the fresh , broken surfaces of  these same rock samples . Note that they are d i f

feren t .  For example , compare prof ile B on the lef t with prof ile B on the righ t .  

These diagrams are labeled t o  show the spectral pos i tions of  the six solar bands of  the Thematic  Map

per . Three b ands fall wi thin the vis ible range at . 48 (blue-green) , . 57 ( yellow-green) , and . 66 ( red ) 

microns , and three are in the solar (non- thermal)  infrared range at  . 83 ,  1 . 6 , and 2 . 2  microns . I t  can be 

seen from the spectra that the ratio of  ref lectance a t  1 . 6  microns to r ef lec tance at  2 . 2  microns alone 

would be suffic ient to discriminate between the samples taken from the argillized produc tive porphyries 

(E,  E
d

' and F) and those  taken from the propylitically al tered areas (G,  A ,  and B )  of the Dos Pobres 

deposi t .  S amples E and F contain maj or kaolin and maj or alunite , respec tively . The s teep 1 . 6/ 2 . 2  slope 

is ind icative of these two " clay" minerals . The no tch a t  . 90 microns and the s teep . 5 7 / . 66 nega tive 

slope is typical o f  hema t i t e .  

2 .  Kenneco tt Spec tra . The spec tral pro f i les at  the top o f  f igure 2 6  are from the weathered and fresh 

surfaces of rock samples taken f rom the Kenneco tt  al tera tion halo a t  points  marked on the map of f igure 1 3 .  

No te tha t the spec tra o f  the wea thered r inds ( le f t )  are more distinctive than those o f  the fresh sur faces 

(right) . In the Saf ford environment the wea ther ing effec ts have enhanced the diagnos tic character of  the 

spec tra , especially in the non-visib le ( greater than . 7  microns ) par t s  of the spec tra . This wea ther ing 



enhancement o f  infrared spectral f eatures is for tuna te because remo te sensors usually  view the und is

turbed , weathered rock sur faces . 

Sample 2g con tains kaolin,  seric i te , and chrysocolla .  No te the green hump at . 5 7 microns . Samp le 

2d is dark from the presence of  chlor i te ,  but also contains mon tmorillonite . Sample 1 con tains hematite 

(no te the deep . 90 no tch) , sericite , and illite ( s teep 1 . 6/ 2 . 2 slope) . S ample 3 was taken from the 

rhyolite  l i thic tuff  (no te the high visible r eflec tanc e of the fresh surface) that conta ins sericite  and 

kaolin and a trace of hematite .  

The spectra above sugge s t  the  following conclus ions . 

1 .  Some mineral classes can be separated b y  their spectra , namely iron oxides and the "clay" 

minerals , t hus making possible  the discrimination between propylitic and phyllic al tera tion zone s .  

2 .  The infrared port ion of  the spec trum i s  more impor tant than the visible spectrum for min

eral identificat ion.  

3 .  The weathered r ind of  exposed rock surfaces has spec tra d i f f erent from the broken sur face , 

especially in the infrared . 

3 1  



TAll LE 1 .  Geologic Co l um" and r.eochronology o f  the S a f ford' D i s t r i c t  ( a f t e r  Langton and W i l l i ams , 1982)  

Name 

A l l uvium, terrace 
gravels, basin f ill 

Rock Type 

Sand s ,  c lay beds , grave l s ,  
s i l ts tones, congloaerates 

Thickness 

0-2 , 000'+ 

Age 

P l e i s tocene
Recent 

Events 

Younger pedimen t ,  basin f i l l ,  and gravel 
development 

J 2  

Dates ( m . y . )  

---------------------- UNCONFORHI TY------------------------------------------------------------------------------ ------

G i l a  Houn tain 
volcanics 

Basal t & rhyolite dikea , 
s i l l s ,  plugs. Basa l t  
f lows ,  t u f f s ,  rhyolites,  
agglomerates , vent debris , 
basal conglomerate 

0-3 , 000'+ lUocene-Pliocene 

Basa l t ic volcanism 
Kajor Basin and Range grav i t y  faul ting, 
minor t i l ting , erosion , and oxida tion 
I n t rusion - Extrusion of Gila  Hountain vol can
icy con temp . w i t h  development o f older pediment 

-- -------------------UNCONFORHITY------------------------------------------Hiatua,  f aul ting , minor folding and t i l t ing------------------

Babooo metavolcanica
metavolcaniclas tica 

Hornblende andesite d i ke s ,  
8 1 1 1 s , plugs 

Propy l it ized andesite ag
glomerates , f low breccias, 
aud f low s ,  l i thic tuff a ,  
conglooaerates 

Eocene 

0- 1 , 500 '+ Eocene 

Ex trus ion of upper Baboon agglomerates 
La t e ,  pro l i f ic re trograde veining 
Extrusion o f lower Baboon volcanics and 
pyroc l a s t i c s  
Int rusion o f  hornblende andes i t e  magma ( s ) 
Degassing and subsequent c ry s ta ll iz a t ion o f 
produc t ive  r e s t  magma ( s )  with accompanying 
hyd rothermal phase 

461 - 36! 
46! 

