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INTRODUC T I ON 

The Ray- Super ior area contains some of the mos t  comp l icated 
supracrus t a l  geo l ogy in s outheast Ar i zona . The geo l ogy and 
meta l l ogeny is interpreted here as the product of three maj or 
orogenies that affec ted the Ray-Super ior regi on from Late 
Cre taceous (circa 8 5  Ma ) through Tertiary time (to c irca 5 Ma ) . 
S tratigraphy and s tructural  geo l ogy r e l a ted to each orogeny i s  
exce l l ent , and a l though the geo l ogy i s  abundant ly comp l ex , a 
genera l ly coherent s tory i s  dec ipherab l e . 

1 

This communication wi l l  summa r i z e  the over a l l geo l ogy of the 
reg i on and p l ace particu l ar emphas i s  on the Late Cretaceous rocks , 
structures , and mine r a l  depo s i t s  that are attr ibuted to the 
Laramide , G a l iuro , and S an Andreas orogenies . For an overview of 
the de f i n i t ion and character i s tics of each orogeny , see K e i th and 
Wi l t  ( 1 9 8 5 ;  reproduced at the back of this guidebook ) .  

Mos t of the geo l og i c a l  di scus s ion is  based on geo logic 
mapp ing in  the Ray-S uperior area done by S . B .  Keith in  1 9 7 6  for 
Kennecott Copper Corporation . Portions of the maps are reproduced 
for critical  pieces of the geo l ogic puz z l e that we wi l l  vi s i t  
dur ing th i s  f i e l d  tr ip . A l so , the maps and accompanying text are 
ava i l ab l e  from the A r i  zona Bureau of Geo l ogy as  open- f i l e  
report 8 3  - 1 4  .

Note:  The 1974 Phillips, Gambel, Fountain article  "hydrothermal Alteration, 
Mineralization, and Zoning in the Ray Deposit" is reprinted with permission from 
the Society of Economic Geologists."



ROCKS 

Rock un its on the accompanying map s  for th i s  gu idebook are 
summa r i z ed be l ow .  Add i tional comments on the regional context , 
and signif icance of the San Andrea s , Ga l iuro , and Laramide 
orogenic per i ods are a l so provided . 
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DESCRIPTIO� OF ROCK UNITS 

Description of �!ap Unit 

QUATERNAR Y GEOMORPHIC UNITS* 

Geomorphic surface--low relief, low gradient 
surfaces which may be erosionally cut on beveled 
bedrock (pediments) and beveled, non-indurated, 
valley fill alluviums or, represent depositional 
heights of alluvial valley fills. Age determined by 
height (oldest = highest) above present-day stream 
channels. Surfaces of slope <50 were mapped as Qs. 

Colluvium or hi1lwash overlying bedrock in hillslopes. 
Locally continuous ",vith Qs. Surfaces of slope >5 - but 
<12· were mapped a.s Qc. 

Talus or debris material resting on steeper slopes >12-. 
Locally continuous ,vith Qc. 

Landslide deposits containing boulders consistently larger 
than 5 x 5 xSI were mapped as Qld regardless of slope 
angle. 

Landslide deposits which contain structurally coherent 
blocks of bedrock. That is, the blocks within the slide 
have not been internally rotated with respect to each 
other, and the original pre slide lithology can be mapped 
within the slide at the map scale. The pre slide lithologies 
are designated by the appropriate letter symbols enclosed 
by parentheses, e. g., (Me). 

QUATERNARY ROCK UNITS 

Mine dumps and tailings; road fill. 

Modern· alluviums (Holocene) within present-day stream 
channels; younger than 10,000 years. 

Floodplain surface � on alluviums adjacent to modern 
stream channels 2 to 10 feet above present-day stream 
base levels. Does not contain red soils. 

*All Quaternary geomorphic units are tentatively considered younger than the 
upper Saint Davids forma.tion in the upper San Pedro Valley. The upper Saint 
David formation at Curtis Range has a magnetostratigraphy which probably 
contains Brunhes-Matuyama boundary dated at 0.69 m. y. (Johnson, et al. ,  

1975). If so, alluviums deposited during and after Qs 1 time are younger than 
about 600,000 years. 
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Surface 1 5  to 1 8  feet above pre sent- day stream bas e  
level s .  P re s ent along or  at confluence s  of major 
streams . Red soil s ,  if pre sent, are poorly developed 
compared  to tho se  on Qs 1 and QsZ surface s .  On streams 
with greater than ..... Z 0 gradient s ,  IIboulder terrace s  and 
levys" were  mapped as QS3. 

Winkleman fo rmation ( 1 0  to 1 00 feet). Gravels which 
underlie OS3 surface but are younge r  than gravels 
related to OsZ . FO(\'Ylation named for expo sure s in Highway 
77 roadcuts along north side of Gila River at Winkleman, 
Arizona. Generally an unconsolidated coar s e  gravel 
containing well- rounded pebbles ,  cobbles ,  and boulder s  
of older rocks ; contains fine -grained light yellow lens e s  
of silty material locally. 

Colluvium graded to QS 3 surface .  M:lpped in the Saddle  
Mountain area of  Winkleman 7i minute quadrangle and 
Teapot Mountain area of Teapot 7i minute quadrangle . 

Talus g raded to QC3 and QS3 surface .  Depo sit s overli e  
Qt1Z and a r e  di stinguished b y  lack o f  soil  development. 
Fine -grained material between rock fragments has been 
washed away. May repre sent debri s flows .  

Wide spread surface 15 to 80 fe et above pre sent-day 
s tream bas e  levels .  Contains well-developed  red soil s .  
A mature  soil expo sure in a haulage roadcut 1 mile north 
of the Ray mine has Z feet of dense red  clay at the BZT 
horizon and Z to 3 feet of calcareous C horizon. 

Colluvium graded to QS2 surface .  

Talus graded to  QcZ and QS2
. 

Megabreccia  mas s e s  stratigraphically related to QsZ 
surface s .  

Landslide s g raded to QsZ surface. 
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Travertine . E specially well developed along Highway 
177 near Walnut Spring in the Teapot Mountain quadrangle.  

Surface  1 00 to Z5 0  feet above present-day s tream bas e  
levels;  conta.ins well-developed red soils .  Generally 
on alluvial fa.cies of Quiburis formation; questionably 
cut on alluviums of Sacaton age. In the Tortilla Mountains 
veneer ,  gravels  of pos sible Sacaton age re s t  on an extensive 
pediment surface cut on Oracle quartz monzonite. This 
pediment surface i s  believed equivalent to the Rillito 
pediment surface in the Tucson area defined by Pashley 
(1966). OS I and OSZ surfaces  merge downward with the 
pediment surface s  in the upper reache s of s treams in the 
Tortilla Mountains .  The pediment surface is therefore 
inferred to be older than Qs 1 and QsZo Qs 1 is poorly 
preserved in the valley fill areas and more common in 
pedimented bedrock areas .  

Megabreccia graded to QSI surface .  The megabreccias 
north of Ray in White Canyon north of Hells Peak and 
south of Walnut Gap are inferred to b e  related to Qs 1 
base levels .  

MID TO LATE MIOCENE ROCKS 
(ROCKS OF THE SAN ANDREAS OROGENY) 

Bedded  rhyolitic tuff (50 - 1 00 feet) which overlies Qtb 
and contains fragments  of Qtb in the no rthcentral 
Teapot Mountain quadrangle . 

Aphanitic  dense basalt (300 feet ± ) po s sibly basaltic 
andesite which overlie s Big Dome -equivalent gravels 
in the northcentral Teapot Mountain quadrangle . 

Aphanitic dens e basalt which intrudes a .normal fault 
in the Wood Canyon area of Teapot Mountain quadra.ngle.  

MID-MIOCENE TO OLIGOCENE ROCKS 
(ROCKS OF THE GALIURO OROGENY) 

Miocene Conglomerate s 

Big Dome formation (2, 0 00 feet ±). Alluvial depo sits 
named by Krieger, et ale ( 1 973) for expo sures at Big 
Dome , Sonora quadrangle . Biotite and hornblende from 
a quartz latite ash flow tuff below the middle of the 
formation gave age s  of 1 4  and 1 7  m. y .,  re spectively 
(Bank s ,  et ale 1 972) . Big Dome equivalents are 
considered to be conglomerate in the Superior area, 
Apsey conglomerate (Krieger ,  196 830, 1 968b) in the 
Galiuro Mountains , and Hellhole conglomerate in the 
Klondyke quadrangle (Simmons, 1964 ) .  

"See Figure 1 for northwe st- southeast distribution and correlation of 
Tertiary rocks. 
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Tbdc 

Tbdql 

Tbdlt 

Tbdl 

Tbds 

Tbdwc 

Tbdpi 

Tql 

Tqli 

Trd 

Big Dome formation; mixed conglomerate facies (500 -
1, 000 feet) . 

Quartz Iatite ash flow tuff ( O -40 feet) embedded in Big 
Dome formation near Kearny, Arizona. The 14 and 
1 7  m . y .  ages are from this flow ( see Cornwall and 
Krieger , 1 975a) . 
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Thinly laminated to massive rhyolite lapilli tuff ( 0 -40 

feet) contains abundant pumice shards ( see Cornwall and 

Krieger, 1 9 75a) .  

Big Dome formation; limestone conglomerate ( 1 , 0 0 0  feet ± ) ; 
see Cornwall and Krieger ( l 975a) • . 

Big Dome formation; sandstone and conglomerate ( 1 , 000  
feet ±); see Cornwall and Krieger ( I 97Sa) . 

Big Dome formation. Conglomerate containing clasts of 
Williamson Canyon volcanics  ( 1, 0 0 0  feet ± ) present along 
southwest  margin of Dripping Spring Mountains in Hayden 
quadrangle. 

Big Dome formation; Pinal s chist  bearing conglomerate 
(400 feet ± ) .  

Picketpo st  Mountain Volcanic s 

An extensive sequence of dominantly rhyolitic volcanic 
rocks unconformably underlie the Miocene conglomerates 
and overlie older conglomerates and Apache Leap tuff 
northwest  of Ray and southwest of Superior .  These rocks 
are named the Picketpo st Mountain volcanic s  fo r a thick 
secti,on exposed at  Picketpos t  Mountain 4 miles west­
southwest  of Superior,  Ari zona. C reasey ( 1 975) has 
mapped many of these units in the Teapot Mountain 
71- minute quadrangle. 

Quartz latite flows showing basal vitrophyre as a cro s s ­
hatched band (250  feet ± ) . 

Intrusive quartz latite (intrusive equivalent of quartz 
Iatite flows ) .  

Rhyodacite po rphyry. Medium to mediwn. coar se-grained 
biotite rhyodacite porphyry contain s biotite , resorbed 
quartz ,  and plagioclase within a light pink groundmas s .  
Forms a prominent north- to northwest -trending dike 
south of Telegraph Canyon in the Mineral Mountain 



Trp 

Tm.t 

Tri 

Tp 

quadrangle. Intrudes Tri. Phenocrysts are 400/0 of 
rock. Equal s  coarse-grained rhyolite porphyry in 

-
\ 

reports of Lyon and Clayton. 
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Rhyolite porphyry.  Rhyolite porphyry with biotite and 
quartz "eyell phenoc rysts set in a white groundmass. 
Phenoc rysts are approxiInately ZO% of rock. ForIns 
numerous plug like m.asses south and west of Telegraph 
Canyon in the Mineral Mountain quadrangle. 

Bedded c reaIn-colored rhyolite tuffs ,  probably in part 
waterlain. A sequence of four units inter calated with 
Tp and Tr .  Contact between Ttb l and Ttb3 in  the White 
Canyon area i s  very approximately located on topographic 
criteria. Approxim.ate thicknes ses as  follows : Tbtr, 
1 00 -Z 5 0  feet; TbtZ' 1 0 0  feet ± ; Tbt3 ' 1 0 0 -Z5 0  feet; Tbt4 , 
lOa-ZOO feet. Tbt north of Ray mine i s  tentatively 
correlated with more extensive Tbt in Teapot Mountain 
quadrangle. Creasey (oral cornrn.unication) has dated 
Tbt 1 (?) at 1 7 m. y. 

Mas sive rhyoliti c  lithic tuff ( 1 00 -Z5 0  feet) thick, well 
expo sed in Wood Canyon area of Teapot }"iountain 
quadrangle. Lithic fragm.ents are of Tr + Tp 7 0%± 
and p i  3 0% ± • 

Mas sive fine-grained rhyolite flow breccia, a sequence 
of four yellowi sh-white flow units intercalated with Tp 
and Tbt. B recciation is probably due to autobrecciation 
during extrusion of flow. Approximate thicknes ses as 
follows :  Tr ,  5 0 - 75 feet; Trz, 5 0 - 1 00 feet; Tr3 , 5 0  feet ±, 
Tr4, 5 0 - 1 00 feet. C reasey (oral comm.unication) has dated 
one of these flows at 1 6  m. y. 

Mas sive fine-grained flow-banded rhyolite (intrusive 
equivalent of Tr ) .  Cros s -hatched band i s  vitrophyre 
which comm.only occurs at the contact s of Tr and its 
host  rock. 

Perlite flows : A sequence of two flows intercalated in 
Tbt and Tr; ptygrnatic flow banding and as sociated b 
lineation are com.mon. Rock has a glas sy ,  ropey outcrop 
texture and i s  light gray in color.  Flows are 1 00 to 2 00 
feet thick. 



Tpt 

Tbo 

Tgo 

Txg 

Tal 

Bedded to mas sive pink lithic tuff ( 15 - 3 0  feet) .  Lithic 
fragments in tuff are mostly Pinal schi st .  Generally 
present below Tbt and above Tgo. Howeve r ,  in the 
Telegraph Canyon a pink lithic tuff occur s  at the base  
of  Tgo .  

Dark purpli sh aphanitic ve sicular basalt flows (0- 75 
feet) , may be basaltic andesite . 

Older gravel ( 5 0  to +3 0 0  feet) . Alluvium above Apache 
Leap tuff and below Tpt. Consi sts of coar se  gravel 
alluviums dominated by rounded clasts  of Oracle quartz 
monzonite.  In the vicinity of Hells Peak, Tgo consi sts  
of  finer  grained s ediments .  As unit i s  traced northwest,  
clast's proportion become s progres sively more Pinal 
schist - rich. Unit may be an equivalent of the Ripsey  
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Wash s equence (Schmidt, 197 1) in the Kearny and Grayback 
quadrangle s farther south. Gravel unit which rests between 
rhyolite tuff and Apache Leap tuff north of Ray mine i s  
tentatively correlated with Tgo .  Age i s  between 20  and 
1 8  m. y. based on radiometric date s in the underlying 
Apache Leap tuff and overlying bedded rhyolite tuffs .  

Sedimentary breccia (0 - 250  feet t). Unbedded aggregate 
of silt, sand, pebble s ,  cobbles ,  and boulder - sized clas t s .  
Clast compo sition i s  predominantly Oracle quartz monzonite 
with some Grayback granodiorite. Unit i s  a mud flow o r  
megabreccia derived from a source area to the south in 
the Grayback quadrangle{?}. 

Apache Leap tuff (average s  2 0 0 - 5 00  fe et in mapped area ,  
2 , 000  feet at  type section in  Superior quadrangle (Peter son, 
1968,  1969». A nonwelded .white tuff 0 to 5 feet thick at 
base is commonly overlain by a 10 - to 30-foot densely 
welded black vitrophyre (ero s s -hatched band). Black 
vitrophyre grade s upward into a le s s  densely welded 
brownish weathering tuff commonly with flattened 
pumice shards . Vapor phase  crystallization increases  
near top. K-Ar ages are 2 0  m. y. (Creasey  and Kistler ,  
1962) and 19. 8 m. y. (Damon and Bikerman, 1964) . Out­
crops extensively in northwe st Sonora quadrangle and 
entire Teapot Mountain quadrangle . 
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Whitetail conglomerate ( 0 - 6 , 0 0 0  feet thick) .  Named by 
Ransome ( 1903 )  for expo sure s  in the Glob e  quadrangle 
Conglomerate units which re st beneath rnid- Tertiary 
volcanics  above pre -Tertiary rocks and c ontain no mid­
Tertiary volcanic clasts  are generally a s signed to the 
Whitetail conglomerate. One exception i s  in the Telegraph 
Canyon area where the basal conglomerate can be traced 
southeas t  where i t  i s  found to  re st on Tal. 

The Whitetail is divi sible into three  members  which are 
lithologically and stratigraphically di stinct. The lowest  
member consi sts of conglomerate s with multiple mono­
lithologic lithologies  which grade and interfinger laterally 
and appear to have local sources  (for example , see  
Phillips ,  1976 ) .  The middle member i s  comprised of 
sandstone and siltstone, some of which is of  lacustrine 
o rigin. In Walnut Canyon 0 . 5 mile upstream from its 
confluence with White Canyon gypsum is interlayered 
with siltstone s of the middle member. The upper 
member consists  of coarse conglomerate with clasts 
of variable lithology. North of Ray this unit contains 
sizeable mas ses of megabreccia. A tuff from the upper  
Whitetail at  Ray is  dated at  32 . 4 ± 0 . 6 m.  y. (Banks, 
et  al. , 1972 ) .  

Whitetail Conglomerate , Upper Member 

Conglomerate (50 to 4 , 5 00+ feet thick), Coar se  
conglomerate with subrounded to  angular cla sts of 
variable compo sition. North of Ray this unit contains 
several large megabreccia mas s e s .  

Megabreccia ( 0 - 3 0 0  feet thick) .  Found in Twc no rth of 
Ray. Lithologie s  mapped within the megabreccia are 
designated by the appropriate symbol enclo s ed. in 
parenthes e s .  

Whitetail Conglomerate , Middle Member 

Sandstone and siltstone ( 5 0 -400  feet thick) . Thin- to 
medium-bedded sands and silts, some conglomerate 
interbeds . Unit in Walnut Canyon contains intercalated 
gypsum beds; very soft; equals Tws s of Phillips ( 1976 ) .  
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White tail C o nglomerate, Lower Member 

C o nglome rate co ntaining g ray to grayish-b rown angular 
clasts of unmine ralized s chist (0-300 feet thick) found 
west of Teapo t Mountain and in Walnut C anyo n area; 
equals Tws of Phillip s ( 1 976 ) .  

C o nglome rate containing angular clasts o f  metamo rphosed 
Pinal schist. C lasts are gray to silve r ish and conuno nly 
contain nume rous folds (0-300 fee t  thick) mapped no rth­
we st of Teapot MOU!ltain. 

C o nglomerate co ntaining angular clasts of quartzite 
derived from Dripping Spring and Tro y quartzite . Diabase , 
Mescal lime stone,  and basalt clasts are less common (0-300 
feet thick); mapped no rthwe st  of  Teapot Mountain . 



LATE CRETACEOUS-EARLY TERTIARY IGNEOUS ROCKS::& 

(ROCKS OF THE LARAMIDE OROGENY) 

Numerous late Cretaceous - early Tertiary igneous 
rocks have been mapped (dikes, stocks, and sills) . 

Based on relative a&.es established by crosscutting 
relationships, live principal s tages of intrusions are 
defined on a regional basis (Table 1 ). FiIty-four age 
determinations are summarized in Table 1. In general, 
rocks of intrusive period r are more mafic than those of 

intrusive period II which in turn is more mafic than those 
in intrusive periods ill and IV. Age data are commonly 
erratic with single rock bodies and numerous inconsistencies 
with respect to relative ages occur. Nevertheless rocks 

of intrusive period r are generally older (average o£ 75.9 for 18 dates) than periods II (average 68 . 6 for 
1 1  dates), III (average of 6 1. 9 for 5 dates), rv (6Z . 8  
for 3 dates), and V (61. 3 for 3 dates). Using the current 
radiometric definition oi Laramide magmatism (Damon 
and Mauger, 196 6; Damon, 196 8 ,  1970) in Arizona and 
New Mexico (75 -50 m. y.), rocks of intrusive period I in 

general are pre-Laramide. Tectonic considerations too 
lengthy to develop here are also consistent with this 
defini tion. 

The microdiorite (Km in Saddle Mountai:J. area), diorite 

(Kdi in Crozier Peak area), and Tortilla quartz diorite 
(Kt in northern Tortilla and central Dripping Sprin gs 
Mountains) are similar petrographically , ch emically, and 
geochro nologically and have the same relative ages. It is 
possible that these bodies are comagmatic and should be 
included under the same name (not done' in this mapping). 
Relationships in the Saddle Mountain area suggest that the 
microdiorite and Williamson Canyon volcanics may be 
related. Th e volcanic pile is intruded by microdiorite " 

but within the pile lithic fragments of a' rock petrographically 
identical to the microdiorite are found wi thin lithic lapilli 

tuff flows. 

Dike rock types which have regional extent are those of 
intrusive period III. In order of decr easi ng abundance ,the 
rocks are Tq -Trz, Kmr, Tkha, and Tql. Figure Z is a 
correlation diagram for early T-Iate K intrusions based 

on crosscutting r elationships observed in the field . 

*See Figure 2. and Table 1. 
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TABLE 1 

CHRONOLOG Y OF LATE CRETACEOUS-EARLY TERTIARY IGNEOUS ROCKS 
FROM SADDLE MOUNTAIN TO RAY, ARIZONA 

Rock 

':.(' .. _.Cl 

::-::.a1 

::<1:d 

:<cia 
?qd 
:<gb 

W.R. 

80.6: 1.S(1) 

Biotite 

71.5:1.4(5) 

70.6 :!: 1.4(5) 

71.3:2.1(5) 

68.7:1.7(6) 

80.0:1.4(5) 

68.5:1.4(5) 

71.1 +3.2(8) 

69.71;1.4(5) 

:nne ralization as soda ted with Kr 
-:Ltc 62.91: 1.3(6) 

Hornblende 
K-Ar 

K-Spar 

Intrusive Period I 

Sphene 

ZZ dates, average age 75.9 m. y. 

74.3 ± 2.6(2) 

(2) 79.7±1.8 

81.7:1.9(1) 

65.6 ± 2.0(4) 

83.1 : 1.7(5) 

2851:10(5) 

110: 2(5) 

93.71: 1.9(5) 

1281;3(?)(5) 
(2) 74.3 : 1.3 

79.3+ 1.4(1) 

Intrusi ve Pe riod II 
11 dates, average age 68.6 m. y. 

71.31:2•1(7) 

68.0 ± 0.9(2) 

70.5: 1.6(2) 

74.4 t 1.5(5) 68.3 t 2. 3(3) 

Fission Track 
Zircon 

69.8: 2. 5(3) 

69.8:4.0(3) 

(garnet)(3) 

Apatite 

69.51;6.1(3) 

72.4: 8.4(3) 

(3) 68.5 :!: 4.2 



TABLE 1 (Continued) 

Rock W.R. Biotite Hornblende K-Spar 

Kr 

63.1:!:1.3(6) 

6Z.1 :!: 1. Z(5) 

6Z:: Z(9) 

lntrush"e Period III 
5 dates, ave:'&ie ago: 61.9 m. y. 

m\no:rOllizOltion associated \lith TrZ at Christmas 
61.0 t 1.0 (sericite)(Z) 

61.4:!: 1.1 (hydrothermal bioti!e)(Z) 

Kmr 
Tql 

Ttm 

68.01Il) 

66.0,,: Z. 0(4) 

65.7 t Z. 0(4) 

59.5 ± I. Z(5) 
63.0 ± Z(9) 
60(10) 

59. 5 -= 1. 8( 11 ) 

mineralization at Ray and Crozier Peak 

Intrusive' Pe-riod 1\. 
8 dates, a,"£ora; .. Ollie (,2.8 m. > •• 

lntrush·e Period V 
3 dates, average age 61.3 m.y. 

63.0 :!: 0.7(5) 

65.6 :!: 1.1 hydrothermal " . . 
65.1 :!: I. 1 at Ray 

;-- biotite 

69.7:!:1.4 
6 i. 0 :!: 2 

(1) Keith and Damon (unpub. ) 
(Z) Koski (written communication, 1976) 
(3) Banks and Stuckless (1973) 
(4) Krieger (1974a) 
(5) Bank .. , et al. (1972) 
(6) Damon, et al. (1970) 
(7) Krieger (1974b) 
(8) D .. mon and Mauger (1966) 
(9) Creasey and Klatler (1962) 

(10) Rose and Cook (1966) (II) McDowell (1971) 
(12) Damon, et al. (1964) 
(13) Krieger (1968d) 
I .) I Reset apatite from 1150 m. y. diabase In Ray deposit 
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Intrusive Period V 

Rhyodacite dike s ,  fine -grained, orangish, weathering, 
east - to west-trending dikes that cut T eapot Mountain 
porphyry northeast of Ray, Rattler granodiorite at Troy I 
central Dripping Spring s Mountains , and William.son 
Canyon volcanic s  we st of Saddle Mountain • . Equals T r3 
(Cornwall, et al. , 1972)  and Tr3 (Cornwall and Krieger, 
1975b) .  Banks,  et ale ( 1972) reports a 69. 7 ± 1 .  4 m. y.  
date on chloritized biotite from the dikes which cut the 
Troy intrusion. The date i s  anomalously old and was 
interpreted by Banks , Cornwall, Siberman, and Marvin 
(1972) to represent extraneous radiogenic argon introduced 
by late- stage magmatic or  hydrothermal fluids . 

Ash Creek rhyolite . A I-square -mile stock  intruding 
Pinal schist and Paleozoic rocks and overlain by Whitetail 
conglomerate 1 .  5 mile s east of Saddle Mountain. Yellowish­
white , very fine -grained rhyolite with flow foliation. Contains 
sparse phenocrysts of euhedral thin biotite books to 3 m.m. 
and K- spar( ? ) . The biotite has yielded a K-Ar age of 6 1  
± 2 m. yo (Krieger, 1968c ) .  Thi s  rock may be  related to 
Tr3 on the basi s of its texture and proximity to Tr3 dike s 
1 mile to the we st. 

Teapot Mountain porphyry. White to light yellow porphyry 
containing large euhedral phenocrysts  of K- spar and euhedral 
to slightly re sorbed quartz eyes 3 to 1 2  m.m. in diameter. 
Banks , et al. ( 1972 )  reports a 63 . 0  ± O. 7 m.. y .  date on 
orthoclase .  The date i s  older than the granite porphyry 
which it intrudes on Granite Mountain. The porphyry crops 
out in the Ray area ( s ee  also Cornwall, et  al. , 197 1 ) .  

Intrusi v e  Period  IV 

Granite Mountain porphyry. Medium- grained biotite 
granodiorite. Compris e s  large stock we st of Ray and 
small stocks at Ray mine. Average of five date s from four 
source s  (Table 1 )  i s  60. 6  m. y. ( s ee  al so Cornwall, et al. , 
1971 ) .  Truncate s Tr2 dike s .  

Medium-grained biotite hornblende granodiorite porphyry 
stocks and dikes in Crozier Peak area . Forms a small 
stock and subsidiary dikes on Ripsey Ridge at boundary of 
Kearny and Crozier Peak 7i minute quadrangle s. Average 
of therr K-Ar age s  on biotite (Table 1)  is 66 . 6  m. y. 
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Intrusive Period III 

Quartz latite porphyry dikes in Crozier Peak, Kearny, 
and Winkleman 7i minute quadrangles. Equals Tql of 
Cornwall and Krieger (l975a, 1975b), Trp of Schmidt 
(1971), and Tk1y of Krieger (1974b, 1974c. Tal near 
Crozier Peak is intruded by Kgd and is therefore older 
and not younger than Kgd as indicated by Krieger. (l974a, 
1974b). 

Melanocratic rhyodacite porphyry. Phenocrysts of 
plagioclase, resorbed quartz (to 10 mm), biotite, and 
accessory hornblende in a medium dark greenish-gray 
groundmass. Equals Kmr of Cornwall, et al. (1971), 
Krieger (1974b, 1974c), and Cornwall and Krieger (l975a, 
1975b). In areas mapped by S. Keith intrudes Trz which 
is consistent with existing literature above. 

Rhyodacite porphyry dikes. East-northeast- to east-west­
striking dike swarms. Probably the most cornmon dike 
type. 

Rhyodacite porphyry which contains phenocrysts of 
andesine, biotite, minor hornblende, and no quartz set in 
a tan to light greenish-gray groundmass. 

Rhyodacite porphyry. Same as above except contains 
resorbed quartz grains (5-13%) about 5 rom in diameter. 

Both varieties were mapped separately. Individual dikes 
may or may not contain quartz. No eros scutting relationships 
between these dikes were observed. Rock type is identical 
except for presence or absence of quartz. Similar positions 
in relative age sequence suggest these two dike types are 
comagmatic. Analogous observations have been made by 
other workers (Tkd and Tkq of Barrett, 197Z, and Tkr-
Tkrq of Krieger, 1·974a, 1974b). Tn-TrZ is also equivalent 
to Tkrz of Cornwall, et ale (1971), Trz of Cornwall and 
Krieger (1975a, 1975b), Tqmp of Schmidt (1971), and Tkfm 
of Willden (1964). An average of three K-Ar ages on biotite 
from three dikes in this series is 6Z.4 m. y. 
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Intrusive Period II 

Rhyodacite porphyry. Porphyritic (plagioclase) medium 
to light gray with a greenish, brownish, or olive cast 
rhyodacite. Contains smaller euhedral phenocrysts of 
hornblende and biotite; accessory magnetite; visible quartz 
is rare. Forms dikes and a large sill in Apache group 
east of Crozier Peak. Questionably assigned to intrusive 
period II on the basis of its sill-like nature. 

Teacup granodiorite (see Cornwall and Krieger, 1975b). 
Equals Grayback granodiorite of Schmidt (1971); not on 
S. Keith maps. Average of two dates (Table 1) is 62. 2 
m. y. Large pluton in Grayback and North Butte quadrangles. 
Cut by dikes of intrusive period III. 