4 7 1  - 46!  
4 7 1  - 361  

4 7 . 8  1 1 . 8  
-----------------UNCONFORHITY--------------------------------------------------Up l i f  t ,  f aul t ing , .. inor fold ing , con t inued--------------

volcanism 

Productive Porphyries 

Lone S tar P luton ( s )  

Saf ford metavolcaoica
metavolcaniclas t ica 

Tona l i te-quartz monzonite
monzonite-granod ior i te 
porphyry atock ( s ) , dikes 
and s i lla 

Qua r t z  d io r i te-granod iorite 
ba t ho l i th 

Me t amorphosed hornblende 
and pyroxene andes i t e  
f lows ,  brecciaa, aggla.
era t e s ,  wackes . and .ud 
f lows 

3 , 500 '+ 

Paleocene
Eocene 

U pper Cretaceous
Paleocene 

Upper Cre taceous
Paleocene 

C r y s t a l l izat ion of productive porphyry d i kes 
Early pervasive mesozonal con tact ae tamor
phism and hydrothermal alterat ion 
Intrusion o f produc t ive magma ( s )  

U p l i f t ,  fau l ting , NE folding, erosion, depo
s i t ion of volcanic las t ic sediments 

Cry s ta l l i z a t ion o f  Lone S ta r  p lu t on ( s )  
Int rus ion o f  Lone S ta r  magma ( s )  into S a f ford 
volcanics and subsequent contac t aeta.o rp h .  
Ex t r u s ion o f S a f f o rd volcanics 

Int rusion o f  Lone S ta r  magma ( s )  into Pre
cam b r i an metasediments and subsequent con
tac t metamorphism 

5 2 . 2  2 . 0  
56 . 9  1 2 . 2  
591 - 4 7 !  

6 7 1  - 60! 
69! - 60! 
70! - 60! 

69. 8  1 2 . 7  

-----------------------UNCONFORHITY-----------------------------------------U(il i  f t ,  f aul t ing , erosion----------------------------------

Amp h i bo l i te , gne i.a, 
gran i t e ,  quar t z i t e ,  
.chis t 

Precambrian 
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Geo logic map , vi cinity o f  Kenne co t t  depos i t , 1 : 2 4 , 0 0 0  s cale 
( cour t e s y  of Bear Creek Mining CO . ,  Kenneco t t  Corp . ) . 
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Figure 7 .  1 1ap o f  mine ra l i z a t i on di s tribution , vic ini t y  o f  Kenne co t t  depos i t  
( cour t e s y  o f  t h e  Kenne co t t  Corp . ) . 
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Figure 8 .  Legend for the Kennecott map o f  minera l i za t i on .  
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Figure 9 .  S truc tura l map , vi c in i ty o f  the Kenne c o t t  depo s i t  (courtesy o f  the 
Kenneco t t  Corp . ) 
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Figure 10 . Legend for the Kenne co t t  s truc tural map, Figure 9 
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Figure 1 1 . Enlarged port ion o f  a NASA c o l o r  aerial pho tograph o f  the Kenneco t t  
a r e a  a t  1 : 24 , 000  s ca l e  . . 
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Fi gure 1 2 . S imulated Thema t i c  Mappe r  image o f  the Kenne co t t  are a a t  1 : 24 , 000  
s cale . Thi s  i s  a canonical t rans form image pro ce s s e d  b y  the Jet  
Propul s ion Laboratovy from NASA NS - O O l  airb orne s canne r  data 
( courtesy of the Geo s at Commi t tee , Inc . ) . 



\ 
, 

, , 
, 

\ , . 

.. . ·· ·<t�\ .. ) y. ! !, ye l l ow /', .. ! 
" ,  -. ..... . �.:' �;') 

,.� 

\ 
'0 

, , I , , 

�/ 

(j) 

o 

Fi gure 1 3 . Hap o f  spec tral anoma l i e s  J de rive d  from the canori c a l  trans form image , 
indi cating areas o f  susp e c te d  phy l l i c  a l terat i on . The location o f  
s amp le s  t aken re f l e c t ance s pe c tra and minero logic ana lys i s  s hown b y  
numbers 1 , 2 , 3 ,  and 4 .  
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Fi gure 1 6 . En l ar g e d  p o r t ion o f  a NASA c o l o r  ae r i a l  pho t o g r ap h  o f  t h e  Do s P o b r e s  
a r e a , a p p r o x i ma t e l y  1 : 1 0 , 0 00 s c a l e  • 
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Fi gur e 1 7 . G e o l o g i c  map o f  t h e  v i c in i t y  o f  the Do s Pob r e s  O r e b o d y , a p p r o x i ma t e l y 
1 : 1 0 , 0 0 0  s c a l e  ( c o ur t e s y  o f  the Phe l p s  Do dge Co r p ; a l s o  in Lang t on 
an d Wi l l i ams , 1 9 8 2 ) . S t i p p l e s  indi c a t e  p e rvas i ve b i o t i t e a l t e r a t i o n  
a n d  d i s s emina t e d  c un ri t e  c h rv s o c o l l a _ 
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Fi gure 1 8 . Th ema t i c  Ma p p e r  S imul a t o r  image , t h re e - r a t i o  c o l o r  c ompo s i t e  image 
p r o c e s s e d  b y  J e t  P ro p u l s i on Lab o r a t o ry f ro m  NASA N S - O O l  mul t i s p e c t r a l  
d a t a  ( c o ur t e s y  o f  t h e  Ce os a t  Comn i t t e e , I n c . )  
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Fi gure 19 . Map o f  s pe c tral anoma l i es derive d from the three ratio image , indica t ing 
areas o f  s us p e c t e d  phyl l i c  a l tera t ion and the locat ion o f  rock s amp l e s  
taken for analys i s . 
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DYNAMIC RANGE 

Figure 2 0 .  Schema tic drawing o f  a linear 
con t ras t s tr e tch performed on a d i g i tal 
da ta s e t .  The to tal dynamic range of  a 
film r ecorder sys tem is r epr es ented by 
the d is tance A-A ' along the abcissa . The 
original raw da ta as received from the 
sensor sys tem are d epic ted by the curve R ,  
whereas the resul tant s tre tched d a ta , with 
scal ing and transla tion,  are shown by 
curve S .  Curve S now occup ies the total 
dynamic range o f  the f i lm .  O ther types 
of  s tr e tches can be tailored to the d a ta 

-and the requirements of the output image . 

Y, 

L----------'-A-F-T-e R--M-e-R-e-M-a-e-C-K--e-T-A-L-.-1-9-7-7-' X, 

Figure 2 1 .  Ellip tical scat ter pat tern for a 

hypo the t ical data s e t  cons i s t ing o f  mul t i
spec tral channels X l  and X2 . The princ ipal 
componen t analy s is c r ea tes a new set of co
ord ina te axes ( componen ts)  by a ro ta t ion and 
trans lation such tha t the f irs t (Y l )  compon
ent accounts for mos t  of the var iabi l i ty .  
The second ax is (Y 2 )  i s  chosen or thogonal to 
the f irs t .  This conc ep t  can b e  ex tended to 
mul tid imens ional spac e ,  wi th each succ eed ing 
componen t axis b eing or ien t ed or thogonal to 
the earlier ones and accoun ting for less and 
less variat ion . 
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( A F T E R  M E R E M B ECK ET AL,  1 977) 1 

Figure 22 . Mean values ( d epic ted by center
poin ts)  and dens i ty d is tr ibu t ion (depic ted by 
the ellipses) for hypo the t ical ca tegor ies A 
through E .  Ax es X l  and X2 d epic t the original 
d a ta channels . No te tha t on the basis o f  axis 
X l , ca tegor ies A-B-D are s eparable ; categor ies 
A-B-C are separable on X2 . Ca tegor ies B-C-E 
and D-E are no t separable on X2 . Based on 
bo th X l  and Xz category E is confused wi th B 

_ - and D .  

�------------------------------

Xl (AFTER M E R EMB ECK ET A L ,  1 977)  

Figure 2 3 . Canonical trans forma tion in
volving ro ta tion ( 8 ) and transla tion for 
ca tegor ies A through E .  Axes Y l  and Y 2  
respec t ively depic t the f ir s t and second 
trans formed axes . 



Y ,  

, .  

( A F T E R  M E R E M B E C K  E T  A L ,  1 9 7 7 )  

Figure 24 . Canonical ro ta tion , transla tion and scal ing transforma tion showing separab ility 
between ca tegories A through E .  The trans f ormed axes Y 1  and Y 2  have b e en scaled s o  tha t the 
previously ellip t ical dens i ty d i s tr ibu tions are now spher ical ( i . e . , uni t s  on Y l  ; Y 2 ) . Bas ed 
on ax is Y j ,  ca tegory A is  separable from all o ther ca tegories . Categories B-E and B-D are 
separab le . Ca tegories B-C and C-D-E are confused . Based on axi s  Y 2 , C i s  s eparable from all 
o ther s .  Ca tegories A-B-D-E are confused . Only ca tegories D-E canno t be  s epara ted on the 
bas is of the two axes ; this is an improvemen t over the original da ta . 
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P r ep r in t  from : Procee dings o f  2nd I EEE Int e rn a t i onal 
Geo l o gy and Remo t e  S en s ing Sympo s ium 
(I GARS S ) , Muni ch , Ge rmany J une , 1982 

LANDSAT-D TM APPLI CATION TO PORPHYRY COPPER EXPLORATION 

Mi ch a e l  Ab r ams , Je t Propul s ion Usbora tory , Ca l i f o rn i a  In s t i t u te of Te chnol ogy , 
Pa sadena , CA 9 1 1 0 9  

David Brown , Tex a s g ul f ,  Tuc son , A2. 8 5 7 1 1  
Us r ry Le p l e y , TU c s on , A2. 85 7 04 

Ray Sad owski , �� , Tuc s on , A2. 8 5 7 0 1  

ABSTRACT 

Data from the c ur r ent Landsat ac anners were c om

pared wi th d a ta a c q u i r e d  wi t h  an aircraft ins t ru 
IDent S imul a t ing t h e  n e w  Land sa t -D Thema t ic Mapper 
(TM) s c anne r . Three porphyry coppe r dep o s i t s  
were u s ed a s  t e s t  s i t es t o  eva l ua t e the s pa t i a l  
and spec t r a l  c apab i l i t i e s  of b o t h  ays t ems f o r  
sepa r a t ion o f  l i tho l og i e s , d i s c r iminat ion o f  
hyd rotherma l al t e r a t io n ,  and s t r uc t ura l ma pping . 