Rattler granodiorite (see Ransome, 1923; Cornwall, et al. , 
1971). Equals granodiorite of Troy (Ransorn.e, 1923); 
referred to informally as Troy granodiorite by Schmidt 
(1971) and others. Main phase is a medium-grained biotite 
hornblende granodiorite. Average of six dates from three 
sources (Table 1) is 70. 1 m. y. Forms a 2-square-kilometer 
stock at Troy in central Dripping Spring MOWltains. 

Granodiorite of Granite Basin (see Willden, 1964). Forrn.s 
large laccolithic intrusion into Naco group 5 miles east of 
Christmas mine. Biotite hornblende granodiorite included 
by Willden (1964) as Tkim. K-Ar date on hornblende is 
70. 5 ± 1. 6 m. y. (Koski, written corn.rnunication, 1976). 
Not on S. Keith maps. Rock closely resern.bles Rattler 
granodiorite (Koski, personal corn.rnWlication). 

Quartz diorite. Mediurn.-grained biotite hornblende quartz 
diorite. Comprises small stock southeast of 79 mine in 
southern Dripping Springs and MacDonald stock 1 mile east 
of Christmas. K-Ar age of hornblende is 68. 0 ± 1. 6 In. y. 
(Koski, written corn.rnunication) from MacDonald stock. 
MacDonald stock not on S. Keith maps. 

Dacite (see Krieger, 1974c). Consists of a sill in Apache 
group rocks in central Crozier Peak quadrangle. K-Ar 
age on hornblende is 71. 3 ± 2. 1 m. y. (Krieger, 1974c). 
Not on S. Keith maps. 

Volcanics on east side of Ripsey Ridge in Crozier Peak 
quadrangle (see Krieger, 1974c). Not on S. Keith maps. 
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Intrusive Period I 

Turkey Track porphyry. Large (to 15 nun) plagioclase 
laths poikilitically enclosed in a dark gray grounciInass 
exhibiting Turkey Track texture. Only one east-west 
striking dike mapt5ed northwest of Crozier Peak. Dike 
appeared to be truncated by Kdi. 

Hornblende diorl te porphyry. Medium gray to greenish 
or olive-gray fine- to medium coar se-grained hornblende 
diorite or andesite. Phenocrysts are almost entirely 
hornblende (2-10 nun) with rare plagioclase. Equals Kh 
of Krieger (1974b, 1974c). Forms east- to northeast­
trending dikes in Crozier Peak and Winkleman quadrangles. 

Fine-grained light green quartz diorite (see Krieger, 
1974b). North- to south-trending dike which intrudes 
Romero Wash fault yielded a K-Ar whole rock age of 80. 6 
m. y. (Keith and Damon, unpublished). Forr:ls nwnerous 
east- to northeast-striking dikes south of Crozier Peak. 
Some of Krieger's Tku in this area is probably· this rock. 

Hornblende andesite. Light brown andesite dikes containing 
phenocrysts of hornblende (2-5 mm) and tabular \vhite plagio­
clase "squares" (2-4 xnxn) scattered in a light bro\"w-rJ.sh-gray 
groundmass. Intrudes Kdi, Kd, and Khd. Forms numerous 
east- to northeast-striking dikes south of Crozier Peak. 
Some of Krieger's (l974b, 1974c) Tku south of Crozier 
Peak is of this rock. Could be equivalent to T!<a. and Tkrh 
in Kea.rny quadrangle (Cornwall and Krieger, 1975a) and 
Tkr and Tkha in Sonora quadrangle (Cornwall, et al. , 1971). 

Hornblende andesite. Large (to 3 cm in diameter) hornblende 
phenocrysts set in a medium gray groundznass. Dikes which 
intrude Kw in Saddle Mountain area. Dikes appear to cut and 
by cut by Km and therefore are interpreted to be comagmatic 
with KInl. Dated dike in Ray area Kha of Cornwall, et ale 
(1971) and hornblende andesite in Crozier Peak quadrangle 
(Kha of Krieger, 1974c) may be equivalent(?). Average of 
two dates from Christmas and Saddle Mountain areas 
(Table 1) is 76. 8 m. y. ). 

Tortilla quartz diorite (see Cornwall, et al. , 1971). Equals 
Sonora diorite of Schmidt (1971). Consists of a number of 
small stocks in the Kearny, Gray-back, and Sonora quad­
rangles. The largest stock is west of Kelvin, Grayback, 
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and Sonora quadrangles. Composition ranges from 
pyroxene-hornblende diorite through biotite-hornblende 
diorite. Typically medium-grained hypidiomorphic 
granular rock, although local porphyritic patches with 
pyroxene and hornblende phenocrysts to 3 cm across are 
commo n. Average of 10 selected ages from 3 sources 
(Table 1) is 72. 65 m. y. Banks, Cornwall, Silberman, 
and Marvin (1972) interpret the anomalously old horn­
blende ages to reflect extraneous or excess radiogenic 
argon introduced by late stage magmatic fluids. 

PALEOZOIC ROCKS* 

Naco group. Name given by Ransome (1904) to a series 
of rocks above Mis sis sippian Escabrosa limestone in the 
Naco Hills, southwest Mule Mountains, Cochise County, 
Arizona. Since Ransome, rocks in the unit have been 
subdivided by numerous workers into many formations. 
Only the lowest formation (Horquilla. 

formation). '\s recognized in the Saddle Mountain 
to Superior. area • .  All previous mapping in this· area has 
referred This Ll0 It· under the name of Naco formation. 

Horquilla formation (500 to 1, 500 feet thick ± ) . Light 
. grayish weathering alternating carbonates and clasti-cs. 

Basal contact with IPb is variable. At Superior the contact 
is marked by a quartzite pebble conglomerate. At Ray it 
is a chert breccia. At E skiminzin Wash it is a chert breccia 
and sandstone. The basal 150 feet of IPh is predominantly 
slope forming pinkish and reddish siltstones and shales 
interbedded with micrite. Resistant carbonate lithologies 
(100 feet ± )  are encountered about 150 feet above base 

::(:See Figure 3 for northwest-southeast distribution and correlation of Paleozoic 
rocks. 
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interbedded with clasti c s  (200/0 ) .  Above the ledge-forming 
carbonate s equence ,  IPh i s  a monotonous sequence of 
interbedded carbonate s (650/0) and clastics (35%)  at regular 
intervals .  In general the IPh carbonates (mo stly crinoidal 
and fusilinid limestone with numerous chert lenses )  have 
Inore grayish  outcrop colors than Black Prince.  lPh clasti c s  
(Inostly pinkish to maroon siltstone s and shale s )  form slopes 
so that a conspicuous regular - shaped ribbing or banding i s  
observed when viewing !Ph from a di stance .  Fossils corxunon 
in lPh are crinoids , echinoid spines, composita productid,  
and spirifer brachiopods .  Guide fo s sils in central Arizona 
are fusilinids , Caninia rugose  coral, and pri sma pora 
bryozoa. IPh in general forms slopes. See Ro ss  ( 1 9 73) 
and Reid ( 1 96 9 )  for more detail on IPh. 

Black Prince formation ( 1 00 - 1 5 0  feet thick). Basal unit i s  
commonly a maroon shale or  siltstone and forms topographic 
reces s e s .  Basal bed i s  locally a chert breccia. Upper unit 
i s  a thick- bedded ledge to cliff-forming white crinoidal 
limestone (biosparite) with chert pods and lens es .  Black 
Prince contains no fusilinids . C haetetes flbrainll coral i s  
common in the upper limestone unit. See Ros s  ( 1 973) and 
Berry ( 1 975 )  for more detail on !Pb . 

Eskiminzin formation (new; 0 - 1 1 0 feet thick) named for 
exposures  in E skiminzin Wash, Saddle Mountain quadrangle 
(Keith and Purvis , unpubli shed). Conodants collected from 
this unit place the unit a s  Chester in age (Purvis ,  
unpubli shed data) . Formation consi sts of pink to yeliowish­
orange unfo s siliferous fine -grained to  aphanitic dolomite . 
Base of unit i s  a s edimentary breccia resting unconforInably 
on a karst  surface developed in underlying E scabrosa liIne­
stone . Sinkholes in thi s surface penetrate to 6 0  feet into 
Escabro sa and contain angular brecciated material of 
E skiminzin which has collapsed into the void space.· The 
karst i s  spectacularly expos ed in a road cut on the north 
side of Highway 1 77 where it pass e s  through Me in the core 
of an anticlina.l fold 2 mile s northeast of Winkleman, 
Arizona. Contact with Naco formation in other mapping 
i s  inconsi stently placed above and below thi s unit (e. g. , 
Krieger, 1 96 8c ) .  

E scabro sa formation (approximately 5 0 0  feet thick) .  Unit 
forms prominant cli£is of mas sive blui sh-gray crinoidal 
limestone (biosparite) .  C ontains a series  of conspicuous 
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white marker beds about Z OO-30 0  fe et above base (Mew) . 
Base of formation is a banded (light to dark bluish-gray 
bands) cliff-forming crinoidal biosparite (40 - 5 0  fe et 
thick) with black chert bands loc ally at its base (referred 
to colloquially as the "zebra stripe" unit) . Intervals 
between cliff-forming units are medium-bedded orangish­
brown aphanitic dolomit e  with a few white chert pods and 
lenses. Two white marker beds were mapped in 
exPosures in Saddle Mountain 7t minute quadrangle and 
are designated Mewl and M ewu. An unconformity about 
35 0  feet above base was mapped in Me exposures along 
Ash Cre ek.  Fossils are ostracods (oolites) cri-'!oids, 
spirifer and composita brachiopods, and syringopora 
"organ pipe" coral. Zaphrenthis rugose coral are 
guides to Me. See  Huddle and Dobrovolny ( 1 95 Z) for 
more information on Escabrosa formation in central 
Arizona. 

Percha formation ( 3 0 - 1 S 0  feet) .  Recently recognized 
in central Arizona by Shumacher, et  al. ( 1 976 ) .  Separated 
from underlying Dm by conodont data q.nd lithology.  Basal 
unit (Dpl) is a slope-forming olive-green mud-shale 40  to 
8S feet thick and grades into an upper unit (Dpu) of meditun­
bedded light yellow silty dolomite with white chert pods. 
Dp in Teapot Mountain quadrangle consists entirely of 
lowe r mud -shale unit. 

Martin formation (3 00 -400  feet) .  Co nsists of five units 
which were combined into four map units which in descending 
order are :  

Orange dolomite and siltstone unit ( 3 0 - 70 feet thick).  
Slope-forming thin- to medium-bedded fine-grained orange 
to orange-yellow silty dolomite interbedded with siltstone 
and shale. Scattered he:rnatite concretions. Locally 
fossiliferous. Pachyp�yllum and Hexagor"aria corals have 
be en collected from this unit (se e Meader, 1 976 ) .  

Consists of two units which are in desc ending order: 

Sandy H:rnestone unit ( 3 0-5 0 feet thick) .  Ledg e - forming 
dark bluish-gray, thin- to mediu:rn-bedded sandy li:rnestone . 
Contains calcareous silt and sand interlenses. Very fossil­
iferous. Atrypa brachiopods co:rn:rnon to abundant. Other 
fossils are pachyphyllu:rn co rals, bryozoa, and abundant 
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crinoid stems and hash. A few crinoid calyxes have 
been found. Fossils are locally so crowded that the 
rock resembles coquina. Biostratigraphy of this unit 
and Dmu is summarized by Meader (1976). Upper part 
of unit commonly contains hematite concretions. 

Aphanitic dolomite unit (200 feet thick ± ) . Slope-forming 
light gray to light yellow aphanitic dolomite. Contains 
siltstone and sandstone interbeds in upper part. 

Fetid dolomite unit (20 -35 feet thick). Well-bedded , dark 
gray, laminated fetid dolomite. Commonly minerali zed 
(the 0 'Carroll ore horizon of Eastlick, 1968, and other s). 
Forms ledges. 

Beckers Butte sandstone member (see Teichert, 196 5) ,  
approximately 40 feet thick. Friable, well-sorted, clean, 
well-bedded, medium- to coarse-grained sandstone. 
Weathers light brown to gray. Calcareous in its up?er 
few feet. See Teichert ( 19 6 5) for more iniormation on 
Martin formation in central Arizona. 

Abrigo formation (0-4 50 feet thick). Divided into three 
members which grade into one another. €au and €am are 
not present north of the latitude of Hayden. €al is present 
in southern and central Dripping Spring Mountains but is 
absent in Teapot Mountain 71 minute quadrangle (Fig. 3), 
see Krieger ( 196 1,  1968c; 1968d) . Units in descending 
order are: 

Upper brown sandy member (50-75 feet thick). Cliff­
forming, brown, medium- to thick-bedded sandy dolomite 
or dolomitic sandstone. Cros sbed laminae COnrinon. 
Approximately 20 feet above base contains a red oolitic 
hematite bed marked on map by a dashed line where. 
observed which contains abundant shell fragments of 
phosphatic inarticulate brachiopods. 

Middle sandstone member ( 1 50-250 feet thick). White 
ledge-forming, medium-bedded, fine-grained quartzitic 
sandstone. Weathers to a distinctive ribbed topographic 
expression (ribs parallel bedding) . Contains excellent 
ripple-mark surfaces. Scolithus (worm tubes? ) is conunon 
throughout unit. 
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Lower mudstone member ( 50 - 125 feet thick) .  Slope- forming 
olive-green, glauconiti c mudstone and shale. Contains fossil 
trilobite and inarticulate brachiopod (Billing sella?) hash. 
Grade s downward into € ba. 

Bolsa quartzite (0- 300 feet thick, typically 50- 100 feet 
thick). Mapped as two units. €bu is by far the most 
extensive. Bolsa is absent at Steamboat Mountain in 
Dripping Spring Mountains, Hayden 7i minute quadrangle, 
where €rests on Precarnbrian Troy quartzite. See Krieger 
(1961,  1968) for further discus sion. Units in descending 
order are: 

Upper quartzite member (0-250 feet thic k, typically 50- 100 
feet thick) .  Cliff-forming, fine -grained, rnedium-bedded, 
white, clean quartzite. Crossbedding laminae CO:mz:lon. 
Generally rests on Troy quartzite but may rest on diabase. 
Basal pebble conglomerate containing clasts of Troy quartzite 
is present locally. 

Lower arkosic member (0-150 feet thick). Present locally 
in thicker sections of € b. Dominately dark maroon to 
pinkish colored, poorly sorted, friable arkose and arkosic 
sandstone. Poorly sorted pebble conglomerates near base. 
€bl cornm.only rests on db and mu ch of its reddish color 
may be from reddish clays derived from db. Unit c losely 
resembles lithologies in the Troy quartzite and fills 
channels and irregularities on an erosional surface of 
moderate relief. Grades upward into €bu. 

YOUNGER PRECAMBRIAN ROCKS* 

A thick sequence of predominately clastic rocks which 
underlies the Cambrian Bolsa. quartzite and overlies older 
Precambrian crystalline rocks is present throughout the 
mapped area. These rocks were originally considered 
Cambrian by Ransome (1903, 1919, 1923). These rocks 
underlie 1400 m. y. quartz monzonite and are intruded 
by 1150-1200 m. y. diabase sills which clearly place thern 
in the Precambrian. 

*See Figure 3 for northwest-southeast distribution and correlation of 
younger Precambrian rocks. 
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A well-expo sed section of the se  rocks is  present on 
Highway 177 in the central Teapot Mountain 71 minute 
quadrangle . For a detailed di s cus sion of younger 
Precambrian stratigraphy see  Schride ( 1 967 ) .  Fo r 
interrelations between younger  Precambrian and lowe r 
Paleozoic stratigraphi e s  see  Krieger ( 1 96 1 ,  1 968d) and 
Schride ( 1 967 ) .  

Diabase .  Dike s and sills abundant in  Precambrian 
Apache group and Troy quartzite . Medium- to coar s e­
grained ophitic texture  i s  defined by plagioclase 
(laboradorite compo sition) poikilitically encased in a 
pyroxene (augite) g roundmas s .  Acces sory minerals 
include biotite, amphibole , olivine , and magnetite­
ilmenite . Diabase  and gabbro pegmatite s are pre sent 
locally. Sills are often compo site and invariably have 
chilled border s  with enclo sing sedimentary rocks in 
areas of poor outcrop. Diabase  weather s into di stinctive 
olive -green soils .  Diaba s e  is loc �lly depo sitionally over­
lain by Bolsa quartzite as  at Ash Creek, Saddle Moulltain 
71 minute quadrangle (contact here i s  also moderately 
sheared) and in U. S .  Highways 60  and 70 roadcuts at 
Superior, Arizona. T ypical thickne s ses for diabase 
sills are 300 - 6 00 feet, but large sills may range to 
+ 1, 200  feet. The accepted age for the diabase  is  1 1 5 0  
m. y .,  based on several dating technique s ( s ee Silver ,  
1 960 ;  Granger  and Raup , 1 95 9 ;  Livingston and Damon,  
1 968 ;  and Banks, et al. , 1 972 ) .  For more deta.il on  the 
diabase see Schride ( 1 96 7), Smith ( 1 969 ,  1 970 ) ,  and Nehru 
and Prinz ( 1  970 ) .  

T roy quartzite (named by Ransome, 1 9 1 9 , 1 923, for 
expo sures  at T roy Mountain ,  central Dripping Spring 
range) . Generally 300 - 6 00 feet thick where present. 
Thickn e s ses  are variable due to po st-diabase  pre -Bolsa 
e rosion which produc.ed  a surface of  moderate relief. 
Compo s ed of two units which were difficult to separate in 
the mapping due to abrupt lateral and verti cal variations .  
See Schride ( 1 9 67) .for more detail . The units in de s cending 
o rder are :  

Upper quartzite member .  Cliff - and ledge -forming , 
fine -g rained, locally medium-g rained, medium-bedded, 
white to reddi sh  quartzite and feldspathic quartzite . When 
€bu wa s inferred to overlie thi s unit, contact was placed 
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somewhat arbitrarily based where pos sible on cleannes s 
and grain size. Becomes sandier and more feldsp�thic 
in its lower part. Equals upper quartzite member in 
Troy quartzite of Schride ( 1 96 7) .  

Lower arkosic sandstone member (mostly 1 00 - 3 00 feet) .  
Slope- and ledge-forming; red, maroon, white, poorly 
sorted arkosic and conglomeratic sandstone. Becomes 
more arkosic, poorly sorted, and conglomeratic near 
base. Arkosic sandstones have prominent lenticular 
cross bedding locally. Arkose member is well exposed 
northeast of Walnut Gap along Highway 1 77 in Teapot 
Mountain 7t minute quadrangle. Probably equivalent to 
the Chedeski sandstone member of Schride ( 1 967) .  

Basal conglomerate (0 - 30 feet thick). Coarse pebble and 
cobble conglomerate which superficially resembles Barnes 
conglomerate except for clasts of Mescal limestone and 
Dripping Spring quartzite and slightly more angular clasts. 
Pebble and cobble sized .clasts are composed mainly of 
Apache group rocks and reworked quartzite clasts and red 
chert from the Barnes conglomerate. Matrix is reddish 
to maroon, poorly sorted arkose of similar composition 
to the clasts which it enclose s. Shown by a conglomerate 
symbol where observed. 

Apache Group 

A series of three formational units which rest under Troy 
quartzite and on older Precambrian rocks is referred to 
the name Apache group. Named by Ransome ( 1 90 3 )  for 
exposures in the Globe 3 0  minute quadrangle. Includes in 
descending order basalt ,  Mescal limestone, Dripping 
Spring quartzite, and Pioneer formation. 

Basalt ( 0 - 3 0 0  feet, generally 75 - 1 5 0  feet thick). Flows of 
black to dark gray basalt. Commonly vesicular. 
Porphyritic varieties consist of plagioclase in a pyroxene 
groundmass of pyroxene and olivine largely altered to 
iddingsite and serpentine. Altered basalt has a greenish 
appearance and where coincident with diabase is difficult 
to distinguish. 



mla 

ml 

ds 

dsuq 

dss 

28 

Mescal limestone (0-3 50 feet, typically 1 50-250 feet 
thick). Two members mapped which in descending order 
are: 

Upper algal member (0 - 1 50 feet, typically 100 - 1 50 feet 
thick) . Equals algal member of Schride ( 1 967). Ledge­
and cliff -forming, thick-bedded, yellowish brown dolonlite. 
Algal stromatolyte bioherms are common in the lower one­
third of the unit. Member is not present in Tortilla 
Mountains or Dripping Spring Mountains south of Troy 
Mountain (Fig. 3) . See Schride ( 1 967) for further 
discus sion. 

Lower dolomite member (0- 1 50 feet thick, typically 7 5-
1 50 feet thick). Thin- to medium-bedded, white dolomite 
with abundant black chert bands and lenses locally. Rock 
weathers into closely spaced ribs where chert is present. 
Lower part of unit is commonly a sedimentary breccia 
which consists of angular chert and dolomite clasts in a 
matrix of brownish -gray, locally calcareous dolomite. 
Matrix of breccia becomes sandier in its lower part. 
See Schride ( 1 967)  for further discussion. 

Dripping Spring quartzite. Named by Ransome ( 1903 f 

1 9 1 9 )  for exposures in the Dripping Spring Mountains. 
Divided by Schride (1967)  and USGS mapping into three 
members (see also Granger and Raup, 1 964) .  A four­
member subdivision seemed more logical in the area 
of this mapping. In descending order the four units are:  

Upper arkosic quartzite member (50- 100 feet thick). 
Light brown, reddish brown, and reddish green, fine­
grained, medium-bedded arkosic quartzite interbedded 
with thin-bedded siltstone. Has a £1aggy outcrop 
expression; forms cliffs and ledges. Joints are often 
stained with hematite' and goethite and show liesegang 
rings where the arkosic quartzite is intruded by diabase 
sills. 

Middle siltstone member (40 - 1 50 feet thick). Slope­
forming, interbedded, thin-bedded siltstones and shales. 
Weathered surfaces are strong shale of reddish-brown. 
Shale is locally phyllitic and weathers into small slaty 
shingles and flakes which have a white micaceous sheen. 
Reddish -brown goethite stain is derived from syngenetic 
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pyrite ( 1 -SOfo locally) . Rare torberni te i s  derived 
from sparse  syngenetic uraninite { ? ) .  Unit commonly 
intruded by diabase sills .  

Lower quartzite (40 - 80 feet thick) . Light yellowish-brown 
to white, cliff-forming , thin- to thick-bedded, mediwn­
grained, fairly clean qua�tzite.  Lower portions more 
arko sic. Fractures commonly stained by goethite derived 
from overlying ds s unit. 

Barnes conglomerate member ( 0 - 5 0  feet, generally about 
30 feet thick) .  This  unit i s  the mo st easily identified, 
persi stent, and reliable marker unit in the Apache group 
s ection and perhaps the entire Precambrian,  Paleozoi c ,  
and Me sozoic section. Consi sts of very well-rounded 

. 

ellipsoidal pebble s and cobble s of gray, brown, and 
grayi sh- red quartzite with minor quartz and red jasper 
s et in a matrix of medium-grained, poorly so rted arko sic  
quartzite . Forms ledges  but i s  not as resi stant as dslq. 

Pioneer fo rmation (O - 3 00 feet thick, generally 1 5 0 - 200  
feet thick) .  Slope -forming , dusky red-purple and brown 
arko s e, and dusky purple siltstone and shale .  Siltstone 
and shale are tuffaceous . Rocks of the Pioneer fo rmation 
very commonly are speckled by di s tinctive white to light 
greenish-yellow spots which repre sent bleached areas 
around s mall (0 . 5 to 2 mm) pyrite cubes  replaced by 
goethite . When spots are ab sent Pioneer may clo s ely 
re semble ds s .  

ScanlaI?- conglomerate member ( O - 2 0  feet;  usually 2 - 6  feet) .  
Matrix and clast compo sition variable and depends for its 
character on the rock immediately underlying it .  In 
s chi sto se  terrains , clasts are subrounded to angular 
pebbles of white quartz (locally abundant) and angular . 
pebbles  and granules of Pinal schi s t  in a grayish-red to 
purple matrix of poorly sorted rock chip s and arko s e .  
In graniti c  terrains , clasts are rounded to angular pebble s 
of white quartz and local pebble s and cobbles of quartzite 
in a coarse  arko sic matrix of granitic compo sition. Thi s  
variety may resemble clast -poor variations of Barnes 
conglomerate. Commonly, few if any pebble clasts  ar e 
present and unit consi sts entirely of a coarse -grained 
granitic arko se .  
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OLDER PRECAMBRIAN ROCKS* 

Oracle quartz monzonite of Peterson (1938). Referred 
to in recent USGS mapping in Tortilla Mountains as 
Ruin granite for a rock of similar composition and ag� 
in Ruin Ba sin 10 miles northwest of Globe, Arizona 
(see Ransome, 1903). The name Oracle is preferred 
because outcrops in Tortilla Mountains extend more or 
less continuously to an identical-looking rock at Oracle, 
Arizona. The quartz monzonite in Ruin Basin is separated 
from that in the Tortilla Mountains by a 30 - mile-wide 
belt of Pinal schist. Oracle refers to extensive exposures 
of batholithic extent in the Tortilla Mountains. 

Petrographically the rock is a medium- to coarse-grained 
yellowish-gray to grayish-orange porphyritic (K-spar) 
biotite quartz monzonite. Biotite is commonly altered to 
chlorite. Acces sory minerals are apatite, magnetite, 
and zircon with rare sphene. K-spar phenocrysts are 
commonly large (to 6 x 3 cm) and may be either ortho­
clase or rnicrocline and commonly exhibit microperthitic 
intergrowths. Locally "or" contains numerous xenoliths 
of clots of Pinal schist. Biotite from the Oracle granite 
of Oracle, Arizona, gave a K-Ar age of 1420 m. y.  
(Damon, et al. , 1962). Silver has an unpublished U - Pb 
zircon age of 1450 m. y. for this rock. Oracle quartz 
monzonite is locally cut by aplite and pegmatite dikes 
designated "ap" on maps. Also, the porphyritic phase 
commonly grades into a "hybridl l  aplitic equigranular 
phase which was only mapped in a few areas (designated 
" hor" on the maps). 

Oracle quartz monzonite is locally cut by a cataclastic east­
west- to east-northwest-trending high-angle foliation 
(especially in Kelvin Riverside area). Schmidt (1971) 
reports that this foliation is cut by 1150 m. y. diabase 
sills in the northern Tortilla Mountains. 

Madera quartz diorite. Named by Ransome (1903) for 
exposures near Mt. Madera in the northern Pinal 
Mountains. Ransome (1923) refers to at least two 
varieties in the Pinal Mountains. Several varieties 
are present north of Ray where some useful crosscutting 
relationships were established. 
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The rock s ymbolized as md2 has the following 
characteri stics :  The predominate phase  i s  a medium­
grained biotite granodiorite with 4 - 20% biotite (generally 
4-6% biotite )  and i s  foliated locally .  A more mafic pha s e  
has hornblende and i s  better termed a hornblende biotite 
quartz diorite. The hornblende in this rock forms typic al 
elongate pri sms . Locally the biotite granodiorite i s  
fo�ated. In some areas biotite -poor md2 clo s ely 
resemble s  Granite Mountain porphyry (Tgm) . In gullies  
west of the picnic ground 2 mile s  north of  Ray mine the 
biotite granodiorite phase  clearly cuts a more mafic 
"phase"  (mdl ) .  

Quartz diorite. Medium- to medium - coarse - grained
· 

biotite hornblende quartz diorite . Texturally this rock 
i s  di stinct from md2 in that hornblende (and po s sibly 
pyroxene) are di stributed throughout rock as blocky or  
stubby equant crystal clusters in a lighter pha s e  of 
plagiocla s e  and minor quartz . The re sult i s  a splotchy 
"salt and pepper" or " shot gun" texture. The occurrence 
of ho rnblende in md2 i s  as more typical elongate pri sms 
which are not clustered. mdl i s  the prominant md rock 
type in the central Teapot T� minute quadrangle , Telegraph 
Canyon of the Mine ral Mountain 71 minute quadrangle . and 
C edar Mountain area of the Winkleman T� minute quad­
rangle. 

Both type s of md are commonly well foliated near their 
contacts with Pinal schi st and grade into poo rly foliated 
and unfoliated rock away from Pinal schi st contacts 
sugge sting a proto clasti c deformational proce s s during 
emplacement which is superimpo sed  on an already regionally 
metamorphosed and deformed Pinal schi st. Numerous 
attempts have been made to date Madera diorite. The age 
data are summarized in Table 2. 
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TABLE 2 

AGE DATA FOR MADERA DIORITE 

Comments Method 

K-Ar 

K-Ar 

foliated grano - Rb-Sr 
diorite reset by 
intrusion of 
Tortilla quartz 
diorite 

reset K-Ar 

reset K-Ar 

foliated Madera Rb -Sr 
diorite 

Rb -Sr 

Rb-Sr 

Rb-Sr 

Mineral 

biotite 

hornblende 

whole rock 
i sochron 

biotite 

biotite 

W. R.  
i sochron A 

mineral 
i sochron B 

mineral 
i sochron C 

mineral 
i sochron 

Date 

1 66 0  

1 6 3 0  ± 60  

1 775 

6 8. 6 

9 8  

1 730 :l: 3 0  

1 5 80 ± 6 0  

1 495 ± 6 0 

1 6 3 0  

JJ 

Source 

Damon, et ale ( 1 96 2 )  

Banks , et ale ( 1 9 72 )  

Living ston and Damon 
( 1 96 8) 

Banks , et ale ( 1 972)  

Banks , et  ale ( 1 972 )  

Li ving ston ( 1 970 )  

Living ston ( 1 970 )  

Living ston ( 1 970 ) 

Livingston and Damon 
( 1 96 8) 

Living ston ( 1 96 9 )  interprets his 1 970 data (pre sumably updated from 
Living ston and Damon ( 1 96 8) as intrusion of a foliated phas e  of Madera at 
1 730 ± 3 0 with po s sible intrusion of nonfoliated pha s e s  of Madera and meta­
morphi sm at 1 540  m. y. If the U-Pb zircon date s of Silver ( 1 964) on 
rhyolite s in the Johnny Lyon Hills in the Pinal schi st (approx. 1 720 m. y. ) 
are correct and if they corre!ate with metavolcanic s  at Ray and elsewher e ,  
then the W. R" · i sochron i s  too old. Po s sibly the Madera was contaminate d  
by  radiogenic Sr from the Pinal schi st  during its emplacement. Given that 
there are at least two kinds of intrusions which have been mapped as Madera,  
the following scenario might best  fit exi sting data : ( 1 )  depletion of Pinal 
schist (both volcanic  and sediments )  at about 1 72 0  m. y. , (2 )  regional meta ­
morphi sm and deformation po st- 1 720 but pre - 1 6 6 0 , ( 3 )  emplacement of mdl 
at about 1 6 5 0  with accompanying contact metamo rphi sm and deformation, 
(4 ) emplacement of md2 (granodiorite and quartz diorite) at 1 540  with 
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accompanying contact metamorphi sm and deformation, and ( 5 )  emplacement 
of 140 0 - 145 0  m. y. granitic  batholiths with accompanying contact meta ­
morphi sm and defo rmation. This writer would regard the regional 1 72 0 -
1660  metamorphism and deformation to correlate with Mazatzal orogeny 
(Wilson, 1 938; Silver, 1 96 5 ) .  Pos t-Mazatzal events may reflect other a s  
yet undefined orogenic epi sode s .  