Landsat d a ta were u s e f ul for d e l in e a t i ng iron 
ox i d e  ar e a s  on the s u r f a c e ,  aome of wh i ch � r e  
a s s o c i a t ed wi th a l t e r ed  r o c ks , aome of which wer e  

a s so c i a t e d  wi t h  a e d imen t a ry - r edbed S , vo l c anic 

rocks , and wea t h e r ed a l l uv i um .  The l im i t ed  s pa
t ial r e s o l u t i o n  hamp e r ed the ab i l i t y  t o  ma p  c r i t 
i c a l  geol o g ic r e l a t ionship s .  The s imul a t ed  Di 
d a t a  p r ov i d e d  ad d i � i onal s p e c t r a l  bands and 
improved a pa t i al r e s o l u t ion wh ich a l l owed s ev e r a l  
t y p e s  of a l t e r a t ion t o  b e  d i s c r imina t e d , a n d  the 
impor tant g e o l og ic f e a t ur e s  to b e  mapped . 

The Usnd s a t -D TM s c anner wi l l  provide g e o l o g i s t s  
with an imp r oved m a p p i ng t oo l , app l i c ab l e  n o t  
only to po rphyry c o p p e r  exp l o r a t ion , but also to 
expl o r a t i on for a wide r ange o f  b a se and p r e c ious 
m e t a l  depos i t a .  

Keywords : Remo t e  aens ing ; copper expl o r a t ion ; 
Land s a t -D ;  Thema t ic Ha p p e r  

1 .  I�7RODUCTION 

Land sat d a ta have b e en used for a number of years 
in arid to a em i - ar id envi r o nme n t s  to locate a r ea s  

o f  iron ox id e o c c urrences wh i c h  might b e  a s so c ia
ted wi th hyd r o t he rma l  a l t e r a t ion zones . Pi oneer

ing work by Rowan and his c oworkers ( Re f .  1 )  
c l ear ly demon s t r a t e d the ut i l i t y  of comp u t e r  pro
c e a S i ng of Land s a t  d a ta to l o c a t e  a l t e r a t ion 
&ones in Nevada a s ao c i a t ed wi th prec ious me t a l  
d epo s i t s . Bowev e r , i r on ox ides have a wide r ange 
of occur r e n c e s  of t en un r e l a t e d  to a l t e r a t ion 

phenomena ; these i n c l ud e  aed imen t a ry r edbed s , 
vol c anic r o ck s , we a t her ed al l uv i um , e t c . In 
add i t ion there are areas of a l t e r a t i on  which are 
iron ox i d E - f r e e ,  auch as advan c ed argi l l i c , a i l 
icic , and a o l f a t a r ic a l t e r a t ion s .  These areas a r e  

char a c t e r i z e d  b y  t h e  pr e . enc e of hy d r ous - mi n
eral s , auch a s ka ol i n i t e ,  alun i t e ,  and a e r i 
c i t e . Th e  spec t r a l  inf orma t i on provi d ed b y  the 
current land s a t s  d o e s  not al low d e t e c t ion o f 

t h e s e  a r e a s , and f a i l s  to d i s t ingu i sh many unal 
t e r ed  a r e a s  f r om  a l t e r ed a r e a s .  An o t h e r  d r a wb a ck 
o f  Usnd s a t  is i t s  r e l a t iv e l y  poor apa t i a l re solu
t ion ( 80 m) wh i c h  p r events r e c ogn i t ion of moder
a t e  to am a l l  f e a t u r e s  and outc r op s  which might be 
o f  cri t i c al impor t a nc e .  

Th e  four t h  Us n d s a t ,  s c h e d u l ed t o  be l a un c h e d  in 
July , 1 9 8 2  w i l l  c a r r y  a n e  .... g e n e r a t ion mUl t i s p e c 
t r a l  s c a n n e r  c a l l e d  the Th ema t i c �� pper ( TM ) . 
This ins t r ument w i l l  have 7 channe l s  a nd prov i d e 
d a ta wi t h  30 m s pa t i a l  r e s o l u t i on (Tab l e  1 ) . 

Band 

4 
5 
6 
7 

TABLE 1 .  S P ECTRAL BAh�S OF LANDSAT M S S  

AND lANDSAT-D Di 

La n d s a t  MSS land s a t -D TM 
Wavel e ngt h Band Wav e l ength 

0 . 5-0 . 6  1 0 . 46- 0 . 5 0 
0 . 6- 0 . 7 2 0 . 52- 0 . 60 
0 . 7 -0 . 8  3 0 . 63- 0 . 6 9  
0 . 8- 1 . 1  4 0 . 7 6 - 0 . 90 

5 1 . 55- 1 . 75 
6 2 . 0 8- 2 . 36 
7 1 0 . 8  - 1 2 . 5 0 

Two of the s p e c t r al c hann e l s  ( 1 . 6 \III and 2 . 2  �) 
a r e  l o c a t e d  in wave l e ng t h reg ions wh i c h  should 
a l low d e t e c t ion o f  h y d rous mine r a l s , as we l l  a s  
i r on ox i d e s  us ing d a t a  f r om the other band s . 

To ex am ine the a p p l i c a t i on s  of Land s a t "-D TM d a t a  
f or c o p p e r  expl o r a t ion , Us n d s a t  d a t a  we r e  compar
ed wi th s imul a t ed 'Di d a t a  ac q u i r ed U S i ng an a i r
c r a f t  acanner ins t r um e n t . Th r e e  porphyry copper 

d e po s i t s  in Ar i zona were a e l ec t ed for inve s t i ga
t i o n : Si l v e r  Be l l , Sa f f o r d , and He lve t i a .  These 
s i te s  present a r ange o f  c opper o c c ur r ences in 

aemi-arid envi r o nme n t s , wi th d i f f er ent ho s t  
r o c ks , l ev e l s  o f  e r o s i on , and s t ages o f d eve lop
ment . Bo t h  s e d im e n t a r y  and igneous t e r r a i ns are 
r e presen t e d ; t he v a r y ing l ev e l s  o f  e r o s i on pro

vide exposur e s  of a l t e r a t i on phenomena from the 
most i n t en s e  p o t a a s ic to r eg i onal propyl i t i c .  

2 .  ANALY S I S  OF LAh�SAT DATA 

landsat d a ta p r ov i d ed aome i n f o rm a t ion on a l t er a 
t i on at a l l  t h r e e  ai t e s .  Us ing a c o l or ratio 
compos i t e o f  band r a t i os 4 /5 . 5/ 6 , and 6 /7 areas 
with iron ox i d e s  p r e s e n t  a t  the sur f a c e  we r e  
i d e nt i f i ab le a t  a l l  s i t e s . These a r e a s  i n c l ud e  
bot h a l  t e r e d rocks , and i r on- r i c h un a l  t e red 



rocks . At Si lver Je l l ,  iron oxides a .. ociated 
with the phyl l 1c al terat ion &one along the S i lver 
Be l l  !aul t zone we r e  ident 1 f i abl e.  Other , un
al tered areas have a aimilar appearance on the 
images , in c lud ing aedimentary redbeds and l imoni
tic P r e c ambr i an g r ani t e s .  A f ew rock t ypes wer e  
sepa r abl e ,  b u t  the l imi ted spa tial  and apec tral 
resolut ion .ade d i s c r iminat ion of .any rock t ype s 
impo s s ib l e .  At Sa f fo r d , iron oxide areas a s s o c i 
a t ed wi th t wo  c opper d e po s i t s  were iden t i f i ab l e ; 
addi t ional ar e a .  of iron oxi d e  corresponding to 
�athered a l luvium and gravels appeared s imi
lar . At He lve t i a ,  a l t ered hema t i t ic arko s e  vas 
d i a c ernible a s  were areas of unal tered volcanic 
sedimen t s .  Ag a in , the poor spa t ial and spe c t ral 
r e so l ut ion p r ov id ed only l imi ted g e o l o g i c  
informa t ion . 

3 .  ANALYS I S  OF FIELD SPECTRAL DATA 

In order to examine the expec t ed lIIprovement pro
vided by the Landsa t-D nI spectral data , f i e l d  
r e f l e c t an c e  measurements were obt ained us ing 
JPL ' s  Po r t ab l e  Fi e ld Re f l e c tance Spec trome t e r  
( PFRS) a t  t h e  three test a i t e s .  Mo s t  of t h e  
maj o r  rock types at t h e  s i t e s  we r e  measured in 
the wavel eng th r e gion of 0 . 45 to 2 . 45 Il m .  Sta
t i s t i c a l  an a l y s e s  of the ape c t ra we r e  pe r f ormed 
us ing a s t epwi se l inear d i sc r iminant ana l ys i s  
program . Th e  program va s  provided groups of rock 
spec tra, and var i ous waveleng th regions f r om  the 
PFRS data s imul a t ing several s c annen ; .  Th e  pro
gram d e termines the o p t imal l inear comb inat ion of 
the wave l ength var i ab l e s  to separate the rock
type group s .  A compar i aon of the separab i l i t y  o f  
g roups f r om each of the t e s t  s i t e s  f o r  La n d s a t  
and s imula t ed Land s a t -D nI d a ta is shown in Tab l e  
2 .  

TAllLE 2 .  CLAS S I F I CATION ACCURACY O F  S�TED 

LANDSAT DATA VS. S IMULATED 1M DATA 

Si t e  No . Groups Landsat 1M Improvement 
Saf ford 12 46% 6 5 %  1 9 %  
He lv e t i a  1 0  50% 68% 1 8% 
Silver Be l l  1 0  65% 89% 24% 

· 10  all thr ee test s i t e s , 1M data prov i d e d  an 
increase of about 20% in cor r e c t ly iden t i f ie d  
sampled rock g r oups . 

A second t e s t  va s  performed to compare the nI 
acanner and a conceptual sc anner with 30 e q u a l l y  
spa c ed 0 . 05 Il m  wi d e  bands in the 0 . 4 5-2 . 45 p m  re
g ion. The s t epwi se d i sc r iminant anal ysis program 
surveyed the 30 bands and se l ec ted , in order o f  
impor tanc e ,  those bsnds which b e a t  separs ted the 
rock groups . The order of band se l e c t ion for the 
nI and the 30 channel s imul a t ion for the same 
rock groups is shown in Tsb l e  3. 