Pinal Scm s t 

Named by  Ransome ( 1 903 ) .  Contains numerous lithologi e s  
which were hard to separate i n  mapping . The two principal 
type s are meta sedimentary and metavolcanics which 
generally occur in s eparate areas and are de scribed below: 

Metasediments : 

In Telegraph Canyon area: Blui sh-gray, fine - to mediUln­
grained quartz muscovite s chi st and quartz muscovite chlorite 
schi st with some feldspar. South of Telegraph Canyon the 
s chi st  locally contains abundant porphyroblasts of pri SIl"'-atic 
chlorite ps eudomorpho sed after andalusite o r  sillimanite ( ?) . 
Pods , veinlets , and veins of white quartz locally abundant. 
Rock weather s  into small flake s and chips .  

West  of Telegraph Canyon schi st is  locally more phyUic and 
feldspathic and in places  res embles metarhyolite. 

In Ray area (north and wes t  of Ray) : Me dium- to fine- grained 
reddi sh-brown, brown, and gray metagraywacke s and arko s e s  
(locally phyllitic) . Rock i s  commonly spotted with porphyro ­
blasts of chlo rite and /or magnetite. Spotted appearance o f  
s chi st near i t s  contact with qmp i s  produc ed by  the growth 
of andalusite. 

C edar Mountain (Winkleman quadrangle) and Ash Creek 'area:  
Dominantly metavolcanics .  Dark to medium light gray, very 
fine -grained, dense  metavo1canic s  of  rhyolite to  andasite 
compo sition. Lithologic units trend no rtheast. Separation 

'was  difficult and units  we re only pa rtially mapped. Meta­
volcanics re semble mas sive flows , some with finely laminated 
flow banding , some may have been ash flow tuffs .  A small 
patch of vesicular basalt was observed in the Ash Creek 
expo sure .  Cleavage i s  well developed in meta rhyolite o r  
dacite units  a t  Ash  C reek. Metarhyolite near Ray has a Rb -Sr 
age of 1 5 0 0  ± 1 0 0  m� y. which Living ston ( 1 969)  interprets a s  
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a metamo rphic age . Livingston ( 1 970 )  furthe r suggest s  
that the pri mary age of this rock i s  1 6 5 0  ± 1 0 0  m. y. 
Similar rhyolites intercalated in the Pinal schi st is the 
Little Dragoo n  Mountains, Cochise County, Arizona, 
yield U -Pb zircon ag es of 1720 m. y. Possibly the Rb - Sr 
age reflec ts metamo rphism related to the emplacement 
of Madera dio rite plutons. 

Recrystalliz e d  and defo rmed Pinal schist. This rock 
occurs in proximity to stocks of md and Tqm. Ro cks 
are locally highly defo rme d and crenulated near plutonic 
centers. Here ,  rock is generally a spotted,  coarse 
muscovi te schist which is  mo re· resistant t o  erosion than 
regular pi . Spo ts a r e  produc ed by andalusite ( ? }. A 
highly defo rme d  rock in upper Walnut C anyon west of Teapot 
Mountain was also mapped as pim. 

Amphibolite .  Large east-west  t o  north-northwest - striking 
lenses up to several hundred feet wide and 1 mile long 
within Pinal s chist  west of Telegraph Canyon. Rock is 
about 80% ho rnblende . Thought by Schmidt ( 1 967) to 
have a basic volcanic  protolithology .  
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STRUC TURE 

Primary Structure  5 

Planar Elements 

Layering • • •  

� - - - ' "  � 60 . . . . 

• • •  in s edimentary rocks 

70 
C:J 

• • •  in metamorphic rocks 

7D 
... 

80 " 

trace of contact showing dip 
where  measured. dashed where 
uncertain, dotted where projected 
or concealed 

strike and dip of bedding 

s trike of vertical bedding 

strike and cip of ove rturned bedding 

strike and dip of overturned overturned 
bedding (> 1 80 0 of rotation) 

strike and dip of bedding plane foliation 

strike and dip of vertical foliation 

strike and dip of foliation in higher grade 
o r  s everely defo rmed Pinal s chi st (pim) 

strike of vertical foliation in "pim" 



• • •  in plutonic and volcanic rocks 
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Linear Elements 

• • •  in s edimentary rocks 

) 

• • •  in metamorphic rocks 
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• • •  in plutonic rocks 
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strike and dip of flow foliation 

strike of vertical flow foliation 

direction of material transport by 
water as determined from cro s s  
bedding , imbrication, o r  current 
ripple marks 

foliation showing trend and plunge 
of mineral lineation 

trend of horizontal mineral lineation 

trend 
·
and plunge of mineral lineation 

aligned perpendicular to flow direction 
(a "bl !  lineation) 

trend and plunge of mineral lineation 
contained within flow foliation. 
Direction of flow i s  at 9 0  It to lineation 

trend of horizontal flow lineation 
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Secondary Structure s  

�o 1S �J 

Faults 

High angle faults : 

so� 
� . 

--> _ _  ?_'1_ . . . . . . . 

Low angle faults « 45 0 )  • • •  

• • • on maps 

'1 � ?--.. � .  . ,,� . 
� c::· 

do ' r  .. .  ... . r · 
",, " 

1.0 

• • •  on cro s s sections 

.' . ... J 
• •  "':1, 

bedding showing trend and plunge 
of bedding plane slickenside s 

trace of fault showing dip and tr end 
and plunge of slickenside s where  
measured, dashed where uncertain, 
questioned where extr emely uncertain, 
dotted where  projected o r  conc ealed . 
Ball and bar on relati vel y downthrown 
side ; arrows show s e:ls e of lateral 
s eparation 

trace of low angle fault showi:lg clip 
and trend and plunge of slickensides 
where measured, dashed where 
uncertain, que stioned where extremely 
uncertain, dotted where concealed 

low angle normal fault, dotted where  
projected 

low angle reverse  fault, dotted where  
projected 
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60 
- strike and dip of joint 

• strike and dip of vertical joint 

s trike and dip of mineralized fracture 

70 
--------- strike and dip of mineralized joint 

6'5 
__ .-..J..I-oI ....... -....-""­

� . 
strike and dip of mineralized fault 

---

-- -- ...--

-- -- -

trace of flexure showing dip of axial 
plane and trend and plunge of axi s ;  
arrows indicate direction of limb 
dips ,  dashed where  unc ertain 

trace of antiform showing dip of axial 
plane and trend and plunge of axis , 
dashed where uncertain. All folds in 
urunetamorpho sed Phanerozoic rocks 
are anticline s with the exception of 
Telegraph Canyon fold which is a 
synclinal antiform 

trace of synform showing dip of axial 
plane and trend and plunge of axi s ,  
dashed where uncertain. All folds in 
Phanerozoic rocks are synclines 

trace of shallowly inclined or recumbent 
_ - - fold showing dip of axial plane and trend 

and plunge of axis ,  dashed where 
uncertain 
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strike and dip of axial plane of mino r 
antiform showing trend and plunge of 
axis 

strike and dip of axial plane of minor 
synform showing trend and plunge of 
axis 
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minor fold pair showing strike and dip 
of axial plane and trend and plunge of 
axis ; S o r  Z asymmetry deterrnined 
by viewing down plung e of axis 

foliation showing trend and plunge of 
c renulations 

mean trend and plunge of  cascade fole 
melange 

mean trend and plunge of boudin axes 
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STRUCTURAL GEOLOGY 

Maj or structura l features of the Ray-Superior map area are 
shown on F igure 1 .  D i scus s ion of these features be l ow is  arranged 
chrono l og ica l l y according to orogenic events . 

STRUCTURES OF THE SAN ANDREAS OROGENY 

High-Ang l e  Norma l F au l ts 

Concentrator Fau l t  

The Concentrator fau l t  is  the princ ipa l s tructure o f  the San 
Andreas orogeny in the Ray-Superior region . I t  i s  a ma j or 
high-ang l e  norma l fau l t  wi th we s t  s ide down extending southward 
into the vic inity of Copper Butte . The Concentrator fau l t  d ip s  
stee p l y  to the we s t  wi th norma l d i s p l acement that invo lves a l l 
s trat igraphic uni ts (except the Quaternary a l l uviums ) .  This i s  i n  
contrast to Creasey ' s  interpretation (Creas ey , 1 9 83 ) wh ich shows 
mos t  recent movement on the Concentrator f au l t  as  pre-Apache Leap 
tuf f . For examp l e , in the S 1 / 2  of sec . 3 6 ,  T 2 S ,  R 12 E ,  the 
Apache Leap Tuff is c l early in fau l t  contact with Precambr ian age 
Madera Dior i te and P a l eo z o i c  forma tions on the eas t . The 
Concentrator fau l t  cuts a l l  units up to and inc lud ing the young e s t  
grave l s  (B ig Dome age ) . The Concentrator fau l t  thus , imp l ic i t l y 
cuts the Copper Butte fau l t ,  a l though the intersect ion of the se 
two fau l ts is  covered . However , the Concentrator fau l t  appear s to 
continue south into the hang ing wa l l  of the Copper Butte fau l t .  
The trace of the Concentrator fau l t  appea r s  to have a l eft l ater a l  
separation south o f  i t s  inter section with the Copper Butte f au l t .  

Maj or changes occur a l ong the trace o f  the Concentrator 
f au l t  where it cro s s e s  the pro j ection of the La st Turn Hi l l  
shear zone (see be l ow ) . Norma l separat ion on the Concentrator 
fau l t  is  much greater north of the Last Turn H i l l  shear zone 
than it is  south of the shear zone . North of the Las t  Turn 
H i l l  shear zone , normal s tratigraphic f au l t  on the Concentrator 
fau l t  is  at least 7 0 0 0 ' where the fau l t  transverses the we s tern 
boundary of the Bowman Bas in in the centra l  part of sec . 3 6 , 
T 2 S ,  R 13  E .  S outh of the Las t  Turn Hi l l  shear zone , norma l 
separat ion a l ong the Concentrator fau l t  i s  on ly about 1 0 0  to 
2 0 0  fee t , as measured by of f s e ts of Miocene vo l canic strata . 
South of the shear zone , the Concentrator fau l t  appears to be a 
s i mp l e , s i ng l e  strand fau l t  break where i t  intersects Terti ary 
vo l c an ic rocks . To the north , the Concentrator fau l t  cuts 
Pa l eozoic rocks and re l at ionships are more comp l ex with many 
para l l el fau l t  s l ivers . The se rel ationships suggest the 
Concentrator fau l t  may be an o l d  structure wh ich wa s react ivated 
in l a te Tert iary t ime . 

O lder mapp ing by E . D .  Wi l son shows the Concentrator fau l t  
merging into and becoming the Copper Butte f au l t .  I n  the center 
of sec . 1 2 , T 3 S ,  R 12 E ,  the Copper Butte fau l t  proj ects 
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towards exposures of the Concentrator f au l t  in the NW 1 / 4  of sec . 
1 2 . However ,  the intersection of the fau l ts is  covered by 
Quaternary co l l uvium . Dur ing the mapping , another north- s outh 
trend ing fau l t  no t mapped by Wi l son or Creasey , wa s found cutt ing 
P ic ketpost Mountain vo l canics in the S 1 / 2  of sec . 1 2 , and the 
centra l part of sec . 13 , T 3 S ,  R 1 2  E .  T h i s  fau l t  is on direct 
proj ection wi th the C oncentrator fau l t  and i s  therefore inferred 
to be a southern exten s i on of it . Because the Concentrator fau l t  
cuts a l l  o f  the M i ocene sedimentary and vo l c anic units , i t  i s  
inferred to be younger than the Copper Butte fau l t .  S l ickens ide 
data a l ong the expo sures of the Concentrator fau l t  p l unges s teep l y  
down-di p  to the we s t  o r  a t  a n  ob l ique ang l e  down-dip t o  the 
s outheas t .  North - south striking s egments s eem to feature dip- s l ip 
s l i ckens ide data whereas northe a s t- s tr iking segment s  feature 
s outhwe s t  p l unging ob l ique s l ickens ides . The roadcut exposure we 
wi l l  vi s i t  south of Superior is  a l ong a northea st-striking segment 
of the Concentrator f au l t  where i t  j uxtapo s e s  mid-Mi ocene Big Dome 
equiva l ent ( ? ) indurated cong lomerates in the hang ing wa l l  aga i n s t  
Precambri an Mesca l L imestone of the Apache Group i n  the footwa l l .  
Exce l l ent southwe s t - p l unging s l ickensides are pre sent in the p l ane 
of the Concentrator f au l t  within the roadcut . 

Living s ton Fau l t  

The Living s ton fau l t  i s  the we s ternmos t  s trand of the Minera l 
Creek fau l t  zone north of Ray . Ga l iuro-age movements a l ong the 
Miner a l  Creek fau l t  zone are di scu s sed in a subsequent sect ion . 
San Andreas-age norma l movement took p l ace a l ong this zone 
pr incipa l l y a l ong the L ivings ton faul t .  As e s tab l i shed by surface 
expo sures and dri l l  h o l e  data , the L ivings ton fau l t  d ips s teep l y  
ea s tward . I n  expo sures north of Ray in the SE 1 / 4  of sec . 2 ,  
T 3 S ,  R 13  E ,  the s tructure on trend wi th the Livings ton fau l t  dips  
wes t  and norma l l y j uxtaposes  Apache Leap Tuf f against Quaternary 
a l l uviums . Thus , at least some of the movement a l ong the 
Livings ton fau l t  is of Quaternary age . Terrace a l luviums ( unit 
" Q s 2 " )  have been o f f s et by this faul t .  We s t  of Mineral  Creek , the 
Q s 2  uni t  is cut by the fau l t  at the 2 2 0 0  foot contour . East of 
Mineral Creek , a terrace a l l uvium identical  to Q s 2  is  present at 
about the 2 2 5 0  to 2 3 0 0  foot contour . Thus , 5 0  to 1 0 0  feet of 
Quaternary offset a l ong the Livings ton f au l t  is indicated . 

D iabase Fau l t  

The D iabase fau l t  is a comp l ex fau l t  zone in the eastern par t  
of the Pear l Hand l e  p it at the Ray Mine . At its  northwes t  end , 
the D iabase fau l t  may sp l i t  where i t  merges wi th the Miner a l  Creek 
fau l t  z one . To the s outhea s t ,  the D i abase fau l t  pro j ects para l l e l  
to the B ig Dome-Apache Group contac t at the southwe s tern border of 
the Dripping Spr i ng Mountain range . Cornwa l l  and others ( 1 9 7 1 )  
infer that the D iabase fau l t  is loca l ly ove r l apped by the Big Dome 
Formation . However , exposures a l ong the southea s tern pro j ection 
of the D iabas e  fau l t  in the Kearney quadrang l e  are mapped by 
Cornwa l l  and Kr ieger ( 1 9 7 5 )  to d irectly j uxtapose Big Dome 
Formation aga i n s t  Apache Group strata . Unpub l i shed mapp ing by 
thi s  author in the Hayden quadrang l e  farther to the southeast a l s o 
demons trates that B ig Dome Format i on is  norma l l y j uxtapo sed 
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aga inst P a l eoz o ic rocks we s t  o f  the 7 9  Mine . I n  a l l of the above 
men tioned expo sure s ,  or its  proj ections dip 5 0  to 8 5  degrees we s t  
and norma l ly j uxtapo se mid-Mi ocene ( 1 7 to 1 4  Ma ) B ig Dome 
Formation aga i n s t  o l der Cretaceous to Precambrian rocks . Thus , i t  
appears that the D iabase fau l t  h a s  experienced post-mid-Miocene 
norma l movements in severa l  areas . 

I n  the Pear l Hand l e  P i t  at the Ray Mine , the Diabase fau l t  
truncates both the P a l eocene age Grani te Mountain porphyry and the 
Emperor fau l t .  From sect ion B-B I , Cornwa l l  and othe r s  ( 1 9 7 1 )  
e s timate that the D iabase f au l t  has 1 2 0 0  feet of norma l 
stratigraphic throw . A t  l e a s t  some of thi s  apparent norma l 
d i s p l acement is  probab l y  of post-mid-Miocene age ( see di scu s s ion 
above ) . The pos t-mid-Miocene age movements are on- s trike wi th , 
and in par t , coinc ide wi th post-mid-Miocene age movements on the 
L iving s ton fau l t  segment of the Minera l Creek fau l t  zone to the 
nor th . 

B i s hop Fau l t  

The B i s hop fau l t  is  a northwes t  striking , steep l y  wes t  
d ipping ( d ips are 7 0  t o  8 0  degrees to the southwe s t )  fau l t  i n  the 
wes tern par t  of the Pear l Hand l e  P i t  at the Ray Mine . The B i shop 
f au l t  cuts the Emperor fau l t  and offsets it by a norma l 
d i s p l acement of about 3 0 1 •  The southeas tern proj ection of the 
B i shop fau l t  is conc ea l ed by Ray Mine dump ma ter ia l s . Neverthe l e s s , 
the Bishop fau l t  is one of the youngest structures at the Ray Mine 
and is  perm i s s ive ly r e l a ted to the S an Andreas orogeny . 

F o l d s  

Northeast-Southwe s t  Trend ing F o l ds 

At the Ray Mine , Phi l l ips and others ( 1 9 7 4 )  descr ibe 
northea s t  trend ing mid-Tertiary arch ing that para l l e l s  the 
a l ignment of the Grani te Mountain Porphyry s tocks . The f o l d ing 
broad l y  warps mid-Miocene Apache Leap Tuff and Big Dome 
Forma tions . I n  add i t ion , the arching occurs at a l ocation where 
no ma j or dip- s l ip mot i on ha s occurred a l ong fractures of San 
Andreas age . Offset increa ses on the Miner a l  Creek fau l t  zone 
northwes t  of the fo l d  and probab l y  on the D i abase faul t  southea s t  
o f  the area . Where the D iabase fau l t  cro s s e s  the trace of the 
arch , some 1 2 0 0  feet of norma l throw is pre s ent . Thi s  movement 
however , may be re l a ted to Miocene norma l fau l t ing ( s ee previous 
sect ion ) • 

Reg iona l S ignif icance 

The Concentrator , Livings ton , and Diaba se fau l ts are the 
princ ipal structural  expr e s s ions of the S an Andreas orogeny in the 
Ray-Super ior reg ion . The pattern of the s l icken s ide data 
di scus sed above for the Concentrator fau l t  indicates that 
extens ion in the Ray area dur i ng San Andreas time wa s a l ong an 
eas t-we st a z imuth . More northeasterly striking segments of the 
fau l t  ind icate tha t  strike- s l ip components were a l so loca l l y 
important and are con s i s tent wi th a s tr ike- s l ip tran s-tens iona l 
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deformat i on s ty l e  in areas affec ted by San Andreas transtens ion . 
As  such , the Concentrator fau l t  is an examp l e  of the Ba s in and 
Range s tratotectonic a s s emb l age of the S an Andreas orogeny ( see 
K e i th and Wi l t ,  1 9 8 5 ) . No ev idence wa s found dur ing the mapping 
for San Andreas transpres s ion in the Ray-Superior region . Thus , 
avai l ab le evidence indicates that the Ray-Super ior region deformed 
predominantly in transten s ion during the San Andreas orogeny . 

STRUCTURES OF THE GALI URO OROGENY 

Low-Ang l e  Normal Fau l ts 

Copper Butte F au l t  

The Copper Butte fau l t  we s t  o f  Ray i s  a l ow-ang l e  norma l fau l t  
of ma j or extent . I t  extends southward into the Grayback Mountain 
quadrang l e , through the Kearney quadrang l e , ( the Ripsey fau l t  of 
Schmidt , 1 9 7 1 )  to the vic in i ty of Croz ier Peak , Wink l eman 1 5 ' 
quadrang l e , ( the Camp Grant fau l t  of Krieger , 1 9 7 4 )  and probab l y  
extends on to S an Manue l . T h i s  fau l t  is  a member o f  a group o f  
fau l ts which extend a l ong the we s t  marg in of the Torti l l a hinge 
l ine and as a group is  character i z ed by a per iod of low-ang l e  
normal d i sp l acement . One member o f  this group offsets the S an 
Manue l - K a l amazoo orebody . 

The low�ang l e  normal d i s p l acement on the Copper Butte fau l t  
can be dated in the Ray map area . I n  the SW 1 / 4  of sec . 1 2 , T 3 
S ,  R 1 2  E ,  Apache Leap Tuf f ,  dated at 2 0  m . y . , l ies  in l ow-ang l e  
normal fau l t  contact with Pinal  Sch i s t  and Wh i teta i l  cong l omerate . 
The low- ang l e  fau l t  is  interpreted to be an imbr icate s l ice of 
the Copper Butte fau l t .  One mi l e  far ther nor thwe s t , the Copper 
Butte fau l t  is ove r l apped unconformab ly by vo lcanics wh ich 
pos tdate the Apache Leap Tuff and which yie l d  age dates of 18 to 
16 m . y .  Thus , the per iod of low-ang l e  norma l faul ting occurred 
between 2 0  and 1 8  m . y .  I t  shou l d  be noted that this fau l t  may 
have had an ear l ier period of reverse d i sp l acement , but the 
pres ent j uxtapo s i ti on of s tratigraphic units indicate the l at e s t  
norma l movement occurred dur i ng the 2 0  to 1 8  m . y .  per iod . A l so ,  
movement on the Copper Butte f au l t  appears to be younger than 
movement on the Bat t l e  Axe faul t  because of truncation 
r e l a tionships in the SW 1 / 4  of sec . 1 2 , T 3 S ,  R 1 2  E .  Geo l og i c  
re l ationships to the south d o  no t substant iate , but a r e  con s i s tent 
wi th norma l d i sp l acement a l ong the entire sys tem at about the same 
time as in the Copper Butte area . For examp l e , in the vi c i n i ty of 
S an Manue l ,  the San Manue l formation i s  commonly offset by norma l 
d i sp l acement , and age dates of the San Manue l yie l d  2 4  m . y .  Thus , 
much of the movement in the south is  po s t- 2 4  m . y .  A l so , the Big 
Dome forma tion ( 14 - 1 7  m . y . ) i s  not genera l l y known (wi th one 
exc eption of the Whi te Canyon fau l t )  to be invo lved in the 
low-ang l e  fau l t ing , a l though it occurs in c l o s e  proximity to 
norma l ly faul ted San Manue l formation . Hence , norma l faul ting may 
be pre- 1 7  m . y .  in age . 

One intere sting feature of the Copper Butte fau l t  is  the 



contrast in s tructura l  coherency of the P ina l schist  in the 
hanging wa l l  and footwa l l  b l ocks . P in a l  sch i s t  in the hang ing 
wa l l  of the fau l t  is s trong ly deformed , broken , and shattered . 
Pinal  sch i s t  in the footwa l l b lock appears to exhibit on ly the 
metamorphic s tructures dating from Precambr ian time . Thi s 
shattering is thought to be re l a ted to near- surface movement on 
the Copper Butte fau l t  under l ow conf ining pres sure . 

White Canyon Fau l t  

Dur ing the mapping , a tau l t  not previou s l y  mapped by other 
workers was found in the Whi te Canyon area , wes t  of the Copper 
Butte fau l t .  Exposures of th i s  fau l t  are be s t  seen a l ong White 
Canyon in s ec . 1 4 , T 3 S ,  R 1 2  E .  The Whi te Canyon f au l t  
probab l y  continue s northwe s t e r l y  into sec . 3 ,  T 3 S ,  R 1 2  E ,  and 
s ec . 3 4 , T 2 S ,  R 12 E ,  where it j uxtapos e s  var i ous un its of the 
Picketpos t  Mountain vo lcanics aga i n s t  Apache Group and Pa l eo z o i c  
s trat igraphy i n  the footwa l l . D ips a l ong the Whi te Canyon f au l t  
range from 3 5  to 6 0  degrees we s ter l y .  S l ickens ide data a l ong the 
Whi te Canyon faul t  is inva r i ab l y  dip- s l ip in nature . 

Bowman Bas in Fau l t  System 

4 5  

Eas ter l y-dipping P a l eo z o ic and Apache Group s trata northea s t  
and south o f  Bowman B as in i n  sections 2 3 , 2 4 , 2 6 , and 2 5  o f  T 2 S ,  
R 1 2  E ,  and sections 2 9 , 3 0 , 3 1 , and 3 2  o f  T 2 S ,  R 1 3  E ,  and 
sections 5 ,  6 ,  and 7 of T 3 S ,  R 13 E ,  and sections 1 and 12 of 
T 3 S ,  R 12 E are af fected by numerous low-ang l e  norma l fau l ts tha t  
are herein co l l ec t ively referred t o  as the Bowman B a s in fau l t  
sys tem . The se fau l ts genera l ly dip to the southwe s t  from 1 0  t o  7 0  
degree s . Some of the faul ts are spoon- shaped in p l an view 
( es pec i a l l y  those to the south and east of Bowman Ba s in ) . The 

Battle  Axe f au l t  in the N 1 / 2  of sec . 7 ,  T 3 S ,  R 12 E ,  is a 
steep ly dipp ing near-ve r t i c a l  fau l t  wh ich may represent the 
upturned southern edge of a ma j or l ow-ang l e  norma l fau l t  beneath 
Lime Point , sec . 6 ,  T 3 S ,  R 1 3  E .  S l ickens ide data a l ong 
var i ous f au l ts of the Bowman Ba s in f au l t  system con s i s tent ly 
p l unges to the southwe s t  and average s  about S 6 0  W .  

The age o f  the Bowman Bas in f au l t  sys tem i s  mid-Miocene , a s  
evidenced by ti l ted Apache Leap Tuf f i n  the upper p l ates o f  the 
fau l ts ,  espec ia l ly those north of Bowman ba s in mapped by Creasey 
( 1 9 8 3 ) . North and south of Bowman Bas in , fau l ts of the Bowman 

Bas in f au l t  sys tem are truncated by the high-ang l e , norma l 
Concentrator fau l t .  

Emperor Fau l t  

The Emperor fau l t  i s  a ma j or low-ang l e  fau l t  i n  the l ower 
por tions of the Ray open p i t s . Exposures at the Ray Mine indicate 
that the l a s t  movement a l ong the Emperor fau l t  occurred af ter the 
porphyry copper-mo l ybdenum miner a l i z ation and af ter intrus ion of 
the Grani te Mounta in porphyry in mid- Pa l eocene time . I f  Granite 
Moun tain porphyry in the l ower p l ate of the Emperor fau l t  
corr e l ates wi th Granite Mountain porphyry i n  the upper p l ate , then 
northeastward norma l movement of about 1 5 0 0 ' is indicated . Th i s  
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movement wou ld not be enough to offset the hydrotherma l a l teration 
zoning documented at Ray by Phi l l i ps and others ( 1 9 8 4 i  artic l e  IS 
reproduced in thi s  guidebook ) . The Emperor fau l t  a l so probab ly 
j uxtaposed the Pina l Sch i s t  over the Apache Group pr ior to 
porphyry copper minera l i z a t i on in the ear ly pha s e s  of the Laram ide 
orogeny ( see be l ow ) . The Emperor fau l t  is  a l so cut by the B i shop 
normal f au l t  wh ich probab l y  deve l oped dur ing the San Andreas 
orogeny ( see above ) .  The l ow-ang l e  norma l fau l t  movement on the 
Emperor f au l t  is probab l y  of Miocene age by ana l ogy with known 
Miocene age low-ang l e  norma l fau l t s  di s cu s s ed above . 

Teapot Mounta in F aul t 

The Teapot Mountain fau l t  is  an important s tructura l feature 
in the Ray area . This h i gh-ang l e  norma l f au l t  extends nor thward 
from the Ray pit up Minera l Creek and es sentia l l y marks the 
northwes tern boundary of the Dr ipping Springs range . Wh itetai l  
cong l omerate in the hang ing wa l l  on the we s t  i s  re l ative ly 
downfaul ted against Pinal  schist  on the eas t .  Where exposed , the 
Teapot Mountain fau l t  dips 5 0  to 6 5  degrees to the we s t . Dr i l l 
ho l e s  by Kennecott wes t  of the Teapot Mountain fau l t  in the 
hanging wa l l  as deep as 1 7 0 0 ' did not inter sect the Teapot 
Mountain fau l t .  This e s tab l i shed that the f au l t  mus t  d ip at l e a s t  
4 5  degrees t o  the we s t .  