TAllLE 3. ORDER OF BAND SELECTION FOR 1M AND 30 
CHANNEL S �TIONS US ING TEST S I T E  PFRS DATA 

S i lver 
1M* 
1 . 65 
2 . 22 
0 . 4 8  
0 . 56 
0 . 66 
0 . 83 

Bel l  
30* 

1 . 6 0  
2 . 1 5  
0 . 50 
0 . 5 5  
0 . 70 
0 . 60 

Helvetia 
1M 30 
0 . 48 
0 . 66 
1 . 65 
0 . 56 
0 . 83 
2 . 2 2 

0 . 50 
0 . 70 
1 . 70 
2 . 30 
2 . 2 0  
2 . 05 

Sa fford 
1M 30 
2 . 22 2 . 1 5 
1 . 65 2 . 20 
0 . 83 0 . 50 
0 . 56 2 . 05 
0 . 66 0 . 90 
0. 48 1 . 55 

* Center wavel eng ths of band s ,  in microns 

The Silver Be l l  analysh exhib i t s  a nearly one-

to-one cor r e l a t ion in both the order of band 
s e l e c t ion and the p a r t icular bands s e l ec t e d . 
From a s t a t i s t i c a l st andpo int ,  the 1M bands a r e  
i d e a l l y  chos en f or d i s c r im in a t ing the s u i t e  o f  
a l t e r e d  and un a l t e r e d  rocks sampled a t  Silver 
Be l l .  The Helve t ia anal ysis shows s im i l ar beha
vior for the f i r s t  three band s ( th e  most impor 
tant s e l e c t e d  by the d ia c r im inant f unc t ion 
p r ogr am ) . A somewhat poor er corr e l a t i on ex i s t &  
f o r  t he Saf f o rd analys i s ; however . the 0 . 5 . 2 . 2 .  
1 . 55 ,  and 0 . 9 Il fll regions were sel ec t ed in the 30 
channel an alysi. as the most impo r t ant . Theae 
match f ai r ly cloaely some of the chann e l s  of the 
1M .  

4 .  THEMAT I C  MAPPER S �TOR AIRCRAFT DATA 

Thema t i c  Mapper d a ta were ob t a ined wi th NASA ' ,  
NS-0 0 1  nI s imul a to r  a i r c r a f t  sc anner . Da t a  we r e  
ob t a ined f r om  an a l t i t ude o f  5 km .  produc ing a 1 0  
km swa th wi d t h  wi th a r e solution o f  about 1 2  m .  
This sc anner has the same 7 bands a s  the re o  and _ 

an add i t ional band a t  1 . 0- 1 . 3  p m .  

In order to examine d e t e c t ion o f  hyd r o therma l  
a l t e r a t ion , a c o l o r  r a t io compos i t e  wa s produc ed 
for e a ch o f  the three s i t es us ing n: band r a t ios 
3/2 (0 . 66 Il m/ 0 . 56 p m ) , 4/5 , and 5/6 ( 1 . 6  p. m/ 2 . 2  
Ilm) . These p a r t icular r a t ios were c hosen to en
hance the presence o f  iron oxi d e  miner a l s  and 
hydrous mine r al s .  The 3/2 r a t io will be high for 
i ron oxi d e s  due to the fal l-of f in r e f l e c t a n c e  
towards the u l t r av i o le t .  Hyd rous m i n e r a l s  w i l l  
have a high 5 / 6  val u e  due to the ab s o r p t ion band 
near 2 . 2  Il m  c au s ed by OH- . This par t i c ul ar c om
b inat ion va s  shown to be ef fec t iv e  for d i s c r im in
a t ing hydro thermal a l t e r a t ion of an e p ithermal 
prec ious me t a l  depo s i t  in Nevada (Ref . 2 ) . 

At S i lver Bel l ,  the phyl l ic a l t e r a t ion zone was 
c l ear l y  d e l inea ted . Compa r ison wi th an al tera
t ion map p r o d u c ed f r om  mon ths of f ield and l abor
a tory work showed a nearly per f e c t  c o rr e l a t ion . 
This &one wa s d i s t inguishabl e  d ue to s p e c t r a l  
f ea t ur e s  of the miner al o g i c a l  const i t uen t s . Iron 
oxides ( g oe t h i t e ,  hema t i t e )  d eveloped on t he s ur
f a c e  from ox i d a t ion of hyd r o thermal pyr i t e , and 
k.aol inite and s e r i c ite produc ed f rOll: a l  t era t ion 
of feldspars have d iagnos t i c  and s trong absorp
t ion features in the nI wav e l ength band s .  Sedi
mentary redbeds and other ferrug inous , unal t e r e d  
rocks were d i s t ingui shab l e  f r om  a l t ered r o c ks due 
t o  the i r  lack o f  hyd rous miner al s .  

At Sa f ford , s e r i c i t ic al t e r a t ion a s soc i a t ed wi t h  
t h e  copper depO S i t s  showed up c l early for the 
same reasons as a t  S i lver Bel l .  The a l t erated 
r ocks we r e  a qua r t z  monzoni t e  intrusive , and rhy
o l i t ic d ikes a long a shear zone . At Helve t i a ,  a 
l arge hema t i t ic area east of the ore body va . 
v i s ib l e . Th i s  area has perva s ive helta t i t e  
d ev e l oped f r om oxi d a t ion of hyd rothremal py
r i t e .  Arg i l l ic a l te r a t ion was d i sc ernib l e  ove r  
a n  out crop o f  t h e  mineral i zing qua r t z  l a t i te po r 
phyr y .  

Th e  NS-oO l 1M data we r e  al so proc e s s e d  us ing 
s t e pwi se l inear d i s c r iminant f UD c t ion ana l ys i s . 
The ground spe c t r a l  r e f l e c t ance me a s ur emen t s  pro
v i d ed the t r a in i ng B e t s  to c a l c ul a te the o p t imal 
l inear comb inat ion of wavel ength bands to separ
ate the rock g r oups examined . ( Se e  Re f .  3 for a 
c ompl e t e  d i s c u s s ion . )  For Si lver Be l l , analys i S  
o f  t he images produced f r om  the new l i n e ar com
b inat ions i nd i c a t ed tha t a l l  the mapped g e o l og i c  
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un i t l  coul d be' d i a t inguhhed . In addi t io n .  aOllle 
of the .apped un i ta appear ed in d i f f erent c o l or a . 
c o r r r sponding to phy l 1 i c  and propyl i t i c  a l t e r a 
t ion , a n d  un a l t e r ed rocks . Theae d a ta wer e 
d egraded to the t.. ndu t-D resolut ion of 30 m ;  
l i t t h  in f o rma t ion was lo&t c ompared t o  the o r i 
g in a l  12  m da t a . Ma j or d i k e s  ve r e  vi & ib l e ,  
a l lowing a t r uc t ur al in f o rma t ion t o  b e  ex t r a c t e d ; 
a l l  ou t c rops ve r e  aepa r ab l e .  

Sim i l ar proc e s s i ng w&& performed on the Sa f f ord 
a n d  He lve t i a  d a t a , vi th e q ua l l y  a uc c e s s f ul 
r e s ul t s .  At Belve t i a ,  unal te r ed l imes tonu we r e  
a epa r ab l e  f r om a l t e r ed l im e s t ones (marb l e s )  
r e l a t ed t o  s ka rn  d ev e l opmen t .  The ove r a l l  im
p r ovemen t comp a r e d  to cu rrent lAndsa t da t a  wa s 
a t r i lt1ng . 

5 .  IMPLICATIONS FOR MINERAL EXPLORAT ION 
IN GENERAL 

Porphyry copper d epos i t s  are charac t e r i z e d  by 
a ev e r al f e a t ure& wh ich are common to o ther t ypes 
o f  dapo& i t s .  The&e a r e : a t ruc tural contro l .  
hydro the rmal a l  t e r a t i on  zone & .  and presence o f  a 
mine r a l i z i n g  in tru& ive . Hyd rothermal a l t e r a t io n  
zones a r e  d ue t o  t h e  phys iochemical r e a c t ivity o f  
magma t i c and/or me t e o r i c  fluids which a r e  a s s o c 
i a t ed vi th in t r u s ive o r  ex t r u s ive bodie s .  C i r c u
l a t ing f l u i d s  change the mi ner a l ogy of the 
c oun try r o c ks and c an produce d i s t in c t ive and 
d i agnos t i c  a s & em b l a g e s .  Th e  zoned al t e r a t ion 
se quence d ev el oped in a & &o c i a t i on vith porphyry 
c opper depos i t &  is s c l a & s i c  exampl e of th i &  
i n t e r a c t ion . Mi n e r a l i z ing f l u i d &  are g e n e r a t e d  
b y  a n d  f r om t h e  in trus ive body . Al t e r a t io n  i s  
. O & t  i n t e n & e  c l o s e & t  t o  the intru& ive . and d e 
c r e a s e s  in in ten& i ty away from the in t r u & ive . 

Th e r e  are many o ther t ypes of depo s i t& wh i c h  
ahare aome o r  a l l  of the&e f e a t ures . Th e  t e ch
n i ques d ev e l oped in this s t udy us ing 1M d a t a  
aho u l d  b e  d i r e c t l y  ap p l i c ab l e  t o  depos i t s  wh i c h  
o c c ur in s im i l ar c l ima t ic zones ( ar id t o  aemi
a r id ) . !h e s e  depos i t s  include : 
1 )  Hypo the rmal deposits wh i ch c on t a in o r e s  o f  
Au , � ,  It:> .  W ,  � ,  Pb ,  Zn .  As ;  al t e r a t ion can 
i n c l ude aer i c i t i za t ion in s i l i c eous r ocks . and 
c h l o r i t iza t ion : exampl e s  are Au of Kirkland Lake . 
On t a r io and Ka l g oo r l i e ,  W. Au s t r a l i a :  So of Corn
wa l l .  