The Teapot Mountain fau l t  can be traced from the NW 1 / 4  of 
s ec . 1 0 , T 3 S ,  R 1 3  E ,  north-northeas ter ly for about two m i l e s . 
I t  d i sappears beneath Quaternary a l luv i a l  cover at the mouth of 
D ev i l s  C anyon . The f au l t  may be truncated by a nor thwe s ter l y  
s t r iking fau l t  in the NE 1 / 4  of sec . 3 4 ,  T 2 S ,  R 1 3  E .  I t  i s  
pos s ib l e  however , that the Teapot Mountain f au l t  may pro j ec t  
northward beneath the Apache Leap dac i te cover and wou l d  be 
present underneath Devi l s  C anyon . 

Deep dr i l l ing by ASARCO and I n s piration in the Devi l s  Canyon 
area east of Super ior indicates that a ma j or nor th- trend ing 
fau l t ,  rough l y  on pro j ection wi th the Teapot Mountain fau l t ,  is  
pres ent in Apache Leap dac i te subcrop beneath D ev i l s  Canyon . The 
deep dr i l l ing indicates a b l ock of Pina l sch i s t  to the ea s t , 
faul ted aga inst a b l ock of Wh i teta i l  and Pa l eo z o ic rocks on the 
wes t . Dri l l  ho l e s  co l l ared in the ea s t  b l ock penetrate + / - 1 , 0 0 0  
feet o f  Apache Leap dacite , a few hundred feet o f  Whi tetai l ,  and 
then goe s  direct l y  into P ina l sch i s t  or in some cases Schu l tz e  
gran i te . Dri l l  ho l es c o l l ared i n  the wes t  b l ock penetrate + / -
1 , 0 0 0  feet of Apache Leap dac i te , up to 3 , 0 0 0  to 4 , 0 0 0  feet of 
Whi teta i l  cong l omerate , and fina l l y p�netrate Pa l e o z o ic rocks at 
5 , 0 0 0  or 6 , 0 0 0  feet . The s e  re l ationships are s im i l ar to tho se 
a l ong the Teapot Mountain fault  in the Ray area . Here . the b l ock 
wes t  of the fau l t  conta ins a very th ick sect ion of Whi tetai l  
cong l omerate , pos s ib l y  up to 3 , 0 0 0  feet . Like subcrop beneath 
Devi l s  Canyon to the north , the eas ter ly b l ock of the Teapot 
Mounta in fau l t  is l oca l ly over l a in by Apache Leap Tuff with a very 
th in section of Wh iteta i l  cong l omerate depo s i ted on Apache Group 
ba s ement in fau l t  b l ocks east of the Teapot Mountain faul t .  

The above discus sed re l ation ships suggest that the Teapot 



Moun tain fau l t  and its  pre sumed extens ion to the north are 
part of a ma j or po st-Wh i teta i l , pre-Apache Leap norma l fau l t ing 
epi s ode . The Teapot Mountain fau l t  is a l so a ma j or s tructura l  
boundary in the Ray area . Rocks we s t  o f  the fau l t  genera l l y dip 
e a s tward ; those east of the fau l t  d ip souther l y  or shal l owly 
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to the wes t . The ma j or que s t ion encountered in the interpretat ion 
of the map data was whe ther the easterly dips in the Wh i tetai l  
cong l omerate in the hang ing wa l l  of the Teapot Mountain fau l t  were 
c au s ed by antithetic rotat i on of the Whiteta i l  dur ing norma l 
movement on the fau l t  or whether the s e  eas ter l y  dips were caused 
by monoc l inal f o l d ing of the Whi teta i l  prior to norma l movement on 
the Teapot Mountain fau l t .  In any case , a l l of  the above 
d i s c u s s ed kinema t ics pre-date the depo s ition of the Apache Leap Tuff 
at 20 Ma . 

Two ma j or a l ternative s cou ld exp l a in tectoni c s  a l ong the 
Teapot Mounta in faul t .  Monoc l inal f o l ding of the Wh i tetai l 
sediments is a po s s ibi l i ty , because dips in th i s  un it become 
progres s ive ly s teeper to the we s t .  Th is  suggests a monoc l ina l 
bending of the Whi te ta i l  sediments towards a monoc l ina l axi s  on 
the wes t .  This s ame pattern is present to the south in the 
Hac kberry formation stratigraphy of the Kearny area . The norma l 
movement on the Teapot Mountain f au l t  wou l d  postdate monoc l inal 
fo l d ing of the Wh i te tai l but wou l d  predate depo s i t i on of the Apache 
Leap Tuff . Th is normal movement cou l d  be an ear ly harbinger of 
the pos t-Apache Leap Tuf f l ow-ang l e  movements on the Copper Butte , 
Whi te Canyon , and Bowman B a s in fau l t  systems . At the t ime of 
norma l movement on the Teapot Mountain fau l t ,  ant i thetic norma l 
movement took p l ace on the S l eep ing Beauty fau l t  ( see be l ow ) . 

An al ternative view , wh ich many wou l d  f ind equa l ly 
attractive , is  that the Teapot Mountain fau l t  represents the 
breakaway zone for exte n s i ona l l y-produced growth fau l t-style 
ha l f-graben basins . The th ick Wh itet a i l  exposures we s t  of the 
Teapot Mountain fau l t  wou l d  represent graben fi l l .  As movement 
a l ong the fau l t  conti nued , anti thetic eastward t i l ting of the 
Whi te ta i l  sect i on took p lace . The more sha l l ow dips in eas tern 
exposures cou ld be exp l a ined by sma l l - s c a l e  angu l�r unconformities  
that deve l oped in  the sedimentary ba s ins dur ing growth fau l ting . 
I n  this view , the Teapot Mountain fau l t  wou l d  u l timate l y  f l atten 
downward and at depth , wou l d  become a master fau l t  into wh ich the 
Copper Butte , Whi te Canyon , and Bowman Bas in fau l t  sys tems are 
rooted . The Apache Leap Tuff wou l d  then have been depo s i ted 
dur ing an overa l l  epi sode of growth faul t ing that occurred in 
syn- to po s t-Wh i te ta i l  time ( c irca 28 Ma ? )  and ended in l ate 
P icketpost Mountain vo l canic time ( c i rca 15 Ma ) . This author ' s  
view is that norma l fau l ting , s imi l ar to the above scenar io , did 
take p l ace on the Teapot Mountain faul t ,  but it was super imposed 
on an ear l ier monoc l in a l  fold ing of Whi tetai l  formation . Thus , at 
l east some of the eastward t i l ting is  r e l a ted to norma l movement 
on the Teapot Mountain fau l t .  

S l eeping Beauty Fau l t  

We s t  of S l eeping Beauty Mounta in , a north-northea s t  
strik ing , steep l y  ea s t-dipp ing fau l t  named the S l eeping Beauty 



f au l t  is present . At its  northern end in the SW 1 / 4  of sec . 2 ,  
T 2 S ,  R 1 3  E ,  the fau l t  is  apparent l y  truncated unconformab l y  
by the Apache Leap Tuff i n  a manner s imi l ar t o  the Teapot 
Mountain fau l t . From here , the S l eep ing Beauty fau l t  may be 
traced for 3 1 / 2  mi l e s  to the south where it apparent ly 
terminates near its  inter s ec tion wi th the Las t  Turn Hi l l  shear 
zone in the NW 1 / 4  of sec . 8 ,  T 3 S ,  R 13 E in the P i n a l  
Sch i s t . For mos t  of its  leng th , the S l eeping Beauty fau l t  d ips 
5 0  to 60 degrees east and norma l ly j uxtaposes l ower 
stratigraphy of the Whiteta i l  cong l omerate agai n s t  overturned , 
to s teep ly upright uni ts of  P a l eo z o ic and Apache Group 
rock s . S l ickens ides a l ong the fau l t  in the NE 1 / 4  of  sec . 5 ,  
T 3 S ,  R 13  E ,  s trongl y  suggest an episode of normal s l ip a l ong 
the S leeping Beauty fau l t .  The norma l s l ip epi sode i s  pos t­
Whi tetail  and pre-Apache Leap Tuff and wou ld , therefore , be of  
the same age as norma l s l ip on the Teapot Mountain faul t .  
Evidence for a pre-Wh iteta i l  reverse movement on the S l eeping 
Beauty fau l t  wi l l  be deve l oped in a l a ter sect ion . 

Reverse Fau l ts 

M ineral Creek Fau l t  Z one 
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The M iner a l  Creek fau l t  zone i s  a ma j or fau l t  zone found in 
the east part of the area mapped . The Miner a l  Creek fau l t  zone 
strikes down Miner a l  Creek north of Ray and probab l y  merges in a 
comp l ex way with the d i abase fau l t  sys tem at , and s outheast of 
Ray . In genera l ,  the Minera l Creek fau l t  sys tem j uxtapo s e s  a 
re l a tivel y  thin section of Wh i tetai l  cong l omerate-Apache Leap 
Tuff -B ig Dome Format ion on the ea s t , aga i n s t  Pina l sch i s t  on the 
wes t .  I n  deta i l , the Miner a l  Creek fau l t  zone i s  compo sed of 
severa l fau l t  strand s . The east-dipping , we s ternmo s t  fau l t  strand 
is named the Livings ton fau l t ,  fo l l owing the sugg e s t ion of Ne i l  
Gambe l l . The term Schoo l fau l t  ( more broad l y  used in previous 
l i tera ture ) is  reserved for that part of the Mineral  Creek fau l t  
zone wh ich i s  compo sed o f  reverse fau l t s wh ich d i p  3 0  t o  6 0  
degrees west and crop out east of the pre sumed trace of the 
Livings ton fau l t .  

I n  cros s section , the Schoo l fau l t  is  a l ow-ang l e  reverse 
fau l t  near the surface and i s  interpreted to s teepen at depth . 
The P inal sch i s t  b lock , we s t  of the L iv ings ton fau l t , i s  
interpreted to have moved up a l ong a s teep l y-dipp ing reverse 
fau l t  into wh ich the Schoo l and Livings ton fau l ts merge at depth . 
I t  i s  an open ques ti on as to 'whether the Schoo l fau l t  is  younger 
than the Livings ton fau l t  or vice-versa . Dr i l l  ho l e  informat ion , 
combined wi th the map data , suggests that the Apache Leap Tuff has 
been offset in a reverse manner by the Schoo l fau l t  by some 1 5 0 0  
fee t . 

Sun Fau l t  

The Sun fau l t  i s  a N 6 0  E striking , northwes t-dipping fau l t  
mapped by Founta in ( 1 9 8 1 )  i n  the we st pit a t  Ray . The Sun fau l t  
� s  on proj ect ion wi th a N 6 0  E striking , nor thwes t-d ipping unnamed 
f au l t  that traverses the northern p i t  wa l l  of the Pear l Hand l e  p i t  



to the east . This unnamed fau l t  i s  shown on the map of Cornwa l l  
and Banks ( 1 9 7 1 ) ; i t  i s  probab ly a northeastward extens ion of the 
Sun f au l t .  The Sun fau l t ,  as def ined here , extends northeas tward 
to where it j oins the Minera l  Creek fau l t  zone and D i abase fau l t  
sys tem at a comp l icated trip l e  j unction i n  the S E  1 / 4  o f  the SW 
1 / 4  of sec . 1 1 , T 3 S ,  R 13 E .  
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The S un f au l t  sys tem i s  perm i s s ib l y  a reverse fau l t  of midd l e  
Ter t iary age by the fo l l owing circumstan t i a l  argument : South of 
the Sun f au l t ,  a maj or l ow-ang le fau l t  named the Emperor fau l t  is 
pre sent . A northe a s ter l y  inc l ined Apache �roup sect ion is  pre sent 
in the l ower p l ate of the Emperor faul t .  Deep d r i l l ing ( up to 
2 2 0 0 ' )  by Kennecott north of the Sun fau l t  has fa i l ed to encounter 
a maj or f l at- lying Emperor fau l t  ana l og . A l so ,  1 / 4  m i l e  southea s t  
o f  Ray , there is  a faul ted s l iver of Dripping Spr ing Quar t z i te i n  
the hanging wa l l  o f  the Sun f au l t .  This s l iver , in par t , cou l d  
represent a piece o f  lower p l ate Apache Group tha t  ha s been 
reversely upthrown a l ong the Sun faul t .  I f  s o , the Emperor fau l t  
wou l d  a l so have been reve r s e l y  upthrown by the Sun fau l t  and wou l d  
now b e  eroded o f f  i n  the Precambr ian b l ock north of the Sun fau l t . 

The re l at ionship of the Sun fau l t  to the Miner a l  Creek fau l t  
zone s ugges ts that the above pos tu l a ted reverse movement a l ong the 
Sun fau l t  wou l d  have occurred in mid-Miocene time in concert wi th 
reve r se mot i on a l ong the Schoo l fau l t  e l ement of the Miner a l  Creek 
fau l t  zone . The ma in evidence for th i s  synchronous timing is  tha t 
reverse movement a l ong the School fau l t  rapid l y  d i e s  out a l ong the 
fau l t  immediate ly southe a s t  of its  intersection wi th the Sun faul t .  
I f  the above scenario is  correc t , then the Sun f au l t  marks the 
southeastern boundary of a basement wedge of Pina l Schi s t  and 
Madera D i or i te that has moved upward and eastward over mid-Miocene 
rocks a l ong the Schoo l and Sun faul ts . 

Reverse Movement a l ong Low-Ang l e  Norma l Fau l ts 

Evidence for antecedent reverse movement on the l ow-ang l e  
norma l fau l ts is  found a t  two loca l i ti e s . Examination o f  sma l l  
f o ld s tructures in the P inal  schist indicates pos s ib l e  ear l y  
rever s e  movement on the Copper Butte fau l t . I n  the W 1 / 2  of sec . 
1 8 , T 3 S ,  R 1 2  E ,  numerous sma l l - sca l e  " S "  and H Z "  f o l ds of very 
britt l e  character deform the Pina l Sch i s t . The se fo l d s  sugge s t  
that northeast shear o f  pos s ib le Late Cretaceous t o  mid-Tertiary 
age affected the upper p l a te of the Copper Butte fau l t .  Whether 
this is r e l ated to rever s e  s l ip on the Copper Butte fau l t  is  not 
c l ear , however ,  the re l a t i onships are pe rm i s s ive . 

The best evidence for antecedent reverse s l ip a l ong the 
low-ang l e  norma l fau l ts is provided by expo sures a l ong the Wh ite 
Canyon fau l t .  I n  the NW 1 / 4  of sec . 2 4 , T 3 S ,  R 1 2  E ,  j us t  wes t  
o f  we l l  CB - 9 , expo sures a l ong the Whi te Canyon fau l t  d i s p l ay 
rever se drag of redd i sh Wh i te ta i l  l acustr ine fac i e s  in the l ower 
p l ate of the fau l t .  However ,  rocks in the upper p l ate of the 
Whi te Canyon f au l t  at this l oca l i ty are compo sed of a much younger 
grave l un i t  ( un i t  " Tgo " ) .  Therefore , cumu l a tive j ux tapo s i t ion 
a l ong the Wh i te Canyon fau l t  is  norma l in nature wi th the norma l 
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movement po s tdating reverse movement . Because the reverse drag 
effects Whi teta i l  cong l omer a te , the antecedent reverse movement 
a l ong the Wh i te C anyon f au l t  must be O l igocene to ear ly M i ocene in 
age . 

F o l d s  

Spine Sync l ine 

In the south-centra l  part of the mapped area , the Wh i teta i l  
format i on , the Apache Leap Tuf f , and severa l  units o f  the 
P icketpos t  Mounta in vo l c an i c s  are broad l y  warped by a sync l in a l  
feature o r ig ina l ly referred t o  as the Spine sync l ine by E l drid 
Wi l so n . The Spine sync l ine extends from the area of the " sp ine " 
in sect ions 2 9  and 3 2 , T 3 S ,  R 1 3  E ,  northwe s tward for s ome s ix 
mi l e s  to sec . 2 ,  T 3 S ,  R 1 2  E .  At its  southeastern end , the 
Spine sync l ine is a f a i r l y  sharp f o l d  that p l unges to the 
southeast where i t s  trace i s  l o s t  in exposures of the Pina l Sch i s t  
and Orac l e  Grani te i n  the SE 1 / 4  of s ec . 2 9 , T 3 S ,  R 1 3  E .  D ip s  
i n  each l i mb at thi s  loca l i ty a r e  as  s teep as 4 5  to 6 0  degree s . 
To the northwe s t , the Spine sync l ine is  a much more open broad 
fo l d  wi th dips in each l imb rang ing from 10 to 2 0  degree s . 

The Spine sync l ine f o l d s  beds as young as  the Big Dome 
Forma t ion ( 1 4 - 1 7  Ma ) . Bed s of the Upper P icketpo s t  Mountain 
vo l canics which over l ap the C opper Butte f au l t  in the SE 1 / 4  of 
sec . 2 ,  T 3 S ,  R 1 2  E ,  are a l so f o l ded by the Spine sync l ine . 
Ther efore , ava i l ab l e  evidence suggests that the Spine sync l in� 
po s tdates movement a l ong the low-ang l e  norma l fau l t s . 

Schoo l F o l d  

North and eas t  of Ray , mid-Miocene Tuff beds that are 
pos s ib l y  out l iers of the P icketpo st Mountain vo lcanic f i e l d  ( 1 9 -
1 5  Ma ) , are fo l ded into a broad to tight sync l i ne . The sync l ine 
occurs immed iately east of the Schoo l reverse fau l t  ( in the l ower 
p late ) and is thus named the Schoo l sync l ine . The sync l ine can be 
traced from the NW 1 / 4  of s ec . 2 ,  T 3 S ,  R 1 3  E ,  where it i s  
truncated by the Schoo l fau l t , two mi l e s  southward into the NE 1 / 4  
of s ec . 1 4 , T 3 S ,  R 13  E where it may a l so be truncated by the 
Schoo l faul t .  Throughout i t s  l ength , the Schoo l sync l ine c l os e l y  
para l l e l s  the trace o f  the School reverse fau l t . The s trong 
spa t i a l  correspondence of the Schoo l fo l d  and reve r s e  fau l t  
sugg e s ts that the two are k i nemat ic a l ly r e l a ted . Both s tructures 
cut uni t s  probab l y  of the P icketpo s t  Mountain vo lcanics . As such , 
the School f o ld and reverse fau l t  are pos t- 1 8  to 1 5  Ma and 
probab l y  formed at the same time as the Spine sync l ine . 

Texas Z one S truc ture s 

Last Turn H i l l  Shear Z one 

Genera l Description 

An e l ement of the Texas zone in the Ray area may be the Las t  
Turn H i l l  shear zone wh ich extends i n  a we s t-northwe s t  di rec tion 
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from the we st p it portion of the Ray M ine ( SW 1 / 4  of sec . 1 0  and 
NW 1 / 4  of sec . 1 5 , T 3 S ,  R 13 E )  2 1 / 2  mi l e s  northwe s t  to the 
San Luis Mine ( SW 1 / 4  of s ec . 7 ,  T 3 S ,  R 13 E ) . The Last Turn 
H i l l shear zone is about 1 / 2  mi l e  wide and cons i s t s  of numerous 
wes t -northwe st to eas t-we s t  s tr iking near-ver tical shears that cut 
the P in a l  Schi s t . Far ther to the northwe s t , in the M inera l 
Mountain quadrang l e , sever a l  high-ang l e  northwes t  near-vertical  
fau l ts occur in  the P ina l Schi s t  and are a l ong the proj ection of  
the Last Turn H i l l  shear zone . In  between the se exposure s ,  an 
exten s ive area of midd l e  Tert iary Picketpo s t  Mountain vo lcanics is 
pre s en t . P icketpo s t  Mountain vo l canics are cut by numerous 
north - s outh trending norma l fau l t s . S evera l of the norma l fau l ts 
however , bend more northwe s ter l y ,  or have nor thwe s t  to east-we s t  
s t r ikes where they cro s s  the pro j ection of the La s t  Turn Hi l l  
shear zone beneath the vo l ca n ic cover . A l so , the Concentrator 
fau l t  appears to bend from a north- s outh trace to a northwe s t  
trace where i t  inter sects the proj ec t ion o f  the Last Turn Hi l l  
shear zone . 

The Last Turn H i l l  shear zone appears to be a maj or cru s t a l  
break and may be part o f  a regional we s t-northwe st striking f l aw 
in the Texas Z one . Genera l l y ,  the rocks north of the proj ection 
of the shear zone compr i s e  a terrane of Pa l eozoic sedimentary 
rocks strong l y  deformed by thrus t ing ( see subsequent sections ) .  
The rocks south of th is  zone are crysta l l ine basement rocks . 
Thu s , a ne t vertica l offset i s  inferred a l ong thi s  fau l t  zone . 
However , the Last Turn Hi l l  shear zone appears to have had both 
vertica l and l e ft- l ateral  d i s p l acement a l ong i t s  trace . The 
evidence for l eft- l ateral  d i s p l acement is  the apparent offset of 
north- south fau l t  s truc tures and dragfo lds adj acent to the ma j or 
shears . 

A prob l em exi s t s  in extendi ng the Last Turn Hi l l  shear zone 
southeas tward into the Dripp i ng Spr i ngs range . A pos s i b l e  
s o l u t ion to th is prob lem i s  tha t  the Las t  Turn Hi l l  shear zone 
merges with the D i abase fau l t  via the North End fau l ts , bend s to 
the southe a s t , and forms the southea s t  boundary fau l t  to the 
Dripping Springs range . A l e s ser e l ement may cross over the 
Dripping Spr ing s range in the vic i n i ty of the Ray s i lver mines and 
extend on to the s outheas t  to the vic inity of the Chr i s tmas mine 
where i t  may become part of the Joker fau l t  and the Chri s tmas 
fau l t .  The crustal  f l aw may further extend down to the Chr i s tmas 
area . S outheast of Chr i s tma s , severa l we s t-northwe s t  structures 
cut Wi l l iamson Canyon vo lcanics and merge with the Red Roo ster 
fau l t , wh ich in th i s  area , i s  the ma in structur a l  boundary of the 
northern G a l iuro Mounta ins . 

. 

Ga l i uro-age Movement 

Evidence for left  s l i p movement of Ga l iuro orogeny age exi s t s  
a l ong the L a s t  Turn H i l l  shear zone south of Teapot Mountains i n  
sec t ions 8 and 9 ,  T 3 S ,  R 1 3  E .  Here , the P i n a l  Sch i s t  i s  
j uxtapo sed against the Whi teta i l  cong l omerate by a we s t-nor thwe s t  
to northwes t  strik ing fau l t  that d i p s  5 5  t o  7 0  degrees northeas t . 
Bedd ing atti tudes in the cong l omerate fac ies of the Whi teta i l  
Format ion str ike northwes t  approxima te ly para l l e l  to the trace of 
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the above mentioned fau l t .  Far ther to the north however , the 
bedding attitudes of the Wh iteta i l  Formation change to a north­
northeast strike . The overa l l  s tr ike pattern of the Whi teta i l  
formation is  cons i s tent wi th l eft- l ater a l  drag a l ong the above 
ment i oned faul t .  This drag wou l d  have occurred after depo s i t ion 
of the Wh iteta i l  formation , and pr ior to the depo s i t i on of the 
Apache Leap Tuff ( about 2 8  to 20 Ma ) . Pos s ib l y ,  l e f t  s l ip on thi s  
e l ement o f  the Last Turn H i l l shear zone accompanied monoc l in a l  
f l ex i ng o f  the Wh iteta i l  formation prior t o  extrus ion of the 
Apache Leap Tuff at 2 0  Ma . 

Reg ional S ignif icance 

The Ray-Superior region contai n s  exce l l ent examp l e s  of 
Ga l i uro orogeny s tructural  deve l opmen ts .  Evidence for both 
reg ional northeast-s outhwe s t  c ompres s i on and northeast- southwes t  
extens ion ( in some cases o n  the same struc ture ) i s  present and 
demon s trates comp lexity of interpreting dynamic tectonic 
deve l opments of the Ga l iuro orogeny . This author ' s  bias is  that 
the reg ional dynamics of Ga l iuro orogeny were driven by weak , 
nor the a s t- s outhwe s t  compres s ion ( see Kei th and Wi l t ,  1 9 8 5 ) . Thi s  
is  i n  obvious contrast to the overwhe l ming conc l us ion i n  the 
recent l iterature which interprets mid-Terti ary tectonic 
deve l opments as products of regional northeas t - southwes t  extens ion 
of the crus t .  Undoubted l y ,  the l ow-ang l e  norma l fau l ts that are 
widespread throughout the Ray-Super i or regi on can be interpreted 
as evidence for reg iona l mid-Tertiary exten s ion . In contras t ,  the 
f o l d s  and rever se fau l ts ,  wh ich are unequivoc a l ly of mid- Miocene 
age , can be interpreted in the context of regional  compr e s s ion . 
The main point is  that compe l l ing evidence for both compre s s ion 
and extens ion is pre s ent in the Ray-Superior region and that any 
interpretation of Cenozoic tectonic deve l opment mus t  inc l ude a l l  
of the above described s truc tures . 

STRUCTURES OF THE LATE LARAMI DE 

wes t- to Southwes t-D irected Reverse Fau l ts 

S l eeping Beauty Fau l t  

Eas t of the Teapot and S l eeping Beauty Mounta i n s , Laramide 
rever se movement may have taken p l ace a l ong the S l eep ing Beauty 
fau l t  in l ate Laramide time ( 6 0 - 4 3  Ma ; see previous section for 
l ocat ion and descr iption of Ga l iuro age movement on S l eeping 
Beauty fau l t ) . As previou s l y  dicu s s ect , for mo s t  of i t s  l ength , 
the S l eeping Beauty f au l t  norma l ly j uxtapos e s  Whi te ta i l  formation 
on the ea s s t t  aga i n s t  over turned or s teep l y  upr ight Pa l eo z o i c  and 
Apache Group s tata . At i ts s outhern end however , the S l eeping 
Beauty fau l t  appears to revers e l y  j uxtapose Pina l Schi s t  aga inst 
Pinal  Sch i s t  that is  j ust beneath the P i oneer Forma t i on of the 
Apache Group in the S 1 / 2  of sec . 5 ,  T 3 S ,  R 13 E .  A l so , 
br i t t l e  fo ld data in faul ted Pinal  Sch i s t  a l ong the s outhern 
segment of the S l eeping Beauty fau l t  in the NW 1 / 4  of  sec . 8 ,  
T 3 S ,  R 1 3  E ,  sugge st components of reverse and s trike- s l ip in 
the fau l t .  Rever se movemen t  on the S l eeping Beauty fau l t  is  a l so 
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con s i s tent with the geo l ogy of the b l ock e a s t  of the S l eeping 
Beauty fau l t .  E a s t  and south of the S l eeping Beauty fau l t ,  the 
Whi teta i l  formation depo s i t iona l ly rests on Pinal  S c h i s t  in the NE 
1 / 4  of sec . 8 ,  and SE 1 / 4  of sec . 9 ,  T 3 S ,  R 13 E We s t  of the 
fau l t  however , thin Whi teta i l  fomation rests on upper Pa l eozoic 
strata in SW 1 / 4  of sec . 2 1 , T 2 S ,  R 1 3  E .  

The r e l ationships are con s i s tent with reverse s l ip on the 
S l eeping Beauty fau l t  in pre-Wh i teta i l  time ( pre 2 8  Ma ) with the 
up l i f ted b l ock moving south and / or wester l y .  This movement wou l d  
pos tdate ea s t-d irected thrus t i ng on the Wa l nut Canyon thrus t  and 
Te l egraph Canyon f o l d  because the S l eeping Beauty f au l t  appear s to 
truncate the Wa l nut Canyon thrus t  as we l l  as s teep l y  upr ight to 
inverted Apache Group and Pa l eo z o ic s trata of the d i s p l aced 
port i on of the Wa l nut Canyon thru s t-re l ated Te l egraph Canyon fo l d . 
The inferred southwe s t-direc ted reverse fau l t ing i s  cons i s tent 
wi th l a te Laramide southwe s t- d i rec ted thru s ting of synkinematic 
pera lum inous Wi l dernes s  as s emb l age p l utons that pos tdate porphyry 
copper minera l i za ion e l sewhere in SE Ar i zona ( see K e i th and Wi l t ,  
1 9 8 5 ; K e i th and other s ,  1 9 8 0 ) . 

Southwes t - Direc ted F o l d s  

B e l mont Mine Fol d 

S outh and eas t  of Super ior , a NNW-SSE trend ing l arge 
overturned f o ld in the Horqu i l la F ormation was mapped by Peter son 
( 1 9 6 9 )  near the Be l mont Mine . The f o l d  is  of intere s t  because the 
sense of overturning of the midd l e  l imb indicates the f o l d  formed 
in re sponse to southwes t-d irec ted shear . Bend ing of Horqui l l a 
strata by the fo l d  predates depos i tion of the Wh iteta i l  formation , 
which angu l ar l y  truncates t i l ted Horqui l l a s trata to the ea s t . 

The B e l mont Mine fo l d  occurs not far we s t  of the proj ected 
trace of the S l eeping Beauty fau l t  beneath the Apache Leap Tuff 
cover . Conce ivab l y ,  it cou l d  have formed at the same time as 
inferred l a te Laramide wes t - southwe s t  d i rec ted reverse movement 
occurred on the S l eeping Beauty Fau l t .  

STRUCTURES OF THE M I D-LARAMI DE OROGENY 

I ntru s ions and Minera l i z a t ion 

D ike Swarms 

I mmed i ate l y  south of the Ray porphyry copper depo s i t , a ma j or 
eas t-northeast to e a s t-we s t  s tr i king d ike swarm is  pres ent . The 
dike swarm con s i s t s  ma i n l y  of rhyodac i te porphyry dike swarms of 
the Ray p l u tonic s u i te . One of the dikes has yie l ded a K-Ar age 
of 6 2  Ma ( Banks and others , 1 9 7 2 ) . E a s t  of Miner a l  Creek , the 
d ike swarm traverses through the nor thern Dripping Spring 
Mountains . The swarm terminates at the southea s ter l y  pro j ection 
of the Last Turn H i l l  shear zone . 