2 )  Me s o t h e rma l  depos i t s  which inc l u d e  p r ophyry 
c oppe r s : they f o rm '  in or near intrusive igneous 
rocks , and con tain ores of Au .  Ag ,  �, As .  Pb .  
Zn . N i .  Co , W, Mo ,  U :  a l t er a t ion i n c l ud e s  a e r i c i 
t i za t i on , a rg i l l i za t ion , propyl i t iza t ion , csrbon
i t i za t ion . Other porphyry t ype d e po s i ta are 
a ll s o c i a t e d  vi th lIIo l yb d enum . t in .  and gold mine
r a l i za t ion . The r e s u l u  of this at udy ahould be 
d i r ec t l y  appl i c ab l e  to expl o rat ion for the s e  
t ype6 of d e po& i t & . Porphyry molybden\Kl) d e po s i t s  
d i f f e r  from copper deposi t s  only i n  the dominant 
ore lII inerala and the we tness of the in t r u s iv e .  
� a reaul t ,  a l t e r a t ion zones are apa t i a l l y  IDO r e  
r e a t r i c t ed a n d  o f t en t e l e acoped . N ev e r th e l e a s . 
phyl l i c . qua r t z -aer i c i t ic , arg i l l i c . and p r opy
l i t ic a l t e r a t ion zone& are c ommon and di llgno s t i c . 
Tin and gold depos i t s  do not develop the in ten
a t ty of a l t e r ll t ion aeen at copper and mol ybd e n um  
d eposi t a .  Neve r t h e l e s & , arg i l l ic and propyl i t i c  
al t e rat iona are c ommon , and c an be looked f o r . 

3) Ep i t h e rma l dep0 5 i  t s ;  the lle form nellr aurf a c e  
and are a s so c i a t ed wi th ex trus ive o r  near a u r f a c e  

intrua1v e  rocK. : they conta1n o r e &  o f  Ph ,  lo ,  Au ,  
Ag , Rg , Sb , Se , Bi , U ;  al t e r a t ion c sn be ae r i c i 
t 1 z a t 10n , arg 1 1 1 1 z a t i on , ltA o l i n i za t i on , and d o l o 
mi t i za t ion : examp l e .  a r e  Au o f  Gol d f i e l d ,  Nevad a ;  
CoIII& t o c k ,  Nev ada ; Ag of Tonopa h , Nevad a .  
Prev ious work ( Re f  . 2 )  a t  ,thes e Ne-:ado  l o ca t i on s 
h a s  d emon s t r a t e d  the power of the Th em a t i c  Ha p p e r  
b a n d s  f or ma pping a l t e r a t ion f a c i e s . In t h e  
Go l d f i e l d  a r e a  f ive d i f f e rent t yp e s  of a l t e r a t i on 
were separab l e :  intense a r g i l l i c , s i l i c i f ic a t ion " 
o p a l i z a  tion , op a l i z a  t ion vi th iron-ox i d e s , and 
d e u t er i c .  These r e s ul t& IIhould be ext e n d a b l e  to 
o ther vein depos i t s  and epi thermal sy&t ems wh e r e  
a l t e r a t ion i& p r e & en t .  

6 .  CONCLU S I ON S  

Simul a t ions of Land s a t -D IM d a ta u s inE a i r c r a f t  
s c anner& ind i c a t e : 

1 )  Th e  added ape c t ra l  bands of the IM compa r e d  
t o  current l.a n d s a t  s c anners w i l l  prov i d e  m o r e  
u s e f ul informa t ion f o r  l i tho l og i c mapping a n d  
mapping of h yd r o thermal al t erat ion a s s o c i a t ed 
wi th porphyry copper depos i t s . The p r e s e n c e  of 
bands in the 1 . 6 and 2 . 2  \II! r e g ions proved to be 
inv a l uab l e  for id e n t i fying ar eas o f  hy d r o t h e rm a l  
a l t er a t ion d ue to the ir sen S i t ivi t y  t o  t h e  p r e 
aence of hyd r ous miner a l s . 

2) The improved apa t i al  r e s o l u t ion of Land s a t -D 
TM ( 3 0  m) ver & us tha t of the c u r r e n t  Lan d s a t  ( 8 0  
m )  a l l ows d e t e c t ion o f  outcrop areas and g e o l og i c  
f e a t u r e s  cri t i c a l  f o r  geol ogic mapping . Th i s  va s  
ev ident f r om  anal y & e& and compari sons o f  d a ta a t  
8 0  m ,  30 m ,  and 1 2  III for Si lver Be l 1 . Li t t l e  
i n f o rm a t ion was l o s t  go ing f r om  1 2  m t o  30 m ,  
c ompared t o  the l imi ted inform a t ion v i s i b l e  on 
the 80 III d a t a . 

3) The new u m d s a  t-D IM sc anner wi l l pro .. -ide 
exp l o r a t ion g e o l o g i s t s  wi th a new improved map
p ing tool for surveying mine r a l  resour c e s  on a 
g l ob al ba& i s .  Al t hough thi& s t udy was l im i t ed to 
examina t ion of porphyry copper depOS i t s ,  the s im
i l a r i t y  of mine r a l og i c al a s s emb l ag e s  and a l t e ra
t ion zones a & s o c i a t ed wi th many other types of 
ba&e and prec iou& metal d e pos i t s  s ugge s t s  that TM 
d a ta vi I I  have vi d e  appl i c a t ion for the non
renewab l e  re&ource explorat ion commun i t y . 
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