The dike swarm ( s )  probab l y  in truded eas t-we s t  to east-
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northeast s tr ik ing ten s i on gashes . Re l ationships of the d ike 
swarms to wes t-northwe s t  striking struc tur a l  e l ement s  such as the 
Last Turn H i l l  shear z one , sugg e s t  the d ike swarms were emp l aced 
synchronous l y wi th l e f t  s l ip on the we st-northwe s t  striking 
s tructural  e l ements ( see be l ow ) . Regiona l l y ,  d ike swarms s imi l ar 
to those south of Ray are widespread and may be traced for up to 
6 0  mi l es a l ong s tr ike . I n  many area , the d ike swarms bend into 
para l l e l  wi th , or terminate at we s t-northwes t  striking s truc tura l 
e l ements . Numerous rad i ometr ic dates ( for examp l e , s ee section on 
Laramide intrus ive rocks in th i s  guidebook ) estab l ish th�t the 
d ike swarms were emp l aced throughout southeas tern Ar i z ona between 
7 0  and 6 0  Ma and that the entire region was undergoing weak NNW­
S SE exten s i on in mid-Laramide t ime . Mid-Laramide NNW-S S E  
extens ion stands i n  s trong contras t  with the contract i ona l 
tectonics that both predate and po s tdate mid-Laramide s tructures 
dur ing the ear l y  and l a te Laramide , re spect ive ly . 

Porphyry Break 

The Granite Mountain porphyry intrus ions , at and wes t  of the 
Ray porphyry copper depos i t ,  are d i f fused a l ong a N 7 0  E s triking 
fracture zone referred to as the Porphyry Break ( Me t z  and Ros e , 
1 9 6 6 ) . The zone is  3 0 0 0  to 4 0 0 0  feet wide and can be traced from 
the northeast part of the Ray orebody for about two mi l e s  to the 
main Gran i te Mountain porphyry s tock wes t  of Grani te Mountain in 
the southea stern par t  of the Teapot Mountain quadrang l e . The 
eas tern terminus of the Porphyry Break rough l y  coincides with the 
southea s t  pro j ec tion of the Las t  Turn Hi l l  shear zone . I n  detai l ,  
the east-northeas t  s tr iking Porphyry Break exerts a ma j or phys ical 
contro l fracture re l a ted to minera l i zation of the Ray Mine . 

The porphyry break can be interpreted in a s imi l ar way to the 
dike and ve in swarm data . That is , the Porphyry Break appears to 
be a N 70 E s tr ik ing zone of tens ional features that were opening 
in NNW-SSE extens ion dur ing intrus ion of the Grani te Mountain 
porphyry s tocks and emp l acement of the su l f ide sys tem at Ray ci rca 
60 - 62 Ma . _ The overa l l  regiona l contro l on the Porphyry Break 
cou ld have been deep-seated l eft s l ip on we s t-northwe s t  s triking 
basement f l aws a l ong the southea s t  pro j ection of the Las t  Turn 
H i l l  shear z one benea th the northwe s t  port i on of the Dripp ing 
Spr ing Mounta i n s . 

Ray Porphyry Copper Depo s i t  

The Ray porphyry copper depos i t  is the pr inc ipa l economic 
geo l og ic feature in the Ray-Super ior reg ion . It is  we l l  descr ibed 
in reference s  inc l uded wi th th i s  gu idebook . Of interes t  here is 
the setting of the Ray zone su l f ide sys tem in its regional tectonic 
context . Work by Phi l l ips and others ( 1 9 7 4 ) has  e s tab l i shed that 
the hypogene zoning patterns have not been s ignif icant ly offset by 
any of the s truc tures that traverse the Ray Mine vi c i n i ty . The se 
s tructures inc l ude the Minera l  Creek f au l t  zone , Diabase fau l t ,  
Emperor faul t ,  and Sun faul t .  Phi l l ips and others ( 1 9 7 4 )  s tate 
that " the pre sence of e s sentia l l y the same k ind of a l terat ion and 
minera l i za t ion on oppos i te sides of a l l of the ma j or fau l t s  that 
cut the orebody , l imits the pos t-mineral d i s p l acement to no more 
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than a f ew hundred feet " ( page 1 2 4 9 ) . 

The above con s traint ha s strong imp l icat ions for the thrust 
j ux tapo s i t i on a l o ng the Emperor f au l t  wh ich requires at l e a s t  3 0 0 0  
feet of s l ip to p l ace P ina l Sch i s t  over eas ter ly inc l ined Apache 
Group ( Ph i l l ips and other s ,  1 9 7 4 ) . Because pos t-miner a l  s l ip on 
a l l  struc tures that traver se the Ray orebody is no more than a few 
hundred f ee t ,  much of the thrust j uxtapo s i t i on a l ong the Emperor 
fau l t  mus t  be pre-minera l .  

H igh-Ang l e  S trike- S l ip Fau l ts 

Las t  Turn H i l l  Shear Zone 

Left- s l ip fau l ting can be inferred to have taken p l ace 
a l ong the La st Turn H i l l  shear z one ( for l ocation , see previous 
section ) in midd l e  Laramide time . Evidence for str ike- s l ip 
mot ion a l ong the Last Turn H i l l  shear zone i s  inferred from 
moderate- to steep l y-p lunging " s " and " z "  f o l d s  in a we s t­
nor thwe s t , s teep ly north dipping s trand of the Last Turn Hi l l  
shear zone a l ong H ighway 1 7 7  in the W 1 / 2  of  sec . 8 ,  T 3 S ,  
R 1 3  E .  

Left-s l ip a l ong the Las t Turn H i l l  shear zone can a l so be 
inferred from the re l ationship between an eas t-northeast str iking 
quartz ve in swarm tha t  intersects the shear zone in the SW 1 / 4  of 
s ec . 8 and the NE 1 / 4  of sec . 1 7 , T 3 S ,  R 13 E .  Here , an 
eas t-northe a s t  striking , steep l y  south dipp i ng quartz vein swarm 
intersects the Las t  Turn H i l l  shear zone . S evera l of the ve ins 
bend in , to para l l e l  the shear zone where they intersec t  it . I f  
the quartz ve ins are interpreted as  gash ve ins , then l e f t- s l ip 
a l ong the Las t  Turn Hi l l  shear zone can be inferred during the 
emp l acement of the quartz ve ins . 

Left- s l ip a l ong the Las t  Turn Hi l l  shear zone is  probab l y  
o f  mid-Pa l eocene age if the quartz ve ins are Pa l eocene . The 
quartz ve i n s  cut the northea s t  port ion of the Pa l eocene age 
Granite Mountain porphyry s tock and l oca l l y contain copper 
miner a l i z at ion . As such , the quartz ve ins are probab l y  a l so 
Pa l eocene in age , by ana l ogy with the dated copper 
minera l i za t ion at Ray , two mi l e s  to the eas t . -

STRUCTURES OF THE EARLY LARAM I DE OROGENY 

Low-Ang l e  Thrust Fau l ts 

Wa l nut Canyon Thrus t 

The Wa l nut Canyon thrus t ,  or igina l ly mapped by E l drid Wi l son , 
is  one of the maj or s tructural features of the Ray-Superior 
reg ion . The Wa l nut Canyon thru s t  is  named for exposures in upper 
Wa l nut Canyon in the N 1 / 2  of sec . 5 ,  T 3 S ,  R 1 3  E and the S 1 / 2  
of sec . 3 2 , T 2 S ,  R 1 3  E .  

I n  genera l ,  the Wa l nut Canyon thrus t  j uxtapos e s  a sem i -
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reg ional s heet of P i na l  S ch i s t  over younger Apache Group and 
Pa l eozoic strata north of the Last Turn H i l l  shear zone . The 
P inal  Sch i s t  sheet under l ies an area of at l ea s t  1 7  square mi l e s . 
I n  its  we s tern exposures ,  the Wa l nut Canyon thrust j uxtapo s e s  
Pinal  Sch i s t  over now doub ly inverted Apache Group s trata in 
T e l egraph Canyon . To the ea s t , the Wa l nut Caqyon thru s t  
j uxtapos e s  P inal  Sch i st over M i s s i s s ipp ian a n d  Pennsy lvanian 
strata in the upper Wood Canyon and upper Wh i te Canyon area s . The 
P in a l  S ch i s t-bearing upper p l a te of the Wa l nut Canyon thrus t  i s  
probab l y  pres ent i n  the area between Te l egraph Canyon o n  the wes t  
and Wood C anyon o n  the east which i s  l arge ly covered by P icketpo s t  
Mountain vo l c an ic s . The ma in evidence for the presence of the 
p l a te is the presence of abundant P in a l  Sch i s t  lapi l l i  in tuff 
uni t s  of the P icketpos t  Mountain vo l canics that presumab l y  over l i e 
the P inal  S c h i s t  in the upper p l a te of the Wa l nut Canyon thrust 
l ower p l a te between Tel egraph Canyon and Wood Canyon . 

Far ther to the eas t ,  in upper Wa l nut Canyon , the Wa l nut 
C anyon thrus t  j uxtapo s e s  Pina l Sch i s t  over Pennsy lvanian Horqui l l a  
Formation and a fau l t  s l ice of Troy Quartz ite . to the north , in 
the S 1 / 2  of sec . 3 2 , T 2  S ,  R 13  E ,  the Wa l nut Canyon thrus t  
p l aces over turned , younger Precambr ian Apache Group s trata , 
d i abase , and Troy Quartz i te over ea s te r l y  dipping Pennsy lvanian 
Horqui l la Formation . S t i l l  farther north , in the E 1 / 2  of  sec . 
2 9 , T 2 S ,  R 13  E ,  the thrust j uxtapos e s  doub ly inverted ( 1 1 )  
Cambr ian and Devonian Lower Pa leozoic units aga inst easter l y  
dipping Pennsy lvan ian Horqu i l l a Formation . 

The doub ly inverted section in sec . 2 9  occurs s ix mi l e s  
ea s t  o f  the doub l y  inverted section i n  the Te l egraph Canyon 
area . I n  the eas tern exposure s ,  the doub l y  inverted sect ion 
occur s in the upper p late of the Wa l nut Canyon thru s t ,  whereas 
in the Te l egraph Canyon area , the doub ly inverted sect ion 
occurs in the lower p late . The doub l y  inverted sect ions are 
inferred to repre sent the rotated , midd l e  over turned l imb of 
the Tel egraph Canyon fo l d  ( see be l ow ) . As such , ea s te r l y  
transport of the detached overturned midd l e  l imb of the Wa l nut 
Canyon fo l d  is  estimated to be about s ix mi l e s . S l ickens ide 
data a l ong or j us t  beneath the Wa l nut Canyon thru s t  genera l l y 
p l unges ea s ter l y  and is  con s i s tent wi th the inferred ea s tward 
tran sport . 

I n  a l l of its  exposure s ,  the Wa l nut Canyon thrus t  dips  
eas ter l y  as  do P a l eo zo ic and Apache Group s trata in the l ower 
p l ate . The eas ter l y  dip is probab l y  not the origina l dip of 
the Wa l nut Canyon thru s t . The eas tei ly dip was probab l y  
induced by eastward monoc l in a l  ti l t ing and / o r  eas ter l y  
antithetic t i l ting dur ing the low-ang le norma l fau l t  events 
that af fec ted the Ray-Superior reg ion dur ing the Ga l iuro 
orogeny in mid-Tert iary time . In accord with the thrust mode l 
out l ined above , the or ig ina l dip of the Wa l nut Canyon thru s t  
was probab ly sha l l owly t o  the we s t  or southwe s t . 

I n  the Ray- Superior reg ion , the Wa l nut Canyon thru s t  
pos tdates depo s i t i on o f  Pa l eo zoic s trata and predates the porphyry 
copper depos i t at Ray , if the Wa l nut Canyon thrust is r e l ated to 
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the Emperor thrust ( see b e l ow ) . By reg iona l ana l ogy with s im i l ar 
east- and northeast-d irected thrus t fau l ts e l sewhere in 
s outheas tern Ari zona , the Wa l nut Canyon thrus t  is probab l y  an 
ear l y  Laramide Tombs tone as semb lage structura l  phenomenon ( see 
K e i th and Wi l t ,  1 9 8 5 ) . I f  so , the age of the Wa l nut Canyon thru s t  
wou l d  b e  about 8 0  t o  7 0  Ma . 

Emperor Thrust Fau l t  

I n  the bottom o f  the Pear l Hand l e  and We s t  P i t s  at the Ray 
Mine , a maj or doma l -shaped l ow-ang l e  f au l t  named the Emperor 
thrus t  fau l t  by Met z  and Rose ( 1 9 6 6 ) , j uxtapos e s  P i na l Schi s t  
over an easterly inc l ined section of l ower Apache Group and 
d i abase s i l l s .  Work by Phi l l ip s  and others ( 1 9 7 4 )  showed that 
a l teration patterns r e l ated to the Ray porphyry copper­
mo l ybdenum sys tem ( 6 2 to 60 Ma ) were not off se t  by the Emperor 
thru s t . Thu s , Phi l l ips and others ( 1 9 7 4 )  inferred that P i na l  
Sch i s t  j uxtapo s i tion a l ong the Emperor thru s t  occurred pr ior to 
depos it ion of the Ray porphyry copper system . The 
j uxtapo s i t ion probab l y  a l so occurred pr ior to intru s ion of the 
Gran i te Mounta in porphyry ( 6 2 Ma ) i e spec ia l l y if the Granite 
Mountain porphyry in the upper and l ower p l ates of the Emperor 
thrust in the Pear l Hand l e  Pit are o f f set equiva l ents . Thus , 
if the above de scr ibed scenario is  correct , the Emperor thru s t  
at Ray predates emp l acement o f  Ray p l u tonic suite and i t s  
re l a ted porphyry copper-mo lybdenum system . Because the 
j uxtapo s i t i on on the Emperor f au l t  c l os e l y  resmb l es those on 
the Wa l nut Canyon thrust are po s s ib l y  part of the same thrust 
sys tem . Farther to the south , in the Torti l l a Mountains , 
Krieger ( 1 9 7 4 ) has documented simi l ar ,  now easter l y  ti l ted 
thrusts that a l so may be southe r l y  extens ions of the Wa l nut 
Canyon-Emperor thrus t  system . S ignif icant l y ,  these ti l ted 
thrusts are a l so intruded by rhyoda c i te porphyry intru s i ons 
simi l ar to the Ray p l utonic suite . 

F o l d s  

T e l egraph Canyon F o l d  

One o f  the mos t  spectacu l ar structura l phenomena in the 
Ray-Super ior region is the Te l egraph C anyon f o l d . The 
T e l egraph Canyon is  named for its exposures in Te l egraph Canyon 
in the SW 1 / 4  of sec . 2 9  and the W 1 / 2  of sec . 3 2 , T 2 S ,  
R 1 2  E .  As pre s en t l y  exposed , the Te l egraph Canyon f o l d  i s  an 
anti forma l sync l ine . The easter l y  l imb of the f o l d  con s i s ts of  
an overturned , overturned ( ! ! )  sect ion of Apache Group 
sed iment s . 

The T e l egraph Canyon ant i forma l sync l i ne is  interpreted to 
have deve l oped as f o l l ows : Dur ing the ear ly Laramide orogeny , 
eas t-we s t  to northeast compr e s s ion produced a ma j or overturned 
f o l d  of the Apache Group and Pa l eo zoic sect ion . Cont inued 
compre s s ion caused the midd l e , over turned l imb to break . A 
por t i on of the over turned midd l e  l imb , and the antic l inal  hinge 
of the Tel egraph Canyon fo l d  wa s carried about s ix mi l e s  
e a s tward a l ong the Wa l nut Canyon thru s t . I n  Miocene time , the 



Wa l nut Canyon thrus t ,  together wi th the T e l egraph Canyon 
over turned sync l ine , were pa s s ive l y  rotated ( top-to-the-ea s t )  
by antithetic rotation on we s te r l y  d ipp ing l ow-ang l e  norma l 
fau l ts and monoc l ina l fo l d ing in the Teapot Mountain area . The 
res u l t ,  in the T e l egraph Canyon area was that the Te l egraph 
Canyon over turned sync l ine was rotated another 6 0  to 9 0  degrees 
eas ter l y  r e s u l t i ng in the sync l ina l antiform conf iguration . 
Thu s , in the T e l egraph Canyon area , or igina l l y hor i z ontal  beds 
of the Apache Group have been rotated ( top-to- the-eas t )  up to 
2 5 5  degree s .  

Drag F o l d s  on the Wa l nut Canyon Thrus t  

I n  e a s te r l y  exposures o f  the Wa l nut Canyon thrus t ,  two 
f lexure s  are present in Pa l eo z o ic and Apache Group strata in 
the upper p l a te immediate l y  above the Wa l nut Canyon thrus t .  
I n  the E 1 / 2  of  sec . 2 9 , T 2 S ,  R 1 3  E ,  an anti c l ina l synform 
( up s ide-down anti c l ine ) is pres ent . The eas tern l imb is  s imp l y  

overturned . The we s tern l i mb ,  between the synform axi s  and the 
Wa l nut Canyon thrust is doub l y  inverted . Beds in this l imb 
have experienced as much as 2 2 0  degree s of top- to- the-east 
rot a t i on . The synform c l o s e l y  para l l e l s  the Wa l nut Canyon 
thrus t  for one mi l e ; at its  southern end , it appear s  to be 
truncated by the thrus t . The para l l e l i sm of the two s tructures 
sugg e s t s  tha t  the synform is  a drag fo l d  a l ong the thrust where 
the overturned m idd l e  l imb of the T e l egraph Canyon fo ld ha s 
been further dragged by ea s t e r l y  mot ion re l a ted to the thru s t .  
E a s terly rotation of the thrus t  and the overturned midd l e  l imb 
of the Tel egraph Canyon fo l d  in mid-Miocene time further 
enhanced the ups ide-down a spect of the geo l ogy . 

To the south , in the S 1 / 2  of  sec . 3 2 , T 3 S ,  R 1 3  E ,  
another drag fo ld , s imi l ar to the previous ly di scu s s ed drag 
fo l d , is pres ent . Here , steep l y  dipping , right-s ide-up Apache 
Group s trata are f o l ded into an over turned conf igurat ion 
immed iate l y  eas t  of the Wa l nut Canyon thru s t .  Thes e  strata are 
inf erred to be in the r ight- s ide-up l imb of the the d i s p l aced 
T e l egraph Canyon fo ld and are dragged into overturned dips by 
eas tward movement a l ong the Wa l nut C anyon thru s t . 

S U MMARY OF LARAMIDE , GAL I URO ,  AND SAN ANDREAS OROGENI ES 
IN THE RAY-SUPER I OR REG ION 

From a l l of the above text , the fo l l owing summary of 
Laramide , G a l iuro , and S an Andreas tectonics in the Ray-Superior 
region can be cons tructed . 

5 8  

1 )  Ear l y  Laramide ( 8 0 to 7 0  Ma ) ; Eas t-we s t  to northea s t  
compr e s s ion ; formation o f  the Te l egraph Canyon fold , Wa l nut 
Canyon thru s t ,  Emperor thrus t ,  and drag f o l d s  a l ong the Wa l nut 
Canyon thrus t .  

2 )  Midd l e  Laramide ( 7 0 to 6 0  Ma ) ; Eas t-northea s t  weak compr e s s ion 
and nor thwe s t- southeast extens ion ; emp lac ement of the Ray 
p lutonic suite ( Torti l l a quartz diorite , rhyodac i te porphyry 



d ike swarms , Grani te Moutain porphyry , and Teapot Mount a in 
porphyry ) ,  emp lacement of the Ray porphyry copper- mo l ybdenum 
sys tem , l ef t - s l ip on the Last Turn H i l l  shear zone , and 
emp l acement of quart z  ve in swarm in sec . 1 7 , T 3 S ,  R 13 E .  

5 9  

3 )  Late Laramide ( 6 0 to 4 3  Ma ) ; Northeast- southwes t  compre s s ion ; 
Reverse s l ip a l ong the S l eep ing Beauty Faul t ,  and formation of 
the we s t- to s outhwes t-vergent f o ld in the Pennsylvanian 
Horqui l l a Forma tion southe a s t  of Super ior , Ar i zona . 

4 )  Mid-Ga l iu ro ( 2 8 to c irca 2 2  Ma ) ; Northea st-southwes t  
compre s s ion ; Depo s it i on o f  Wh i tetai l  formation uni t s  and 
sub sequent north-south monoc l in a l  f o l d ing in the Teapot 
Mounta i n  area ( Wh i tetai l  formation is  depos i ted in an in i t i a l  
depocenter immediately e a s t  of the monoc l ina l f o l d  ana l ogous 
to the Hackberry formation in the Torti l l a Mountains to the 
south ) . Left- s l ip on Last Turn H i l l  shear zone and l eft drag 
of Wh iteta i l  stratigraphy north of Last Turn Hi l l  shear zone . 

5 )  Mid-Ga l iuro ( c i rca 2 2  to 2 0  Ma ) ; Continued eas t-wes t  
compres s i on ; Norma l we s t-down movement o n  the Teapot Mountain 
f au l t ,  and antithetic norma l e a s t-down movement on the 
S l eeping Beauty fau l t ;  po s s ib l e  continued depo s i t ion of upper 
Whi teta i l  units , pos s ib l e  reverse movement on proto-Wh i te 
Canyon and Copper Butte fau l ts . 

6 )  Late Ga l iuro ( 2 0 to 1 7  Ma ) ; Cont inued east-we s t  compr e s s ion ; 
Eruption of Apache Leap Tuff ( 2 0  - 1 9  Ma ) , and lower part of 
P icketpo s t  Mounta in vo l canics and B ig Dome Format ion ( 1 9 - 1 6  
Ma ) . 

7 )  Late Ga l iuro ( 1 6 to 1 5 . 5  Ma ) ; Continued eas t-we s t  to 
northe a s t- southwe st compre s s ion ; Emp l acement of l ow-ang l e  
norma l fau l ts ( Wh i te Canyon , Copper Butte , and Bowman Bas in 
f au l ts s y s tems ) ,  normal movement on the Emperor fau l t .  

8 )  Late Ga l iuro ( 1 5 . 5  to 1 5  Ma ) ; Continued eas t-we s t  to 
northe a s t - southwe st compres s ion ; eruption of upper Picketpos t  
Mountain vo l cani c s . 

9 )  Late Gal iur o  ( 1 5 to 1 3  Ma ) ; Continued eas t-we s t  compre s s ion ; 
format i on of Spine sync l ine , Scho o l  reverse f au l t  and f o l d . 

1 0 ) Ear ly S an Andreas ( 13 to 1 0 ?  Ma ) ; Eas t-we s t  trans tens ion ; 
eruption of ba s a l t  unit in northwe s tern Bowman B a s in . 

1 1 )  Main S an Andreas ( 1 2 ?  to 8 ?  Ma ) ; Continued eas t-we s t  
transten s i on Maj or dip- s l ip mot i on o n  north-south segements o f  
the Concentrator fau l t ,  l e f t  ob l ique s l ip o n  northeast 
segments of the Concentrator fau l t ,  dip s l ip on the Bi shop , 
Living s ton , and D iabase fau l ts . 

1 2 )  Late San Andreas ( 1 0 ?  to 2 Ma ) ; Continued eas t-we s t  
trans tens ion ; Depo s i tion o f  c l a s t ic sed imentation i n  c l o sed , 
graben- l ike bas ins in the Super ior and Wink l eman areas . 



1 3 ) Late S an Andreas ( 2  to . 6  Ma ) ; Continued eas t-wes t  
trans tens ion ; I ntegration o f  modern dra inage sys tems and 
forma t i on of ero s ional terrace s . 

6 0  

1 4 ) Lat e s t  S an Andreas ( . 6 to 0 Ma ) ; Continued eas t-we s t  
trans tens ion ; norma l offset o n  L ivings ton fau l t ,  and o f f s e t  o f  
Quaternary terraces , conntinued downcutting i n  now comp l e te l y 
integrated G i l a  River dra inage s ys tem ( Miner a l  Creek and 
Wa l nut Creek drainages ) .  



REFERENCES 

Banks , N. G. , Cornwall , H. R. , Silberman, M. L. , Crea sey, S.  C. , 
and Marvin, R. F . , 1 972 , Chronology of intrusion and ore 
depo sition at Ray,  Arizona , Part I, K-Ar age s :  Econ. Geol. , 
v. 6 7, p .  864- 878 .  

Banks , N.  G. , and Stuckle s s ,  J. S. , 1 97 3 ,  Chronology of  intrusion and 
ore depo sition at Ray, Arizona - Part II, Fis sion-track ages :  
Econ. Geol. , v .  6 8 , p .  6 57 -664. 

Barrett, L .  F. , 1 972,  Igneous intrusions and a s sociated mine ralization 
in the Saddle Mountain mining di strict ,  Pinal County,  Arizona : 
M. S. thes i s ,  Univer sity of Utah, 9 0  p.  

6 1  

Clayton, L.  B . , 1 975 , Chemical clas sification of the Williamson Canyon 
volcani c s ,  Pinal County, Arizona: Unpub . KEI-GR LD Rept. , 3 p .  

Berry, K. , 1 975 : M. S. the sis , University o f  Arizona. 

Creas ey, S .  C . , Peterson, D. L. , and Gambell , N. A. , 1 975 , Preliminary 
geologic map of the Teapot Mountain quadrangle : U .  S. Geol. Survey 
Open-fi le Rept. 75 - 3 14 ,  scale 1 : 24, 0 0 0 .  

Creasey, S .  C . , and Kistler ,  R .  W. , 1 962 ,  Age o f  some copper-bearing 
porphyries and other igneous rocks in southeastern Arizona :  U .  S .  
Geol. Surve y Prof. Paper  450 -D,  Art. 1 20 ,  p.  1 - 5 .  

Cornwall, H. R. , Banks , N. G. , and Phillips ,  C .  H. , 1 97 1 ,  Geologic map 
of the Sonora quadrangle , Pinal and Gila Countie s ,  Arizona: U. S .  
Geol. Survey Map GQ- I 0 2 1 ,  s cale 1 : 24, 0 0 0 .  

Cornwall, H. R. , and Krieger ,  M. H. , 1 975a,  Geologic map of the Kearny 
quadrangle , Pinal County, Arizona: U.  S .  Geol. Survey Map GQ- 1 1 88 ,  
s cale 1 : 24 , 000 .  

Cornwall, H. R. , and Krieger ,  M. H. , 1 9 75b ,  Geologic map of  the Grayback 
quadrangle , Pinal County, Arizona: U. S .  Geol. Survey Map GQ- 1 206 , 
s cale 1 :24 , 000 .  

Damon, P.  E. , 1 97 1 ,  The relationship between late Cenozoic volcani sm 
and tec toni sm and orogenic - epeiorogenic periodi city, in Turkekian, 
K. K. , ed. , Conference on l iThe late C enozoic glacial age" :  New 
York, John Wiley and Sons ,  p. 1 5 - 3 5 .  



Damon, P. E. , and Bike rman, M. , 1964,  Pota s sium-argon dating of 
post - Laramide plutonic and volcanic rocks within the Basin 

62 

and Range province of southeastern Arizona and adjacent area s :  
Arizona Geol. Soc.  Dig . , v. 7 ,  p .  6 3 - 78 .  

Damon, P .  E . , Mauger,  R .  L. , and Bikerman, M. , 1964 ,  K-Ar dating of  
Laramide plutonic and volcanic rocks within the Basin and Range 
province of Arizona and Sonora, in C retaceous -Tertiary boundary  
including volcanic activity :  India,  22nd Internat. Geol. Congo 
Rept. , pt. 3 ,  proc .  sec .  3 ,  p. 45 - 5 5 . 

Damon, P. E . , and Mauger, R .  L. , 1 96 6 ,  Epeiorogeny-orogeny viewed 
from the Basin and Range province :  Am. Inst. 1\.Uning Metall. 
Engineers  Trans . ,  v. 23 5 ,  no . 1 ,  p .  99 - 1 1 2 .  

Damon, P .  E. , and others ,  1 9 70 ,  Correlation and chronology o f  ore 
deposits and volcanic rocks : U .  S .  Atomic Energy Comm. Ann. 
Prog . Rept. , no . C O O - 6 89 - 1 3 0 .  

Granger H. C . , and Raup , R .  B . , 1 964, Stratigraphy o f  the Dripping Spring 
quartzite , southeastern Arizona: U.  S. Geol. Survey Bull .  1 1 6 8 , 
1 1 9 p .  

Granger H. C . , and Raup , R .  B . , 1 96 9 ,  Geology of  the uranium depo sit s  
in the Dripping Spring quartzite , Gila County I Arizona: U. S .  Geol. 
Survey Prof. Paper 5 9 5 ,  1 0 8 p.  

Heindl, L. A. , 1 96 3 ,  C enozoic geology in the Mammoth area, Pinal County, 
Arizona :  U . S .  Geoi. Survey Bull. 1 14 I -E ,  4 1  p. 

Huddle, J. W. , and Dobrovolny, E . , 1 95 2 , Devonian and }"Us si s sippian rocks 
in central Arizona :  U. S .  Geol. Survey Pro-i. Paper 233 -D, 1 1 2 p. 

Johnson, M. G. , and Todd,  V. R . , 1 973 ,  A summary of radiometric age 
determinations of igneous rocks from southeastern Arizona: Isochron I 
Wes t, no . 8 ,  p .  1 - 20 .  

Johnson, N. M. Opdyke , N .  D. , and Lindsay, E. H . , 1 975 ,  Magnetic polarity 
stratigraphy of Pliocene -Pleistocene terrestrial depo sits and ve rtebrate 
fauna s ,  San Pedro Valley, Arizona: Geo! .  Soc .  America Bull. , v.  8 6 ,  
no . 1 ,  p.  5 - 1 2 .  

Krieger I M .  H. , 1 96 1 ,  Troy quartzite (younger Pr ecamb rian) and Bolsa 
and Abrigo formations (Cambrian) ,  no rthern Galiuro Mountains ,  
southeastern Arizona:  U.  S. Geol. Survey Prof. Paper 424 - C ,  
p .  1 6 0 - 1 64 .  



Krieger,  M. H. , 1 96 8a ,  Geologic map of the Holy Joe Peak quadrangle , 
Pinal County, Arizona: U . S. Geol. Survey Map GQ - 66 9 ,  
s cale 1 :24 , 000 .  

-----
1 96 8b ,  Geologic map of the Brandenburg Mountain quadrangle, 
Pinal County, Arizona :  U. S. Geol. Survey Map GQ -668 ,  s cale 
1 :24 , 000 .  

-----
1 96 8c ,  Geologic map of the Saddle Mountain quadrangle , Pinal 
County, Arizona: U .  S. Geol. Survey Map GQ- 6  7 1 ,  s cale 1 :24, 0 0 0 .  

____ 
1 968d, Stratigraphic relations of the Troy quartzite (younger 
Precambrian) and the Cambrian formations in southeastern 
Arizona: Ari z .  Geol. Soc . , Southern Arizona Guidebook III, 
p.  22-32 .  

-----
1 974a, Geologic map of the Putnam Wash quadrangle ,  Pinal 

63 

County, Arizona: U. S .  Geo!. Survey Map GQ- l l  0 9 ,  scale 1 : 24 , 0 0 0 .  

_____ 
1 974b, Geologic map of the \'tinkleman quadrangle , Pinal and Gila 
Counti e s ,  Ari zona : U .  S.  Geo!. Survey Map GQ- l l 0 6 ,  s cale 1 : 24 , 0 0 0 .  

____ 
1 9 74c , Geologic map of the Crozier Peak quadrangle ,  Pinal County ,  
Arizona:  U. S .  Geol. Survey Map GQ- l l 0 7 ,  s cale 1 : 24 , 000 .  

Krieger,  M.  H. , Cornwall , H. R . , and Banks , N .  G. , 1 9 7 3 ,  The Big Dome 
formation and revi sed Tertiary stratigraphy in the Ray-San �1anuel 
area, Arizona, in Changes  in stratigraphic nomenclature by the 
U. S . G. S. 1 972 :  U. S. Geol. Survey Bull. 1 3 94A ,  p .  A54-A62.  

Lindgren, W. , 1 90 5 ,  The copper deposits of  Clifton- Morenci , Arizona: 
U. S. Geol .  Survey Prof. Paper 43 , 3 75 p. 

Living ston, D. E . , 1 9 70 ,  Geochronology of the older Precambrian rocks 
in Gila County, Ari zona: Ph. D.  the si s ,  Univer sity of Arizona, 
224 p. 

Living ston, D. E . , and Damon, P. E. , 1 968 ,  The age s  of stratified 
Precambrian rock sequences in central Arizona and no rthe rn 
Sonora, in Geochronology of Precambrian stratifi ed  rocks -
International Con£erenc e �  Edmonton, Alberta, 1 96 7  Papers : 
Canadian Jour. Earth Sci. , v .  5 ,  no . 3 ,  pt. 2 ,  p. 7 6 3 - 772. 



I . 

64 

McDowell, F. W. , 1 9 7 1 ,  K-Ar age s of igneous rocks from the western 
United State s :  Isochron /West ,  no . 2, p .  2 .  

Meader, 1 976:  M. S. the sis ,  University o f  Arizona. 

Metz , R. A. , and Ro s e ,  A. W. , 1 968 ,  Geology of the Ray copper depo sit ,  
Ray, Arizona, in Geology of the porphyry copper depo sits :  Tuc s on,  
University Arizona Pre s s , p.  1 77 - 1 88 .  

Nehru, C .  E. , and Prinz , M. , 1 970 ,  Petrology o f  the Sierra Ancha sill 
complex, Arizona: Geol. Soc .  America Bull. , v .  8 1 ,  no. 6 ,  
p .  1 733 - 1 76 6 .  

Pas hley, F .  E. , 1 966 , Structure and stratigraphy of the c entral, northe rn, 
and eastern parts of the Tuc son Basin ,  Arizona:  Ph. D. the si s ,  
University of Arizona, 273 p. 

Peter son, D. W. , 1 96 8 ,  Zoned ash-flow sheet in the region around Supe rio r ,  
Arizona: Arizona Geol. Soc. , Southern Arizona Guidebook III, 
p .  2 15 - 222.  

_____ 1 969,  Geologic map of the Superior quadrangle ,  Pinal County,  
Arizona: U. S. Geol.  Survey Map GQ- 8 1 8 , scale 1 :24, 000 .  

Peter son, N. P. , 1 9 3 8, Geology and a re depo sit s  of the Mammoth mining 
camp, Pinal County, Arizona: Univer sity of Arizona -Arizona 
Bur. Mine s Bull. 144,  63 p.  

Phillips ,  C .  H. , 1 9 76 ,  Geology and exotic  copper mineralization in the 
vicinity of Copper Butte, Pinal County, Arizona: New Mexico 
Geol. Soc.  Spec .  Pub.  6 ,  p. 1 74 - 1 79 .  

Ransome, F.  L. , 1 9 0 3 ,  Geology o f  the Globe copper dis trict, Arizona : 
U. S. Geol. Survey Prof. Paper 1 2 ,  1 6 8  p .  

____ 1 904 , The geology and ore depo sits of the Bi sbee quadrangle , 
Arizona : U. S .  Geol. Survey Prof. Paper 2 1 ,  1 6 8  p .  

_____ 1 9 1 9 ,  The copper depo sits of Ray and Miami , Arizona: U. S. 
Geo!. Survey Prof. Pape r 1 15 ,  1 92 p.  

_____ 1 923 , De scription of the Ray quadrangle :  U. S .  Geo!. Survey Folio 
2 1 7, 24 p. 



65 

Reid, A .  M. , 1969, Bio stratigraphy of Naco (Pennsylvanian) in south­
central Arizona: Ph. D. the si s ,  Unive rsity of Arizona , 308 p. 

Ros s ,  C. A. , 1973, Pennsylvanian and early PerInian depo sitional hi sto ry ,  
southeastern Arizona: Am. As soc .  Petroleum Geologi sts  Bull. , 
v. 5 7, po . 5, p.  887 -9 1  2. 

Scarborough, R. B . , 1 975 : M. S. the sis ,  Univer sity of Arizona. 

Schmidt, E. A. , 1967, Geology of the Mineral Mountain quadrangle, Pinal 
County, Arizona: M. S.  thesi s ,  University of Arizona, 1 1 1  p. 

-----
1971, A structural inve stigation of the northern Tortilla Mountains , 
Pinal County, Arizona: Ph. D. the sis ,  Univer sity of Arizona,  
248 p.  

Schumacher, S. , Witte�,  D. P. , Meader ,  S.  J. , and Keith S .  B . � 1976, 
Late Devonian tectoni sm in southeastern Ari zona: Arizona Geol .  
Soc .  Digest ,  v .  X ,  p.  59-70. 

Silver ,  L. T. , 1960, Age deterIninations on Precambrian diabas e  differentiates  
in the Sierra Ancha, Gila County,  Ari zona (abs . ) : Geol. Soc .  
America Bull. , v .  71,  no . 12, p .  1973- 1 974. 

-----
1964, The use of cogenetic uranium-lead i sotope sy stems in zircons  
in geochronology :  Geophys .  Abs . , no  2 1 1 ,  item 9. 

-----
1965,  Mazatzal o rogeny and tectonic epi sodicity (abs . ) : Geo1. Soc .  
America Spec .  Paper 82, p. 1 8 5  - 186. 

Simmons ,  F. S. , 1964, Geology of the Klondyke quadrangle , Graham and 
Pinal Counties ,  A rizona: U. S.  Geol. Survey Prof. Paper 461 ,  
173 p. 

Smith, D. , 1969, Mineralogy  and petrology of an olivine diabas e  sill complex 
and as sociated unusually pota s sic granophyre s ,  Sierra Ancha, 
central Arizona : Ph. D. thes i s ,  California !nst. Technology, 3 1 4  p. 

-----
1970�· Mineralogy and petrology of the diabasic rocks in a differentiated 
olivine diabas e  sill complex, Sierra Ancha , Arizona: Contr .  Mineral. 
and Petrology , v.  27, no . 2, p.  9 5- 1 13. 

Teichert, C . , 1965, Devonian rocks and paleogeography of  central Ari zona: 
U. S .  Geol. Survey  Prof. Paper 464 , 181 p.  

Willden, R. , 1964 , Geology of the Chri stma s quadrangle , Gila and Pinal 
Counties ,  Arizona :  U. S. Geol. Survey Bull. 1 16 l -E, 64 p. 



APPENDIX I 

Historical No tes and Disc u s s ion 



H I STORI CAL NOTES 

The fo l l owing ma ter i a l s  are ' letters conta ining di scuss ions 
between Fred Z oerner and S . B .  Kei th about some of the regiona l 
geo l ogic prob l ems . The discuss ions are of interest because they 
are " time capsu l e s " of s ome of the Kennecott thinking about Ray 
and its reg i ona l geo l og i c  context . As there were then , many 
prob l ems in the Ray regional geo l ogy remain unso lved today . The 
interes ted reader shou l d  compare the s e  di s cu s s ions wi th current 
comments in this f i e ld guide ( espec i a l l y  the comments regard ing 
the age and tectoni c s  of the Whi tetai l  bas i n  and nature of the 
Teapot fau l t ) . 



'. 

28 April, 1 9 7 6 

I have re ad stan Ke ith ' s  c ontribution t o  the quar­
te rly and would like t o  make s ome comment s .  S ome new data 
also has c ome in s inc e your vi s it . 

The Ray mine ral district is not on a b a s ement 
c ore d up lift . It app e ars to b e  at or just e a s t  of the front . 

Although Stan has bac ke d dm.rn�jl/a T e rt i.a.ry age for the 
IIRe d Hill s granodiorite ll hi s c onc lus ions abo'.lt mine ralizati on 
are far fe tche d .  T he granodiorite c rops out i.n the chl orite 
propylitic z one and doe sn ' t  affe ct the al�e ra t i o n  pa.tt e rn . 
A more leuc ocratic rock ( about 9% chlorit e -a ft e r  b iotit e ? ) 
occurs in the same area farther west . The s e  b o d i e s  are we ll 
out s ide the strong IP re spons e and have not b e en enc ount e r-
ed in drill ing . 1f.hil e  giving his p re s entat i on he �entione d  
a Teapot Mountain Porphyry dike , but it i s  re ally a rhyo ­
c lac i te dike , very d i s s imilar t o  Teap ot . 

The IImegab re c c ia block" is dist inctly d i s c o rdant t o  
the s trike o f  be dding i n  the vThi te tail . The l ong dimenti on 
of the block is 30-400 off from my data and 40-700 off from 
Creas ey ' s  data . In c ont ras t  the Kearny Megab re c c ia i s  a 
maximum of 10-200 o f f  and usually subparall e l  t o  the strike 
of b e dding in the San Manue l .  The out c rop s in Devil ' s  C an ­
yon may not be of t he same b l o c k  f o r  they l i e  o f f  trend . , 

The re app e ars t o  b e  p roblems with the T eap ot Fault . 
The Whit e tail bas in p inche s out on the Dripp ing Spring 
Range and the Apache Leap Tuff appe ars to hav e  drap e d  ove r 
the range . If the dep o s it i onal bas in i s  dO�'rndroppe d rela­
ti ve to its so urc e a re a ,  why doe s it exi s t  t o  e levat ions 
equal to that of the t op of the Dripp ing Sp rings Range ? 
Us ing Ke ith ' s  int e rp re tation ,  the range s hould have b e en 
burie d  und e r  the Whit e t ail . T he Teap o t  Faul t i s  s till 
enigmatic . 



Is re gional c ompre s s ion really p r e s e nt ? Can the 
c rust t ransmit c omp re s s ional stre s s  ove r the dis tanc e 
r e quire d by the subduction mode l ?  I b e l i e ve the answe r 
arrived at by many who have studie d the p rob lem i s  no . 
I s  the c omp r e s s i on h e re a local manife s ta t ion of vertical 
uplift due t o  mas s ive intrusion of t he c rus t  by me lt s 
from subduct ion z one s ?  Stan us e s  " thrus t s " for e videnc e 
o f  c omp re s s ion . What pushed them? I f  they were pushe d 
why are the rocks in t he  p late not s t rongly folde d ?  I 
t hink b ody forc e s  of gravity t e c t onic s  exp l ains the patte rn 
b e t t e r .  

The Re d Hills as a st rongly up lift e d  b a s ement 
block is que s t ionab l e . I have s e en a b l o c k  that ripp ed up 
t hrough c ov e r ,  but it als o had a rhyoli t e  p lug in it . 

Mining in a key are a nort he a s t  o f  the P e arl Handle 
has exp os e d  t he S chool Fault as Apac he Leap Tuff over rhy ­
odac ite tuff . S ]c kens ide s show a s outhwe s tward movement 
dire c t ion . Mining has not progre s s e d  far enough to expos e 
the e ast dipp ing reverse fault . 

A s  I p oint e d  out in the me e t in g ,  the Rus tler doe s 
not turn s outh like I show , but foll ows it s s t rike as 
s hown at the surfac e .  It i s  c overed by T e rt iary rocks 
and t he School Faul t . Howe ve r a NNE-t rending normal fault 
dipping we st doe s exi s t  whe re I p roj e c t e d  the Rus t le r .  

Ne il found an out c rop b y  Lit t l e  B ox Dam that S hO\,lS 
Big Dome ove r rhy odac ite tuff . It ' s  l ocat ion c on firms 
Stan ' s  hyp othe s is that the Scho o l  Fault i s  east o f  Mine ral 
C re e k . The out crop i s  in a re c ent ly e rode d gully . 

We are b uilding a goo d  data b as e , but t he tectonic 
environment o f  Ray i s  st ill p o o rly unde rs t ood . Hop e fully 
we can get t oget he r  when I move to Salt Lake in a few we e ks . 

S inc e rely ,  

(}t.dv-�� ? � 
Fre deri c k  P .  Z o e rner 

FPZ/j r  



· 1 8  May , 1 9 7 6  

I have read Fred Zoerner ' s  comments regarding my quarterly report and 
presentation at Ray and would like to comment on his conunents .  The 
respoonse i s  in approximate order to the points rai sed  by  Zoerner.  

1.  The structural po sition of Ray. The Red Hills block i s  not a 
basement-cored uplift in the cla s sic sens e .  Rather i t  i s  a structurally 
elevated narrow basement p ri s rn or slice  which I interpret to have been . 
"emplaced" to its present level by  several events of comp r e s  sive deformation. 
The mechanism of emplac ement is interpreted to be along high-angle reverse  

faults of the Mineral Creek fault zone which flatten upward.  The western 
boundary of the Red Hills block is marked by the Teapot Mountain fault 
which appears to be a high-angle no rmal fault with west  s ide down. The 
cumulative normal movement on the Teapot Mountain fault has left the Red 
Hills block relatively high. The south end of  the Red Hills b lock is marked 
b y  the North End fault system. The exact nature of thi s fault is presently 
equivocal because  Pinal schi s t  logged in hole s no rth of the fault may be 
Pioneer formation of the Apache group. My current thinking on the North 
End fault zone i s  that the Red  Hills block i s  up relative to the Ray orebody 
in the Pearl Handle pit south of the North End fault. Thi s  i s  consistent 
with the new pit mapping north of the Pearl Handle pit by Steve Hoelscher .  
However, the argument ha s been made by  the Ray people that the Pinal 
schist /Apache group juxtapo sition with Pinal schi st  relatively up to the 
north i s  illusory because the Pinal schi s t  i s  allocthonous r e sting in theo 
upper plate of the Empero r fault. Reinterpretation of exi s ting drilling and 
new drilling would be needed to substantiate eithe r model. For  now, I prefer 
the interpretation that the: Pinal schist  no rth of the North End fault zone in 
the Red Hills block is autocthonous and that the Emperor fault - - if it exi sts  
north of  the North End fault zone- - has been faulted up and subsequently 
removed by ero sion. 

2. Red Hi lls mine raliiation °a"nd f iRed Hills  granodi o ri t e . " Subsequent 
mapping has establi shed that Red Hills g ranodio r ite i s  very likely Made ra 
diorite , for a rock petrographically identical to the Red Hills was found in 



the Dripping Spring Mountains to be depo sitionally overlain b y  younger 
Precambrian Apache group rock s .  Nevertheles s ,  the Madera dio rite do e s  

intrude an older gabbroic or noritic rock within the Red Hill s block which 
has al so been called Madera diorite . A rock petrographically identical to 
thi s rock outcrops extens ively in the lvUneral Mountain and Teapot Mountain 
7t minute quadrangles and i s  referred to as the Madera di o rite in mapping 

by Creasey, et al e ( 1 975 ) and Schmidt ( 1 966 ) . The rock i s  referred to i n  
my mapping tentatLvely a s  the Telegraph Canyon norite f o r  expo s ures i n  the 
Telegraph Canyon area of the Mineral Mountain quadrangle. Petrography 
i s  required to reliably e s tabli s h  a rock name. 

A s  both of these rocks are older than 1 .  6 7  b. y . , they o bviou sly cannot 
determine any alteration pattern which is of neces sity superimpo sed on 
s uch rock s . I thought I gave this i mp=e s sion at the Ray talk s .  I still argue 

that the dike in di spute i s  identical to rocks at the type Teapo t Mountain 
porphyry locality on the s outheast slope s  of Teapot Mountain. It i s  
interesting that Zoerner i n  hi s 1 975 Red Hills mapping labeled thi s  as 
Teapot Mountain porphyry ( Ttm) although the more recent edition s of thi s 
map s how the dike as rhyodacite porphyry (Tkr) . In any cas e  mineralized 
fractures clearly cut thi s rock. 

3 .  The umegabreccia bIo"cK. " For my money the megabreccia land ­
slide origin i s  s till the best bet. T he compiled strike and di p  data plus 
my own data do not show that great a discordance. Some c1i sco :-dance 
should be expected as the enca sing Whitetail i s  a fanglomerate. Strike s and 
dip s in fanglomerate s o n  a local scale can vary co nsiderably .  An impre s sive 

argument for a landslide o rigin is the i nternal fabric of the megabreccia. 
Regardles s of origin, the blocks are de scriptively a cla s sic megabrecci a ,  
i .  e . , a monolithic internally brecciated rock. The "crackle breccia" texture 

implies that movement o ccurred throughout the entire block and was not 
res tricted to specific fracture site s as one o b s erves in faulted block s .  
Although obviously les s  co herent , landslide s feature a fabric where every 

clast within the land slide ma s s has moved relative to its neighbo r s .  I have 
never o b served crackle breccias within even the mo s t  highly faulted r oc ks ,  
and the Dripping Spring Mountains are o ne o f  the mo s t  highly faulted 
mountain ranges I know o f .  Despite the high den sity of fault s in the 
Dripping Spring s ,  the rock within each fault block i s  unbrecciated. In 
contrast, cla sts within obvious land slide mas se s  in the Dripping Spring 
Mountains and Dripping Spring Valley are internally shattered even if 

they maintain their stratigrap hic integrity. 

4 .  The Teapot Mountain fault" and Whi tetail ba sin of depo s i ti o n .  
Fred ' s Whitetail ba sin a rgument is hard t o  under stand. The Whitetail 
basin wa s developed prior to 32 m. y .  Depo sition o f  the Apache Leap 
tuff at 20 m. y. does not have anything to do with Whitetail depocenter s .  
Ea st o r  so uthea st of the T eapo t Mountain fault the Whitetail thickne s ses range 
from several hundred feet to zero . The geology clearly indicate s that th e 



Whitetail thins to the east. In contrast ,  we st  o r  no rthwe s t  of the Teapot . 
Mountain fault Whitetail i s  in probable exce s  s of 5 , 0 0 0  feet. Such facts 
clearly sugge st  that the Teapot  Mountain fault s eparated a potential source 
high from a basinal low to the we st .  Drilling in the Apache Leap tuff 
plateau to the north sugge st s  analogous relations ( see Ray note s ) .  

SUbsequent tectonic s  (po st- 3 2  and pre - 2 0  m .  y . ) rai s ed the Whitetail basin 
relative to the Red  Hills block. via tilting . By 2 0  m. y.  e ro sion had beveled 
the area flat such that Apache Leap was extruded over a r elatively flat 
surface  that included Whitetail rocks wes t  of the Teapot fault and pre-
Whitetail rocks east of the Teapot fault.  The resulting flat -lying sheet 
of dacite was then tilted by broad-folding which was locally "enhanced" 
by reverse  faulting along preexi sting fracture s  (e .  g • •  the Mineral Creek 
fault zone) .  The re sult was no rtheast -dipping Apache Leap tuff on Teapot 
Mountain, a s ynclinal low in Mineral Creek, southwe st -dipping Apache 
Leap tuff east of Mineral Creek fault zone , and a pos sible anticlinal c re s t  
over the northern Dripping Spring Mountains a t  Government Mountain. 
The timing of thi s folding is po st- 1 6  m. y.  as Big Dome ag e rocks are also 
folded. Pos t-Apache Leap tuff displacement on the Teapo t  fault i s  minor 
(if the re is any at all) for Apache Leap tuff can reasonably be projected 
from Teapot Mountain to Mineral C reek..without any di splacement. The 
last  major amount of normal di splacement on the Teapot Mountain fault 
appears  then to be. post- Whitetail ( 32  m. y.  ) but pre-Apache Leap tuff 
(20  m. y. ) . 

5 .  Comure s sion or vertical uplift. The que s tion of regional compre s sion 
ver sus vertical uplift i s  an academic Pandora I s box. I maintain that the 
regional folding and reve rse faulting, which i s  geometrically real, i s  be s t  
explained by  compres sion. What i s  more important, however , i s  that for 
place s  like Ray we understand and reach agreement about the geometry of 
the geology that we are working with in time and space.  The dynamic 
cause s of such a geometry i s  at the practical level of s econdary importance .  
I am convinced that the detailed mapping by  Kennecott north of Ray has 
shown just how poorly we do under stand the tectonic setting of compl�"<: . 

place s like Ray. The party line in southeas t  Ari zona i s  that there  are two 
principal periods of po st- 75 m. y .  deformation: Laramide (75  - 5 0  m. y. ) 
and Ba sin and Range (40 - 0  m. y . ) .  The mapping in the Ray area alone 
has e stabli shed that the re are not two but six periods of major  defo rmation! 

7 5 - 5 0  m. y. 

5 0 - 32 m. y. 

3 2 - 2 0  m. y. 

north-no rthwe st  folding and low-angle rever se 
faulting 

north- south fault-bounded basins (normal faulting ) 

reverse  faulting and tilting (folding ? )  



20 - 1 8  m. y. 

1 6 - 12 ( ? ) m. y. 

12( ?  ) - 0  m. y. 

low- angle no rmal faulting 

b road no rthwe st-trending folding and reve r s e  
faulting (wrench faulting ) 

north- to northwe st-trending basin and range 
no r:mal faulting . 

There are five periods of po stmine ral defo r:mation to move and jo stle 
o rebodi e s .  Thi s  structural complexity may account fo r some o f  the 
explo ration fru stration at plac e s  like Coppe r  Butte and Pione er -Alabatna . 
In my mind, furthe r mapping of thi s kind can only be beneficial fo r it will 
of nec e s sity give us mo re sophi sticated explo ration constraints in 
exi sting orebodi e s  as  well as wildcat pro spects . Info rmation gained b y  

mapping i s  comparatively cheap compared to drilling o r  geophysi c s .  

Sin c erely your s ,  

Stanley B .  Keith 

. SBK:gp 
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M I SC ELLANEOUS RAMBLI NG D I SCU S S I ONS ( c i rca 1 9 7 6 ) 

Norma l movement proba b l y  occurred a l ong bound ing fau l t s 
between the compr e s s ive epi s ode s , but the overa l l  effect i s  
e l evation o f  the centra l P i n a l  sch i s t  b l ock re l a tive t o  the 
adj acent b l ocks . The f au l ts bounding this cry s ta l l ine b l ock are 
thought to be steep l y  dipp i ng at depth . Near surface under l ow 
con f ining pre s s ure they attain l ow d ip ang l e s  as the materia l 
expands l a tera l ly .  The mos t  recent compres s ion of upper Tertiary 
age predates the movement on the Concentrator fau l t  and the Ba s i n  
and Range extens iona l event .  Thi s upper Terti ary compr e s s ion 
appears to f o l d  Ga l iuro vo l can ic rocks , dated at 20 m . y . , and the 
Big Dome formation , dated at 14 to 1 7  m . y .  Forma tion of the Spine 
syn c l ine in the Copper Butte area is post- 2 0  or 18 m . y .  True 
Bas in and Range structure is dated as po s t-1 4 m . y .  Thus , the l ate 
c ompr e s s ional event appears to ha e been act ive approxima t e l y  1 6  
to 1 7  m .y .  ago . The f o l d ing in tha t  area appears to record 
e f f ects of a regional compre s s ional l a te Tertiary event o l der than 
d i s p l acement on the Concentrator faul t ,  the D i abas e  fau l t ,  and the 
Livingston f au l t  of the Minera l Creek fau l t  z one . Some of the 
movement appears to be very recent ; d i s p l acements occur in some of 
the mos t  recent P l e i s toce�e terrace grave l s  north of Ray . 

Megabreccias  

A l arge b l ock of  shattered Pa l eozoic rocks enc l o sed in 
Whi te t a i l  cong l omerate occurs in the hang ing wa l l  of the Teapot 
Mountai n  fau l t .  Origin of thi s  b l ock is  controver s i a l . F .  
Z oe rner contends that this i s  a fragment of basement , probab l y  
faul ted into p lace . The b l ock contacts do not para l l e l  atti tudes 
of the enc l o s ing Wh i teta i l  s ed iment s , and the b l ock appear s to be 
ob l ique to bedd ing . S .  K e i th contends , as Creasey that the 
overa l l  trend of the P a l e o z o ic b l ock is subpara l l e l  to the strike 
of the Whi teta i l  sed iment s . S econd l y , the b l ock is interna l ly 
shattered and brecc iated s imi l ar to the Kearny megabreccia . 
Third l y ,  the stratigraphic sect ion within the shattered b l ocks i s  
te l e scoped north , presumab l y  by internal bedding p l ane fau l ts 
wh ich have faul ted out l e s s  competent un its and retained more 
res i s tant units . This i s  thought to have been the resu l t  of 
" l and s l id ing " under low conf ining pre s sure . Fourth l y ,  nearby 
d iabase and Apache group sediments do exi s t  as a megabrecc ia 
depos i ted upon Wh i t e ta i l  cong l omerate . in Dev i l s  Canyon , 
one-quarter mi le ups tream f rom the conf l uence with Mineral  
Creek ( ? )  • 

K e i th interprets the Pa l eozoic b l ock as a megabrecc ia or a 
s l ide b l ock ,  the source of which is  the r e l ative ly high 
crys ta l l ine b l ock be tween the Teapot Mountains and Mineral  Creek 
faul ts . C l as tics and megabreccia b l ocks s l id off into the 
deve l op ing Whi teta i l  bas in to the we s t . Thi s  event is thought to 
be pre- 3 2  m . y . , wh ich is  the youngest age obtained in the 
Whi te ta i l  cong l omerate . Actua l age of the depo s i t i on may extend 
back into Eocene t i me . The Wh i teta i l  format ion then is thought to 
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be depos i ted in a fau l t  trough , and the argument can be deve l oped 
that this fau l t  trough formed in re sponse to r i fting or Ba s i n  and 
Range - s ty l e  struc ture which is  pos t-Laramide and pre- to 
mid-Tertiary in age . The southward extens ion of the Teapot 
Mountain fau l t  is not we l l  defined . I t  can be traced to about 
1 , 0 0 0  feet north of the North End f au l t  in the vic inity of Red 
H i l l s .  S omehow , the Whiteta i l  bas i n  mus t  truncate or be trunca ted 
by the Last Turn H i l l  zone . I n  any event , the Wh i teta i l  s ec t ion 
marked l y  th ins to the south toward the Las t  Turn Hi l l  zone and to 
the east of the Teapot Mountain fau l t . 

Ter t iary S tratigraphy 

S tratigraphy of the upper pos t-Wh i teta i l  Terti ary grave l s  
used in this s tudy i s  as f o l l ows : The o ld e s t  unit i s  the San 
Manue l format i on , a sequence of ti l ted grave l s  dated at 2 4  to 1 8  
m . y .  This is over l a in unconformab ly by gener a l l y  gent ly inc l ined 
or hori zonta l grave l s  of the B ig Dome forma t i on dated at 14 to 1 7  
m . y .  The se are over l a in unconformab ly by the Quibur i s  forma t ion 
dated at 5 m . y . , and unconformab l y  above thi s  are sma l l  patches of 
terrace grave l s  which appear to be about . 0 1 to . 6  m . y .  in age . 
The Big Dome format ion is  l arge l y  grave l s  in the vicini ty of 
Kearney . I n  the v i c i n i ty of Ray , s ignif icant amount s  of rhyo l ite 
Tuff interf inger wi th the grave l s . I n  the Copper Butte area , 
age-equiva l ent rhyo l i te Tuffs and f l ows exceed in vo l ume the Big 
Dome-equiva l ent grave l s . 

S ummary 

I n  summary , the area nor th of Ray is  a b l ock of ground wh ich 
has a l ternative ly been under compr e s s ion in Laramide time , then a 
re l ea s e  of compress ion and perhaps ac tive r i f ting . Further 
compr e s s i on in mid-Tertiary t ime , r e l ea s e , and then a l ate 
Tert iary compr e s s ion wi th f ina l re l ease dur i ng deve l opment of 
Bas in and Range s tructure . I t  is  suggested that the Dr ipp ing 
Spr ings range ac ted as a buttr e s s  dur ing the s e  var ious 
compr e s s iona l events , and the response of the Dripping Springs 
range to th i s  deformation has been to s trong l y  shatter and fau l t  
the rocks expo s ed . 

D ips in the Wh i teta i l  cong l omerate were estab l i shed dur ing 
rotational tectonism a s soc i ated with a compres s iona l event between 
24 and 2 0  m . y .  The Whi teta i l  format ion was rotated at the same 
time the S an Manue l forma t i on was rotated . I n  the Ray area , this 
rotation predated the 20  m . y .  Apache Leap Tuf f . K e i th be l i eve s 
that the f i e ld evidence supports the idea that much of thi s  
rotation wa s i n  re sponse to compres s ive stre s s e s  as  i t  is  c l os e l y  
a s s oc iated i n  time and space with the rever se movement o f  
thrus ti ng on faul ts . S l ickens ide directions ind icate that the 
compres s ive tectonic transport has been in a northe a s t - s outhwe s t  
direc t i on , and the subs equent tens iona l tec ton ic transport has 
been in the very same direct ion , on l y  the sense of movement has 
been reversed . Norma l fau l ts do not seem to have produced any 
as soc iated s ignif icant rotat ion of the b l ocks . Most of the s teep 
dips in the map area have been produced by f o l d ing . Thi s  is  shown 
to be the case in the T e l egraph Canyon area . 
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Exp l oration S ignif icance 

pos s ib l e  exp l oration s ignif icance re su l ts are as fo l l ows : 

1 .  The Red H i l l s  su l f ide sys tem i s  probab l y  autochthonous .  
Evidence for a l ow-ang l e  fau l t  under lying the su l f ide sys tem i s  not 
present . 

2 .  Pos s ib l e  deep minera l iz at i on may by present we s t  of the 
- surface trace of the Teapot Mountain faul t ,  but this minera l i z ation 

wou l d  have to be tes ted by very deep dri l l  ho l e s . K e i th sugge s t s  
that DOH 1 0 0 7  d id n o t  inter sect the Teapot Mountain fau l t .  I t  i s  
pos s ib l e  tha t  after pas s ing through a thick section of Whi teta i l  
cong l omerate , this dri l l  h o l e  inters ected Apache group megabrec c i a  
and f i na l l y Precambr ian P i n a l  sch i s t  i n  the hang ing wa l l  of the 
Teapot Mounta in fau l t .  

3 .  Fur ther mapping ha s es tab l i shed that the granod ior ite or 
quar tz dior i te in the Red H i l l s area probab l y  is a phase of the 
Madera dior i te . S im i l ar granod iorite is exposed in the Dripp ing 
Spr ings range over l a in unconformab l y  by Apache group sediments . The 
Laramide age sugge s t ion of Ke i th ( 1 9 7 6 )  is  thus inva l id .  

4 .  The most attractive areas for exp l oration in the Red Hi l l s 
area are the south and southe a s t  of . the pre s ent dr i l l ing between the 
Red Hi l l s area and the Ray p i t . 

5 .  Nei l Gambe l l  maintains tha t  the su l f ide sys tem at Red Hi l l s 
and that of the Ray depo s i t  are separate sys tems . Thi s  argument i s  
based mai n l y  on independent patterns o f  a l terat i on and 
minera l i zat i on . The Red H i l l s  system is younger that Teapot 
Mountain porphyry , as minera l i z a t ion in the Red Hi l l s  area cuts tha t  
igneous rock type . 

6 .  Geo l ogic mapping by Ke i th ha s provided some ev idenc e 
exp l ain ing the source of the aeromagne tic anoma l y  in the Wh ite 
Canyon area . The anoma l y  i s  centered in the area of Pa l eozoic rock s 
which have been exten s ive l y  intruded by bas a l tic s i l l s . S imi l ar 
bas a l tic rocks intrude Pal eo z o i c  sed iments in the Ga l iuro Mounta in s , 
and these s i l l s  are thought to be r e l a ted to the Wi l l i amson Canyon 
vo l canic sequence . 

7 .  Amount of movement on the Copper Butte fau l t  has not been 
estab l i shed definite l y .  However , K e i th regards d i s p l acement up to 
about 1 mi l e  as pos s ib l e , wi th the hang ing wa l l  having moved 
we s ter l y .  Movement of the upper p l ate of this fau l t  from Ray i s  
very un l ike l y .  

8 .  The Concentrator fau l t  i s  we l l  expos ed i n  road cuts 
northwe st of Ray . S l ickens ides expo sed in the se cuts show that 
late s t  movement on the Concentrator fau l t  is  not en t i r e l y  dip s l i p .  
The s l ickens ides rake off to the southea s t . This imp l ies that the 
Magma ve in , which is off s e t  by the Concentrator fau l t , is not 
d i s p l aced purely by d ip-s l ip movement but may have been d i sp l aced 
a l so to the south . 



4 

9 .  Scattered minera l i za tion a l ong eas t-we s t  fractures cutting 
P a l eo zo ic sed iments in the Teapot Mountain quadrang l e  i s  regarded a s  
po s s ib l e  Magma- type ve in minera l i z ation but has no economic va l ue . 
The minera l i za t ion i s  s imp ly too sparse to be of any interes t . 

I n  summary , the bes t  minera l i zation exposed in the Ray 
mapp ing area is that in the Red H i l l s  area . Pos s ib l e  deep 
exp l oration potent i a l  exi s t  in the footwa l l  of the Teapot Mountain 
f au l t  concea l ed by po s tminera l Whi teta i l  cong l omerate in the 
hanging wa l l . The f au l t  b l oc k  of P ina l sch i s t  contain ing the Red 
H i l l s  minera l i z ed area is a b l ock of very l arge 
pos tminera l -pos i tive structura l re l ief . Minera l i za tion exposed 
probab l y  repre sents the deep expr e s s i on of a porphyry system . 
Pre- or po s tminer a l  rotation of the minera l i z ed b l ock is  
prob l ematic . 

Keith ' s  mapping at Ray has fa i l ed to generate any new 
exp l oration targets in the Ray area . I n  the Copper Butte area , 
the exotic minera l i z ation at Copper Butte appears to be offset by 
a s trand of the Concentrator faul t .  Add i t i ona l reserves of  
l ow-grade oxide copper miner a l i z at ion may be encountered by 
dri l l i ng across the Concentrator fau l t  from the Copper Butte 
depos i t . The source of the exotic copper minera l i z a t ion at Copper 
Butte remai ns a mys tery , probab ly the copper was der ived from the 
same source as the red sch i s t  fac i e s  of the Whi teta i l  formation . 
K e i th ' s  rr . .  -:' L- L- i : I 'J ; , " �r " i ' , c F  (" -;l--'l)f-'I R\) t t e  f a i l ed to d i s c l o s e  any 
outcrops of red sch i s t  in p l ace in the Pina l sch i s t  units mapped . 

ADDENDUM TO STAN KE I TH ' S  RAY REPORT 

Bowman Bas in Fau l t  Sys tem ( P l a tes I I , VI I I ,  and I X )  

Preparation of struc tur e c r o s s  s 2 c t l o n  ( P l a t e s  V I I and I X )  
for  the Ray map area prov i d e s  new informa t i on on the B owman Ba s in 
f au l t  s y s t e m . 

The Bowman Bas in fau l t  sys tem i s  a s e r i e s  o f  l ow-ang l e , 
s poon- s haped , imb r i c a te grav i ty g l ide f au l t s l y i ng n o r th o f  the 
B at t l e  Axe fau l t  zone . The Bowman Bas i n  f a u l t  i t s e l f  i s  
c o n s idered t o  b e  the l ow-ang l e  f au l t  wh ich runs u p  a l ong H ighway 
177 to j us t  we s t  of Wa l nut Gap , then bends and continues  to the 
we s t  s o u th of the f eature known as Bowman B a s in ( see  index map 
wh i c h  accompan i e s  S tan K e i th ' s  repor t ) . 

The we s t  end o f  the Bowman Ba s in fau l t  appears to be 
trunc a ted aga i n s t  the Conc entrator fau l t .  I n  the S 1 / 2 o f  s e c . 
3 6 , the f au l t  d ips about 2 0  to 3 0  degrees to the we s t ; 
s l i c k en s i d e s  in the fau l t  p l ane trend S 7 0  W and p l unge abou t i s  
to 3 0  degrees ind i c a t ing that l ow- ang l e  norma l movement wa s f rom 
ea s t-northe a s t  to we s t- s ou thwe s t . Th i s  l ow- ang l e  norma l movement 
appears  to have been cut by h igh- ang l e  norma l movement re l ated to 
the l a s t  movement on the Concentrator f a u l t .  
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Another group o f  l ow-ang l e  f au l t s l i e s  nor th of  Bowman B a s i n . 
The se s tructures are mapped by C r e a s ey and can be v i ewed f rom 
Bowman Gap l ook ing north . Large lands l ide- l ike b l ocks  of 
P a l eo z o ic rocks apparen t l y  have s h i f ted we s tward f rom Apache Leap 
in th i s  area . The l ow-ang l e  norma l f au l t s in  the Bowman Ba s in 
area may be part of the s ame s y s tem of  l ow-ang l e  grav i ty g l ide 
f e a t u r e s  found farther nor th toward Super ior . A l l  o f  the s e  
l ow-ang l e  f a u l ts may b e  so l ed or f l oored i n to one l arge l ow- ang l e  
f au l t  wh i c h  K e i th terms the Bowman Bas in fau l t .  

Age re l a t ionsh i p s  of  the s e  l ow-ang l e  f au l ts to the 
C oncentrato r  fau l t  sugg es t  tha t  the ba s in f ormed to the we s t  in  
the v i c i n i ty of  F l orence s o me t ime be fore movement on the 
C onc entrator fau l t .  The l ow-ang l e  fau l t s represent c av i ng off  of  
l arge b l ocks  from the p l a teau- l ike area of Apache Leap , and , under 
the i n f l uence of grav i ty , the s e  b l oc k s  moved we s tward into the 
b a s i n . T h i s  s truc ture is thought to be ana l ogous to l arge s im i l a r  
s truc tur e s  a l ong the mar g i n  of  the C o l orado P l a teau ( e . g . , near 
the Grandwa sh c l i f f s , nor thwe s t  A r i zona ) . 

Bowman Bas in i s  a l ow area in wh i c h  eros ion has removed 
hang i ng wa l l  rocks and exp o s ed r e l a t iv e l y  l e s s -deformed rocks i n  
the footwa l l  o f  the Bowman B a s i n  f a u l t .  Roc k s  of  the upper p l a te 
are s tr ong l y  deformed , cut by norma l f a u l t s , and show rota t i on of  
b l o c k s . S l i ckens i d e s  are abundant on sma l l  norma l f au l t s , and 
they c o n s i s t e n t l y  trend N 6 0  E .  Th i s  s truc tura l pattern i s  
cons i s te n t  from Wa l nut Gap up to the town o f  Super ior . Th i s  
ent i re r eg i on s eems to be charac ter i z ed by l ow- ang l e  grav i ty g l id e  
fau l t s wh i c h  have moved f r o m  t h e  Apache Leap p l ateau we s tward 
toward F l o r ence Ba s in . 

S tr u c tur a l  re l a t ionsh i p s  be tween the Bowman Ba s in fau l t  and 
the Concentra tor f au l t  as out l ined above , creates s ome geometr ica l 
prob l e m s  in  interpr e t a t i on . The Bowman Ba s in fau l t  i s  not found 
we s t  of  the trace of the C oncentrator f au l t ,  yet i f  the norma l 
movement on the Concentra tor fau l t  i s  younger than the Bowman 
Ba s in f au l t ,  the l at ter s hou l d  l ie at  depth , we s t  of  the 
C oncentrator fau l t . 

Tor t i l l a-Northern Ga l iuro Moun t a i n s  Cro s s  S e c t i on C-C ' ( P l ate X I I )  

The Romero Was h  fau l t  i s  inte rpreted a s  a fo l ded thru s t .  
S truc ture beneath the S an Pedro River Va l l ey i s  thought to be 
broad , open fo l d s  in the " fo r e l and " of the monoc l i na l be l t .  
T h i c kne s s e s  of mid- T e r ti ary vo l canic roc ks  and s ed i mentary rocks 
shown on the cro s s  s e c t ion shou l d  be cons ide red to be probab l e  
m i n i mum thickne s s e s . A s igni f i c ant f eature o f  the m i d - T e r t i ary 
geo l ogy is the requi rement that the we s t  marg in of  the Ga l iuro 
Moun t a i ns be bounded by a m a j or we s t-d ipp ing norma l f au l t  i s  
interpreted a s  near ver t i c a l and cou l d  f l atten a t  depth . The we s t  
s ide o f  the San Pedro River Va l l ey i s  not bounded by a comparab l e  
Bas in and Range fau l t .  

C ro z i e r  Peak S truc ture Cro s s  S e c t i on A-A ' ( P l a te I V )  

The Smi th Was h  fau l t  near C ro z ier Peak i s  interpre ted as a 
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l ow-ang l e  reve r s e  fau l t  wh i c h  s t eepen s at depth . The cumu l a t ive 
reve r s e  mo t i on on th i s  fau l t  is contrary to the d i s p l ac ement shown 
on Medora Kreiger ' s  map . A l at e  pe r i od of  norma l movement has 
dropped the S an Manue l forma t i on back to the we s t , but th i s  
d i s p l acement i s  re l a t ive l y  minor compared to the ear l ier reve r s e  
movement . Ear l i er i nterpret a t i on of  l as t  year of the S m i th Wa sh 
fau l t  by Ke i th show that the fau l t  dip f l attens wi th depth . The 
d ip is now thought to s teepen w i th d e p th to conform w i th the 
concept of  compre s s ive or i g in of  the monoc l ina l up l i f t .  

Tor t i l l a-Nor thern Ga l iuro Mounta i ns C r o s s  S e c t i on B - B ' ( P l a te X I ) 

The s tructur a l  i nterpre t a t i on a l ong th i s  s e c t i on i s  s im i l ar 
to that a l ong sec t i on C-C ' ( P l at e  X I I ) , spec i f i ca l l y with the 
fo l ded Romero Wa sh fau l t ' s  gen t l y  warped and fo l ded s ed iments 
beneath the S an Pedro River Va l l ey and reve r s e  movement on the 
S m i th Wa sh f au l t .  The C amp Grant fau l t ,  a l ow- ang l e  norm a l  fau l t , 
i s  l o c a t e d  at the we s t  edge of th i s  s e c t ion . Very re l iab l e  
o f f s e ts a l ong the C amp Grant fau l t  i n d i c a te about 1 . 5  m i l e s  of  
norma l d i p- s l ip movement . 

Ray S truc tura l  S tudy C ro s s  S ec t i on B-B ' ( P l a te I X )  

Thi s s e c t i on conta i n s  severa l dog l e g s  i n  order that the 
s e c t i on p a s s es e s s ent i a l l y  norma l to the s truc tur a l  g r a i n  and a l s o  
s o  that the sect i on can max i m i z e  u s e  o f  surface informa t i on from 
d ia mond d r i l l  ho l e s in  the Ray m i ne area . Beneath T e ap o t  
Mounta i n , t h e  Wh i te ta i l  forma t i on i s  though t t o  re s t  
unconformab l y ,  but near l y  para l l e l  to under l y ing beds o f  
Prec ambr ian P ioneer forma t i on . The P ioneer forma t ion h a s  moved 
l a tera l l y and produced a megabre c c i a  on the e a s t  wh ich grades into 
re l a t ive l y  undeformed P ioneer forma t ion d i r ec t l y  beneath Teapot 
Mounta in . Movement of  the p l ane of  d i p  a l ong the contact be tween 
the s e  forma t i on i s  from we s t  to ea s t . 

The Ray s truc tu r a l  cro s s  s e c t ions ( P l a tes  V I I I  and I X )  and 
s tructur a l  deve l opment of the Ray area may be s t  be d e s c r ibed in 
age sequenc e .  The s truc t u r a l  c r o s s  s e c t i on are an a t tempt to 
pre s ent an interpre tation wh i c h  is con s i s tent with f i e l d  
ob s erva t i o n s  with pa l eogeograph i c  c o n s t r a in t s . 

The o l d e s t  ma j or f l a t  thrus t  s tructure in the Ray area i s  
thought to b e  the Wa l nut Canyon thru s t  wh ich i s  shown o n  the we s t  
edge of the cro s s  s e c t ion s . I t  i s  thought to be cau s e d  by a 
compr e s s ive even t ,  and it i s  a s soc ia ted w i th extreme c ru s ta l  
shortening . The T e l egraph Canyon fo l d , a l arge recumbent fo l d  of  
nappe - l ike d imen s ion s , has been chopped o f f  by the Wa l nu t  Canyon 
fau l t ,  and part of th i s  recumbent fo l d  has been thru s ted e a s tward 
to the v i c i n i ty of Wa l nut C anyon . The ove rturned beds e a s t  of  the 
highway represent the midd l e  l imb of th i s  recumbent f o l d ; the 
roo t s  of  t h i s  f o l d  are in the T e l egraph Canyon area . The c ru s t a l  
shorten ing i mp l ied b y  the inferred movement o n  the Wa l nu t  C anyon 
f au l t  i s  about 8 or 9 m i l e s . I f  the f o l ded beds are r e s tored to a 
hor i z onta l po s i t i on , then the in f e r red shorten ing is  about 1 0  to 
1 2  m i l e s . T h i s  l arge - s c a l e  thr u s t ing is one of  the e ar l i e s t  
eve n t s  reco rded in the structure o f  the Ray area , and p i e c e s  o f  
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the Wa l nu t  Canyon fau l t  are pre served ac ro s s  the s t ruc tura l c ro s s  
sec t ion . 

Monoc l 1 na l up l i f t s  of the type found farther to the south , i f  
pre s e n t  i n  the Ray area , pos tdate t h e  Wa l nut C anyon thrus t .  The 
recumbe n t  fo ld and as s o c i a ted thrus t 1 S  thought to have formed 
under sha l l ow cover , p robab l y  re l a ted to an up l i f t  to the ea s t . 
The tec tonic s l ip l i ne i s  from we s t  to ea s t  or from southwe s t  to 
nor theas t . The age of the Wa l nut C a nyon fau l t  is not we l l  
bracketed . One piece of re l evant da ta i s  found in upper Arn e t t  
and upper Wa l nut C anyon where a minera l i z ed fau l t  c u t s  and o f f s e t s  
the Wa l nu t  Canyon fau l t .  Tha t of f s e t  c a n  b e  i n terpreted seve r a l  
ways . The mo s t  s imp l e  exp l anat ion i s  tha t the h igh-ang l e  f au l t  
o f f s e t s  the Wa l nu t  Canyon fau l t  and wa s l a te r  m i nera l i z e d . T h i s  
minera l i z at i on i s  s im i l ar t o  m i nera l i z a t i on in  the Super ior area 
wh ich is  a s s oc i a ted with the Laramide Schu l t z e  gran i te . T h i s  
wou ld date the f au l t  a s  o l der than Laramide m i ne ra l i z a t ion . 
Ano ther interpre tat ion i s  tha t  ther e  ha s been po s tm i ne r a l 
reac t ivat ion on the m i ne r a l i z ed fau l t  and that s e cond per iod of  
movemen t  of f s e t  the Wa l nu t  Canyon fau l t . I n  th i s  c a s e , the Wa l nu t  
Canyon fau l t  cou ld b e  p o s tminera l or pos t-Laram ide . 

Corre l a t i on of Low-Ang l e  Fau l t s 

Upon comp l e tion of the s t r uc tura l c ro s s  s e c t i o n s , i t  became 
apparent that the Wa l nu t  C anyon f a u l t ,  the Copper B u t t e  fau l t ,  and 
the Emperor fau l t  may a l l  be pa r t  of the same coherent thru s t  
shee t . I f  t h i s  hypothe s i s  i s  correc t ,  then a r e l i ab l e  date on the 
thru s t i ng may be ob t a i ned in the Ray area - where the pa tterns  of 
minera l i z a t ion at Ray a re super impo s ed upon the Emperor thru s t  
fau l t  and the minera l i z a t ion a t  Ray i s  thought t o  have been 
emp l aced into a thru s t  f a u l ted terrane . Th i s  means that the 
Gran i te Mounta i n  porphyry , the porphyr i e s  at Ray , and 
minera l i z a t ion has i n truded the Emperor f a u l t ,  and by imp l i c a t i on , 
the C oppe r Butte fau l t . Thu s , the ma j or l ow-ang l e  d i s p l acement 
wou ld be pre- 6 2  m . y .  War p i ng and f o l d i ng of Laramide to 
mid-Ter t iary age has de formed the Emperor and Copper Butte f au l ts . 
I n  add i t ion , l ow-ang l e  norma l movement a l ong the Copper Butte and 
Emperor fau l ts has occ u rred and is probab l y  m idd l e  to l ate 
T e r t iary in age . Th i s  l a te norma l movement on the Copper Bu t te 
fau l t  may be about 1 m i l e . 

The low-ang l e  thr u s t  fau l t  sys tem of  wh i c h  the Wa l nu t  Canyon , 
Copper Butte , and Emperor f a u l ts are re l a ted c annot be traced much 
farther north than the Ray map area . There i s  no evidence , for 
examp l e ,  that l ow-ang l e  thru s t i ng is pte sent in the area of  
Supe r ior . To the south of Ray , however , one may corre l ate the 
f l a t fau l ts at  Ray w i th the Romero Wa sh f au l t  in the v i c i n i ty of 
Cro z ier Peak . Her e , the Rome ro Wa s h  fau l t  has been emp l aced and 
then l a ter f o l ded by the monoc l i na l event and i n t ruded by an 8 0 . 6  
m . y .  s i l l . I f  th i s  corre l a t i on is  correc t , then the l ow-ang l e  
thru s t i ng c o u l d  b e  o f  reg iona l exten t , ex tend i ng a t  l e a s t  f rom the 
Ray vic i n i ty down into C ro z i e r  Peak , Wink l eman , Sadd l e  Mou n t a i n  
and probab l y  f a r ther sou th whe re t h e  Romero Wa sh fau l t  i s  
concea l ed b y  a l l uv ium , a n d  cou l d  b e  ear l y  L a r a m i d e  ( i . e . , l a te 
C r e t aceous ) in age . Thus , a l arge area cou l d  be invo l ved in t h i s  
pre� inera l thru s t  event . 
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STOP 1 

Stop One is  lo cated on Section A -A' near A'  on the 2490 level.  

To the no rth is  Ray's  central s i l icate mining area. The stop with regard 

to the hypogene zoning is located on the cast edge of the o re shel l .  

The diabase to the east is  pyrite halo,  sulfides are 3 volume 

percent, the chalcopyrite to pyrite ratio is 1 : 1 0. Biotite alteration i s  

moderate with re lict db te::v..iure sti l l  prescnt. Supergene alte ration is  

dominated by  jarocite and clay alteration. 

Looking \ve st along A -A' :  

The area immediately b elow is our South Silicate mining area. 

The road running along the Pearl Handle Pit edge is the old dike 

road, (2000 e levation) . Paralle l ing thi s .  road i s  the basin  .bounding 

Diabase Fau lt. 

The Diabase F ault bisects the hypogene system an� establishes 

a boundary between the si l icate and sulfide ore being mined. 

Looking into the Pearl Handle Pit keep in mind the mining 

operation has developed a window through the upper  plate of the E mperor 

F ault. This window exposes the Apache G roup ro cks,  including the diab as e ,  

which have been down d ropped o n  the west  side aloilg th.e Diabase Fault. 

The mining area just north of the Pearl Handle is primarily 

stripping in the leached cap. The color change from red b rown to black 

green in the middle of the bench i s  the Apache G roup, rock conta ined in a 

ho rst b lo ck bounded by th e Diabase and North End F aults. 



STOP 1 (cont'd) 

. In the distance you cJ.n see the West P it ,  whi ch is  locJ.ted in 

the enriched pyrite hJ.lo • . . The bulk of the secondary sulfide ore produced 

at Ray has come from this areJ., through the underground block cave 

operations prior to 1955 ,  :md open pit operations since. Development 

of the chalcocite blanket was influenced by the east dipping West End 

Fault, (the slope failure along the west end is easily recognizable),  

the south dipping North End and the north dipping Sun Fau lt. The 

apparent e;.,.-tension of the pyrite halo i s  due , in part, to rotation of 

. w est ore shell on the Diabase Fault. 

STOP 2 

The second stop i s  in the Cairo area of the Pearl Handle P it. 

The 1 70 0  mining level is currently providing the bulk of our sulfide ore. 

Along the southern end of the leve l  is an exposure of the Diabase Fault 

yvith uppe r  plate P inai Schist (west side) against diabase. Mo ving to the 

north along the bench, change in rock types demonstrates the effect rock 

type can have on the minerals formed. 

STOP 3 

The third stop is on the 1 6 60 level in the Pearl Handle Pit. 

Exposures of the Emperor  Fault overlying diabase and Apache Group 

rocks demonstrate some of the diff i culty in recogniz ing structures from 

drill ing. G rJ.nite Mounta in Porphyry , whi ch was the mineraliz er at Ray, 

can also be vi ewed at this stop. 



T H E R A Y O R E B O D Y 

. INTRODU CTION 

The Ray Mine i s  owned and operated by Kennecott Mine rals 

Company and is located in eastern Pinal County, Arizona, seventy miles 

southeast of PhoenL'{. The depo sit has been a majo r copper sou rce s ince 

1911 , producing an estimated 3 million tons of copper. The bulk of the 

production has been derived from sulfide ores.  Mining was accompli shed 

by underground method s  until 1955 when fu!! convers ion to open pit 

methods was achieved. 

Currently we are mining approximately 26 , 000  tons of sulfide 

ore and 14 , 000 tons of s il icate o re on a seven-day-per-week bas is .  The 

sulfide ore is crushed to minus 10 inches at the mine and shipped by rail 

some 18 miles to the .concentrato r and smelter at Hayden. The s il i cate 

ore is processed entirely at the mine us ing a percolation/agitation 

leaching system with the final product being electrowon cathode copper. 

LITHOLOGIES 

The diagram on page 5 shows the lithologic units whi ch are 

important in the Ray depos it. The oldest rock is the P inal Schist which . 

is composed of quartz -se ric ite and quartz -chlo rite -epidote metasedi­

ments , as \ve 1 1  as some m etavo lcani c  uni ts . A metarhyol He unit in  the 

schist has been dated at I G60 rn. y. (Livingston and Damon , 1 9 G8) .  

-4-
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LITHO LOG IE S (cont 'd) 

The Ruin o r  O racle G rani te, whi ch i s  compos itionally a qua rtz monzonite , 

intrudes the schi st and ha� been dated in the Winkelm3.ll arca at 1420 m .  y. 

(Livingston and Damon , 1 968). Following a long pe riod of eros ion, the 

younger P recamb rian quartz o s e  s cdiments of the Apache G roup were 

depos ited. 

The P ione e r  Fo nnation i s  approximately 230 feet thick and 

consists of interb edded arko s e  and tuffaceous s il tstone s with a basal 

conglome rate (Scanlan Conglomerate member) . Abo ve the P ioneer 

Formation, there is typically 40 feet of basal D ripping Spring (Barnes 

Conglome rate) . Abo ve this we have app roxim ately 250 feet of the lower 

arkose -quartz ite memb e r  of the Dripping Spring. Although the upper 

Dripping Spring, the Mes cal Lime stone and the T roy Quartzite are 

pres ent east of the mine, they a re not important from the standpoint 

of coppe r mineraliz ation. The ent i re stratigraphi c  s e ction fo r the Ray 

area i s  sho wn on page 7. 

Extens ive diabas e intrusions , mostly as s i ll s ,  o c cu rred 1 150 m. y. 

ago (Livingston and Damon, 1968). The p reore mine ralogy of the diabase 

is  vari abie;  howeve r, the bulk of i t  appears to have been a ho rnb lende­

pyroxene bb rado rite diab::!.se with mino r qu artz , b iotite, o rthocbse, 

magnetite 3.lld apatite. At R ay ,  thi s diabase is an impo rtant host rock. 

In the m ine area the re are two sills which ave rage about 500 feet in 

thi c.l,.l1e s s .  The s i l l s  p refer c e rta in s tratig raphic ho riz ons whi ch are: 
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LITHO LOG IE S  (cont'd) 

(1 ) the P inal Schist-Ruin G ranite about 300 feet below the Apache G roup, 

(2) the middle of the Pioneer Formation, and (3) between the lower arkose 

and uppe r si ltstone members of the Dripping Sp �ing Quartz ite. Going 

north through the mine , the sill  in the Pioneer migrates downward into 

the s chist and granite. Likewis e ,  the upper s i ll' in the D ripping Spring 

Quartz ite migrates downward into the P ionee r  Formation. E conomic 

hypogene copper m ineralization i s  not found in P recamb rian rocks above 

the upper diabase s ill in the D ripping Spring Quartz i te. 

The Tortilla Quartz Diorite (Sonora Dio rite)dated at approximately 
-

70 m� y. (Banks and others ,  1 9 73) i s  largely restricted to the south and 

west sides of the depos it. Depending upon its location within the .sulfide 

system, the quartz dio rite can contain ore grade (at least 0. 4% copper) 

hypogene copper mineraliz ation. 

The G ranite .Mountain Po rphyry has been dated at 60 m. y. (see 

Banks and others , 1 9 72 -1 973 , Livingston and others , 1 9 6 8 ,  and l'vIcDo\vell , 

1 9 71)  and has been long considered to be the causative intrus ive at Ray. 

The rock i s  in reality a porphyritic granodiorite compo sed of oligoclase, 

quartz , bioti te -ma",CTJJ.etite, and o rthoclase phenocrysts with an o rtr..oclase 

matrix ( Cornwall and others , 1 971 ) .  At the present surface, the main 

mas s  of G ranite l\Tountain Po rphyry i s  west of  Ray in the G ranite l\1ountain 

area whe re it is at least two miles  in diameter and appears to have 

intruded ncar a no rthwest trending Pinal Schist/Ruin  G ranite contact. 

-1 1 -
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LITHOLOGIES (cont'd) 

In the mine, there are seve ral small masses of G ranite Mountain Porphyry 

which are al igned in a N70�E direction along a zone of weakness referred 

to as the "Porphyry b reak" (l\1etz and Rose , 19(6). Diamond drill ing 

indicates that some of these masses may coalesce at depth to form a 

stock central to the hypogene o re mineraliz ation. 

The Teapot l\Iountain Porphyry i s  s lightly younger than the 

Granite Mountain Porphyry and intrudes as stocks and dikes along a 

northeast trend north of Ray. The Teapot is characterized by large 

cuhedral orthoclase and quartz phenocrysts. ·  The Calumet Breccia Pipe 

may be associated with one of the Teapot Mountain. stocks. The up.per 

portion of the pipe contains secondary copper mineralization and super­

gene effects have largely masked relationships betvleen mineral ization 

and fragmentation. Recent dri l l ing shows two periods of hypogene 

mineralization. The first period is associated with the main stage of 

mineralization at Ray and is characterized by pyrite-chalcopyrite-quartz 

veins which are terminated at fragment boundaries. The second period 

fill s  the breccia interstices, cuts the fragments and is characteristically 

galena -sphalerite -dolomite and/or rhodochros ite • .  

In summary, the major Laramide intrusive masses in the Ray 

district are all mineralized, all intrude along a northeast trend and they 

vary compositionally (south to north) from quartz diorite, to granodiorite, 

to quartz monzonite. 

-12-
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LITHOLOGIES (cont'd) 

The te�iary began with the deposition of the Whitetail . 

Conglomerate 32--plus million years ago (Co rnwall and others , 1 971).  

The 'Whitetail  at Ray is  divided into two facies. One is reddish brown 

and is composed primari ly of schist fragments. The other i s  l ight 

brown and contains abundant Paleozoic Limestone and Apache G roup/ 

diabase fragments, with minor schist. Both \Vhitetail facies exhibit 

poor so rting and bedding. 

The Apache Leap Tuff (Superior Dacite) sheet was depos ited 

20 million years ago ( Creasey and Kistler, 1 9 6 2) .  The Apache Leap 

Tuff is about 230 feet thick and is a rhyodacite ( Co rnwall and others, 

1 9 71) , with a light p ink to white basal un,it overlain by a red to black 

welded vitrophyre \vhieh grades upward into a light redd i s h  b rown tuff. 

Supe rgene solutions have rendered the vitrophyre unit unrecogniz able 

over the depo sit. 

The Big Dome Formation was named for the e}.-posure south 

of the mine (Krieger and others ,  1974) . A biotite tuff \vithin the Big 

Dome has been dated discordantly at 14 and 17 m. y. ( Cornwall and 

others , 1971) . In the deposit area, the Big Dome can �e subdivided 

into a s chist-porphyry facies and a coarser grained,  gray mixed 

l imestone -Apa che G roup facies. 

The youngest ro ck unit at Ray is  a watc r lain rhyol ite tuff. 

This light p ink to bro'WTI tuff appears to interfinge r with the Big Dome 

-13 -
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LITHO LOGIES (cont'd) 

in places and may resemble it in age. Approximately three miles 

west of Ray, in the Coppe r Butte area, age -equ ivalent rhyol ite tuffs 

and flows exceed in volume the Big Dome -equi valent gravels.  

I 
Secondary coppe r  mine ralization can be found in any of the 

lithologies shown on page 5 with the exception of the Ru in G ranite. 

The geologic map on page 8 give s  a general feeling fo r the 

distribution of the majo r rock uni t s .  The western part of the m ine 

is p redom inately P inal Schist, while the easte rn  portion is mixed 

diabase and undifferentiated Apache G roup. ' Note the masses of 

G rani te Mountain Po rphyry and the onlap of the postmin eral vo l cani cs 

and sediments . 

ORE TYPE DISTRIBUTION 

Page 15 i l lustrates the d i s t ribution of the various o re type s  

at Ray. Of interest is the lo cation of the s econdary chalco cite z one 

to the west of and above the hypogene o re zone. Most of the cha l co -

cite o ccurs in the P inal Schi s t  whi ch i s  the dominant rock type i n  the 

western portion of the mine. The location of the chalco cite o rebo dy 

i s  affected by stru ctu re.  The hypogene o rebody i s  horse shoe shaped 

with the open end b e ing the result of the cQmbined effec'ts of po stmine ral 

faulting, intrus ion and ero sion. Note that the Diabase Fault b i sects the 

hypogene o re z one. 

The s il i cate o rebody was deve loped in the low total sulfide -high 

-1 4 -
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ORE TYPE DISTRIBUTION (cont'd) 

chalcopyrite core zone :::md is essentially restricted to the area cast 

of the DiJbase Fault. The combination of low available sulfur and 

the composition of the diabase were probably responsible for the 

fonnation of copper silicates in this area. 

Several small zones of native-oxide copper mineralization 

occur in the orebody and are largely fault controlled. The largest 

area of this type of mineralization occurs in the north central portion 

of the mine \Vhere the North End, Emperor, Diabase, Livingston and 

School Faults converge. 

ZONING 

The deposit exhibits a ty-pical hypogene sulfide zoning pattern 

with an outer high sulfide-low copper pyrite halo, an ore zone of 

moderate sulfide content characterized by approximately equal amounts 

of chalcopyrite and pyrite, and an inner low sulfide-high copper zone 

which is chalcopyrite in the diabase and, in places, pyritic in the 

quartzose rocks. 

The bulk of the ore grade (at least 0. 40% copper) mineralization 

occurs in the semi-reactive, mafic, Precambrian diabase host rock. 

1\Iolybdcnite mineralization favored the quartzose lithologies. 

In the Precambrian rocks and the Granite 1\Iountain Porphyry, 

the hypogene alteration zones from the inside out are (a) biotitc-K -feldspar, 

(2) quartz-sericite and (3) epidote-chlorite. In the diabase, biotite-clay 

-16-
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Z ONING (cont'd) 

alteration predominates in both the core and ore z ones. Chlo rite and 

epidote increase outward into the py rite halo. There is no extensive 

development of hypogene sericite or K -feldspar in the d iabase. In 

all rock types, the frequency of quartz veins decreases outward from 

the center of the deposit. 

STRUCTURE 

The Ray l'vIine area has a complex tectonic history. High 

angle no rmal and reverse faults have been active at various intervals 

over a long period of time. Some structures that de veloped p rior to 

the formation of the o rebody have been intennittently active up to 

recent times. The area has alternately been under compres sion in 

Laramide time, then a release of compression and perhaps active 

rifting. Further compression in mid-Tertiary time, release, and 

then a late Tertiary compression with final release during development. 

of basin and range structures.  

The most obvious fault systems at the R ay Mine are the Diabase 

and Emperor Faults. Several other s ignificant faults are do cumented in 

the mine area, includ ing the Bishop, North E nd ,  Sun,  West End , Consuelo , 

School and Livingston Faults. In the s i l icate o rebody there is  at least one 

additional un.!1amcd fault with seve ral hundred feet of di splacement. 

The Diabase F ault i s  a mode rately to steeply westerly dipping 

normal fault, characte riz ed by several tens of feet of gougy, b roken and 
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STRUCTURE (cont'd) 

brecciated rock and up to a few feet of strong gouge. In the Pearl Handle 

Pit, the lunging wall of the Diabase Fault contains the downthrown diabase/ 

Apache G roup sequence,  which i s  o verlain by s chist in the upper plate of 

the Empero r Fault. 

In the northern corner of the Pearl Handle Pit the no rmal dis ­

placem ent of the Diabase Fault i s  about 800  feet, west side down. South­

eastward in the mine the displacement increases to mo re than 2, 000 feet. 

The Diabase Fault terminates the Emperor Fault to the east. East of the 

Diabase Fault, the Empero r  Fault was uplifted and e roded away. 

The Diabase F ault bisects the hypogene ore shell , dropping the 

ore to the west (See sections , page 10) .  The fault also tends to f<;>rm a 

boundary separating the secondary copper mine raliz ation; chalco cite to 

the west and copper sil icates to the east. The chal cocite , and to some 

degree the coppe r s i licate s ,  tend to pe_netrate the primary sulfide zone 

. to greater depths along this fault. Native copper and some cuprite 

mineralization also tend to be localized along the Diabase Fault. 

The re have probably been several episo des of movement along 

the Diabase F ault during and follo'Wing Tertiary time.  D rag folding in 

some areas indi cates both- reve rse and normal movement; the most 

recent bei.ng no rmal. Slickensides on native copper sheets within the 

fault zone indicate fai rly recent movement. Fault zones to the no rth 

of the mine , which may be an c;..'iens ion of one strand of the Diabase 

-18-
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STRU CTUR E  (cont ' d) 

Fault, d i sp lace pleistocene terrace grave l s .  

The Empe ro r  Fault i s  commonly characte riz ed by several 

feet of den s e ,  dark gouge and up to tens of feet of gougy , b roken and 

brecciated rock. On the who l e ,  the fault dips about 1 0  to 30 degrees 

southeasterly in the Pearl Handle Pit and no rtherly in the West Pit. 

The upper plate, cons i sting mainly of s chi s t  with some po rphyry 

and mino r d i ab as e ,  overlies s chist,  some po rphyry and the diabas e/ 

Apache G roup sequence in the m ine a rea. 

It is now believed the E mpero r  F ault is a gravity s l ide rather 

than a thrust fault. F o r  a numbe r  of years it was an open question 

whether the small masses of G rani te Mountain Po rphyry in the mine 

area we re offset by the low angle Emperor F ault. Dri l l ing indicated 

the po rphyry i ntruded up through the lower p l ate as dikes and small 

apophys e s ,  mushrooming out abo ve the fault. In some cas es , the 

mushrooming suggested the liklihood of G ranite Mountain Po rphy ry 

offset along the E mpero r  F ault. A few years ago mining e�-posed an 

area where po rphyry o ccurred in both the upper and lower plates .  

. -
The fau lt was ob served to cut acro s s  the po rphyry; however, due to 

the clo s e  s p atial re lationship between the p o rphyry mas s e s  in the lowe r 

plate and tho s e  in the uppe r  plate , the post po rphy ry movement i s  

b e l i eved t o  be minimal. 

The intrus ion of the main G ranite ::'>lounta in Po rphyry stock 
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I 

STRUCT UR E  (cont ' d) 

southwes t  of the mine p robably uplifted thnt area, c:lUs ing a g ravity 

slide that moved to the no �heast ove r the Ray Mine area with a 

shallow no rtheasterly dip. Sometime later seve ral po rphyry mass e s  

intruded the Ray Mine area, moving upward through and mu shrooming 

out above the E mpero r  Fault. It was this late intrusive event that 

p rovided the hydrothennal so lutions that fo nned the bulk of the rock 

alteration and mineraliz ation fo r the Ray O robody. Furth e r  upli ft o n  

the G ranite Mountain to the wes t  and the downfaulting along the D i abase 

Fault to the e a st steepened the dip on the E mp e ro r  F ault causing 
, 

additional mino r  movement. This mechani s m  would set the age of the 

main movement along the Empero r  F ault at 60 to 61 mi llion years ago. 

The gene raliz ed section on page 21 -il lustrates the p resent relationship 

of the Diabas e and E mp e ro r  F aults. 

North of the mine and extending up the Mineral Creek valley 

is a complex fault  z one compo sed of s everal fault strands and may, in . 

part, be an off-shoot of the Diabase F ault. The east dipping wes tc rn -

mo st fault  strand i s  named the Livingston F ault;  the tenn School Fault 
, 

i s  rese rved for that part of the Mineral Creek Fault zone whi ch i s  

conipo sed o f  reve rse faults that dip 3 0 -60 degrees west and c rop out 

cast of the trace of the Livingston Fault. The Schoo l F ault is a Iow-

angle reverse fault ncar the surface and is  inte rpreted to s teepen at 

depth. The P i nal Sch i s t  block on the west has mo ved up. The geometry 
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STRUCTlffi E  (cont'd) 

of this fault is infe rred from analogy to o tlier basement uplifts of 

Laramide age. In the case of the Ray area, howe ve r, mu ch of the 

Laramide style defo rmation i s  p robably of l\1io ccne age. It is an 

open question as to whether the School Fault is younger than the 

Livingston F ault o r  vi c e-versa. 

The Wes t  E nd Fault, lo cated on the west s lope of the West 

Pit, strikes no rth-south with a steep easte rly dip. Thi s  fau lt has 

e conomi c signific an c e  s ince it ess entially terminates the western 

e::-.."iension of the chalco cite min e ra l iz ation i? the West Pit area. 

The No rth E nd F ault forms a sJarp boundary between rock 

alteration types in the Schi st  along the no rth side of the West Pit  area. 

Quartz -se ricite alteration to the south abruptly changes to a chlo rite ­

epidote as s emblage no rth of the fault.  The No rth End Fault may b e  a 

weste rly e:-..-tension of one strand of the Diab as e  F au lt.  

At l east four maj o r  fault system s ,  the Diabase, Emp e ro r ,  

No rth End and School -Livingston F aults , converge i n  the area o f  the 

no rtheast s lopes of the Pearl Handle Pit cre ating an extremely complex 

structural zone. Large blocks of ro ck have been rotated and mo ved out 

of sequence. Attempts to ma..1.:.:e detailed d ri ll hol e  co rrebtions in this 

a rea have been ve ry difficult. 
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SUMMARY 

The Ray o rebo dy was developed in o l d e r  and younge r 

P recamb rian ro ck s .  Stratigr3.phi cally, the highe st unit o f  the 

Apache G roup affected by the hypogene o re solutions app ears to 

be the arko s e  memb e r  of the Dripping Spring Quartz ite� The 
, . 

deposit is thought to be geneti cally related to the 60 to 61 mill ion 

year old G ranite Mount1.in Po rphyry. Secondary copper mine rali-

z ation is �ound in the P recamb rian ro cks (excluding the Ruin G ranite) , 

the Laramide intrusive s ,  and the Tertia ry conglome rate and vol can i c  

units. 

Supergene chalcocite mine raliz atio n  fo rmed above and 

lateral to the hypogene coppe r o rebody, largely in the pyrite halo . 

The bulk of the s ili cate/oxide o rebody fa nned in a low total sulfide-

high chalcopyrite envi ronment. 

The bulk of the a re grade (at least 0 . 40%) copper minerali -

z ation o ccurs in the s em i -reactive , mafi c ,  P recamb rian diabase ho st 

rock. Molyb denite mineraliz ation favo red the quartzose l ithologies .  

The Ray o rcbo dy i s  lo cated in a ve ry complex structural area • 

Several maj o r  structures have played an impo rtant role i n  the emplace -

ment and sub s equent di splacement and s e condary enrichment of the 

o rebody. The high angle Diab a s e  and the lo w angle Empero r Faults 

a re the most important and obvious s t ructure s  in the mine area. The 

D i ab3.se F :l.U l t  dO \vn d ropped the \ve s t e rn  po rtio n  of the p ri m a ry o re 
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· i. SUMMARY (cont'd) . , I 

zone and te rnlinates the east\vard extens ion of the E mpero r Fault. The 

Emp e ro r  Fault tends to define the lower l imits of th e chalcocite enri ch­

ment blanket in the Pearl Handle Pit area. The convergence of seve ral 

majo r fault systems in the northeast Pearl Handle Pit area has c reated 

a very complex z one. Oxi de type mineral i z ation e:-..-iends to greater 

depths within tIn s area; eithe r as the re sult of greater groundwater flow 

circulating through this zone or the do\vn d ropp ing of blocks containing 

coppe r  minerals that were oxidized at highe r elevations. 

'-
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Abstract 

Hypogene alteration and sulfide mineralization were studied in the diabase, Granite 
Mountain Porphyry, and quartzose Precambrian rocks at Ray. The bulk of the ore 
(+ 0.4% Cu) occurs in the mafic reactive Precambrian diabase sills. In plan view, 
the ore zone is horseshoe-shaped and presently does not appear to be associated with 
a large central mass of Granite Mountain Porphyry. The ore zone is surrounded by a 
zone of higher sulfides, most of which is pyrite. The center of the deposit is character- 
ized by a low sulfide-high chalcopyrite assemblage. 

Most of the copper occurs as chalcopyrite with minor bornite. Molybdenite appears 
to favor the Granite Mountain Porphyry and quartzose Precambrian rocks. 

Hypogene alteration zoning patterns in the Ray deposit are affected by the host rock 
composition. In the diabase, a biotite-clay zone grades into a chlorite-epidote zone. 
Sericite and K-feldspar are rare alteration products. Secondary magnetite is common 
in the high copper zone. In the quartzose Precambrian rocks a zone of K-feldspar- 
biotite alteration occurs in the low sulfide core and in the high copper zone. A sericite 
zone overlaps the Kdeldspar and biotite zone in the high copper zone and decreases out- 
ward to the propylitic zone. 

Introduction 

THe. Ray copper deposit is situated in Pinal County, 
Arizona, about 70 miles due north of Tucson. The 
current production from Ray is 35,000 tons per day 
made up of roughly equal amounts of three ore types: 
chalcocite, chalcopyrite, and copper silicates. By 
far the greater part of past production has been from 
secondary chalcocite ores. It is only in the last dec- 
ade that the primary sulfide mineralization has be- 
come an important ore type. 

Despite the existence in 1968 of detailed surface 
and subsurface studies of the stratigraphy and struc- 
ture and preliminary data on the alteration and geo- 
chemistry (Metz and Rose, 1966) in the vicinity of 
the Ray orebody, several pressing geologic questions 
concerning the Ray deposit remained unsolved. 
Among them were (1) the peculiar shape of the ore- 
body, which had been developed by drilling during 
the mid-60s, (2) the apparent lack of the sym- 
metric zoning found at some other porphyry copper 
deposits, (3) the direction and amount of displace- 
ment on major faults through the orebody and, 
perhaps more important, the time of their movement, 
pre- or postmineral, and (4) the exploration-related 
question: where would the ultimate vertical and 
horizontal limits of ore mineralization be found? 

The limit of the ore-grade copper was the most 
urgent of these questions due to necessary engineer- 
ing and property decisions. 

A review of the pre-1968 geologic work on the 
Ray deposit indicated that additional detailed work 

on alteration and sulfide zoning would be the best 
means of further defining the Ray geology. It was 
assumed that some kind of regular zoning must 
exist, even if atypical. After indications of a pyrite 
halo were located, the copper distribution in various 
rock types was roughed out. Once this was done, 
it became obvious that the Ray deposit was concen- 
trically zoned, and the general sulfide relationship 
discussed below was evident. The preliminary 
study of copper and sulfide distribution was so suc- 
cessful that by the end of 1969 it was decided to 
complete the study in detail and to include work on 
the alteration zoning. At that time the project 
was divided into a study of the three parts: quartz- 
ose Precambrian rocks, diabase, and porphyry. 

Vertical sections through the sulfide system which 
have maximum drill hole density and rock type con- 
tinuity were selected for the detailed study. The 
purpose here was to obtain the maximum amount 
of interpretable data in the minimum time. Within 
the rock types, the drill samples were composited 
into approximate 50-foot samples; heavy minerals 
were physically separated, and the total weight per- 
cent sulfide and magnetite as well as the chalco- 
pyrite:pyrite ratios were determined. The method 
used for sulfide and magnetite determinations was a 
physical separation which tended to give low values 
for both total sulfides and chalcopyrite: pyrite ratios. 
Generally these numbers calculate to within 20 
percent of the copper assays, and curves plotted from 
different data sets consistently have the same shape. 
Some of the data presented here in graphic form 

1237 



1238 C. H. PHILLIPS, N. A. GAMBELL, AND D. S. FOUNTAIN 

Symbol Intensity Explanation Approximate Percent of Rock 

1 Single or questionable occurrence 
2 Trace Minute portion of rock but found by checking several samples with care Much less than 1% 
3 Weak Minute portion of rock but common --1% 
4 Moderate Very common, easily found in any sample Less than 5ø-/o 
5 Strong Obvious, a major constituent 5% or more 
6 Intense All available parts gone to this mineral (pyrox-biotite) Generally more than 20% 
7 Total Rock consists mainly of this More than 50% 

FIG. 1. Alteration-mineralization notation method at Ray. The advantages of this system over percentage estimates are 
that it is more rapid, provides three distinct categories of less than or near 1 percent, and does not imply the precision of a 
percentage. 

have been adjusted to approximate agreement with 
the copper assays. 

In the quartzose Precambrian rocks, assay averages 
for MoS2 were also contoured, but these data were 
so incomplete that only a very general pattern was 
evident. 

The scope of the study was limited to outlining 
the vertical and horizontal distribution' of those 

alteration minerals which could be readily identified 
with a hand lens or petrographic microscope with a 
minimum of X-ray or microprobe assistance. Be- 
.cause of the time involved, no attempt was made to 
count or estimate percentages of specific minerals; 
the frequency of occurrence was noted by utilizing 
the same system used in core logging at Ray as out- 
lined in Figure 1. It is important to stress that the 

TEAPOT MTN. 
PORPHYRY 
GRANITE MTN. 
PORPHYRY 

DIABASE 

QUARTZITES 

SCHIST 

FIG. 2. Generalized geologic map of the Ray copper de- 
posit. The cross on the figure is a reference point enabling 
the reader to correlate Figures 2, 3, 4, and 6A. 

conclusions derived in this paper are the result of a 
detailed study of a small portion of a large, complex 
porphyry copper orebody. Optimistically, the data 
are a good approximation of the truth and will be of 
interest to those engaged in mining geology or re- 
lated fields. 

District Geology 

Because the geology and ore deposits of the dis- 
trict have been discussed in detail by Ransome 
(1919), Metz and Rose (1966), and by Cornwall 
et al. (1971), only a brief resumd of the Ray 
geologic setting follows. 

The Ray sulfide system is developed in a variety 
of Precambrian rocks and in Laramide intrusives 

(Fig. 2). The oldest of the Precambrian rocks is 
the Pinal Schist. This is a sequence of metamor- 
phosed shale, siltstone, sandstone, and conglomerate 
with flows or plutons of a rhyolitic(?) porphyry. 
Rarely, some biotite-rich zones which appear to have 
been a porphyry of dioritic composition are en- 
countered. 

The Precambrian Ruin Granite, a coarsely crystal- 
line quartz monzonite, intrudes the schist but post- 
dates the metamorphism. Although .the Ruin does 
not crop out in the mine area, it is consistently en- 
countered in the subcrop along the eastern side of 
the sulfide system. 

Overlying the Pinal Schist and Ruin Granite are 
the Pioneer Formation and Dripping Spring Quartz- 
ite of the upper Precambrian Apache Group. These 
are quartzitic clastic rocks ranging from tuffaceous 
mudstone to arkosic conglomerate. They are not 
differentiated in Figure 2. 

The youngest Precambrian rock, diabase, occurs 
as dikes and sills in all the older rocks. The diabase 

is the most receptive rock to copper mineralization 
at Ray. The sills in the Pioneer Formation, the 
Pinal Schist, and the Ruin Granite are the most 
important hosts of mineralization. Some of the dia- 
base in the Dripping Spring Quartzite contains ore- 
grade mineralization, but most of this sill is re-. 
stricted by erosion and geologic structure to the 
pyrite halo. 

A series of Laramide intermediate to acidic dikes 
and stocks intrude all the older rocks. These in- 
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trusives are discussed in detail by Cornwall et al. 
(1971). The Ray sulfide system affects most of the 
Laramide intrusions including the Tortilla Quartz 
Diorite (Sonora Diorite of Ransome), the Teapot 
Mountain Porphyry quartz monzonite, the Granite 
Mountain Porphyry, and many of the dikes. 

The sulfides were introduced after crystallization 
of the Granite Mountain Porphyry, and this rock 
is assumed to be genetically related to the ore de- 
posit. The unaltered rock is granodiorite and com- 
monly porphyritic; locally, however, it grades into 
subporphyritic and equigranular textures. The two 
breccia pipes in the mine area appear to be associated 
with the Teapot Mountain Porphyry. The age of 
the mineralization is not unequivocally established, 
but we believe, on the basis of limited crosscutting 
relationships, that the breccia pipes and the Teapot 
Mountain Porphyry are younger than much, but not 
all, of the mineralization. 

Stratified Oligocene, Miocene, and later volcanic 
and clastic rocks overlie parts of the sulfide body. 
These postmineral rocks tend to thin and/or pinch 
out over the Ray deposit, indicating arching along 
the northeasterly trend of the Granite Mountain 
Porphyry intrusions. 

The relation of geologic structure to placement 
of the sulfide system is obscure. Cornwall et al. 
(1971) showed that the entire region is complexly 
faulted. The results of the authors' work indicates 

that premineral fault and fracture zones have no 
major effect on the shape of the sulfide or alteration 
zones beyond very local and minor disruption o[ the 
pattern. The foliation of the schist, which parallels 
the trend of the porphyry stocks as well as the mid- 
Tertiary arching, may represent some sort of deep 
structure that controlled the location of the porphyry 
stocks, but this is a problematical relationship. At 
least one igneous contact does modify the zoning. 
This is the north-trending contact between Pre- 
cambrian granite and schist on the eastern side of 
the deposit (in the subcrop). 

Two large faults cross the orebody, the Diabase- 
Ray-School Fault (hereafter referred to as the Dia- 
base Fault) and the Emperor Fault. The Diabase 
Fault dips to the west and trends northerly across 
the orebody and at the surface separates older rocks 
on the west from younger rocks on the east resulting 
in apparent reverse movement. The Emperor Fault 
has shallow north or easterly dips and is considered 
to be a thrust. It is cut by the Diabase Fault and 
is known only on the west or hanging wall side of 
the Diabase Fault. The thrust places older schist 
above younger quartzites and diabase so that at 
depth there are younger rocks in the hanging wall 
than in the footwall of the Diabase Fault (Fig. 6b), 
the opposite of the surface indications. Therefore, 

movement on the Diabase Fault can be either re- 

verse or normal. The direction and total displace- 
ment on either fault has never been determined 

satisfactorily. The displacement on the Diabase 
Fault exceeds 1,500 feet, while the minimum move- 
ment on the Emperor Fault is about 3,000 feet with 
some very late movement indicated on both faults. 
Obviously, large postmineral displacement of the 
sulfide system (and orebody) had to be considered 
as a possibility on both of these faults until evidence 
to the contrary such as that presented here was 
developed. 

The hypogene sulfide minerals identified in or 
near the Ray deposit are pyrite, chalcopyrite, molyb- 
denire, galena, and sphalerite. Occasionally, small 
amounts of tennantite, tetrahedrite, and bornite have 
been seen. 

Hypogene Copper, Sulfide and Alteration Zoning 

Systematic changes of sulfide content and copper 
grade related to rock type changes in the Ray ore- 
body have long been recognized (Metz and Rose, 
1966; Metz and Caviness, 1968). Consequently, the 

Fro. 3. Generalized zoning of hypogene sulfides in the 
Ray deposit. The porphyry shown is the Granite Mountain 
Porphyry. 
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zoning study was separated into specific rock units: 
(1) quartzose Precambrian rocks, (2) aliabase, and 
(3) Laramide porphyry. 

The zoning of sulfides and the surface location of 
the Granite Mountain Porphyry stocks are shown 
in Figure 3. The central part of the sulfide system 
is characterized by a low content of total sulfide and 
a high ratio of chalcopyrite to pyrite. Despite the 
high percentage of copper sulfide in the total sulfide, 
the total copper in the rock mass is relatively low; 
consequently, this zone is referred to as the "low- 
grade core". The high copper zone or "doughnut" 
surrounding the low-grade core is much more copper- 
rich than the core, even though the ratio of chal- 
copyrite to pyrite is lower. This is due to the in- 
crease in the total sulfide content. The increase in 

total sulfide continues regularly with distance from 
the center of the system and is accompanied by a 
decreasing relative amount of chalcopyrite, finally 
resulting in a high-sulfide, low-copper pyrite halo 
around the high copper zone. 

N'ote that the center of the zonal pattern does not 
coincide with any of the porphyry stocks but that 
the one stock to the southwest (within the Emperor 
thrust plate) very definitely affects the pattern. 

Quartzose Precambrian Rocks 

Copper distribution 

The average copper content intersected in drilling 
of the quartzose Precambrian rocks is shown in 
Figure 4. The contours are in increments of 0.1 
percent copper and demonstrate the circular nature 
of the high copper zone. The open area to the 
northwest is caused by a combination of sparse 
drilling data through postmineral cover and a large 
stock of late or postmineral Teapot Mountain 
Porphyry (Fig. 2). The southwestern bulge is 
interpreted to be caused by the stock of Granite 
Mountain Porphyry located there (Fig. 3). The 
low-grade core averages from 0.2 percent copper to 
less than 0.1 percent while the high copper zone 
locally averages as high as 0.5 percent. The pyrite 
halo generally lies beyond the outer 0.2 percent con- 
tour. 

Sulfide and magnetite distribution 

Additional details of the zoning are illustrated in 
the graphs of Figure 5. Except for the data at 600 
and 2,100 feet of Figure 5, all data are from drill 
holes along the line A-A' in Figure 4. Total sulfide 
content, percent chalcopyrite in the sulfide portion 
of the rock, and the abundance of magnetite are 
plotted along this line. The low-grade core lies on 
the left side and the pyrite halo on the right. The 
total sulfide content increases with distance from 
the center of the sulfide system to the outer part of 
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Fro. 4. Contoured copper distribution in the quartzose 
Precambrian rocks at Ray. Contour interval is 0.1 percent 
copper. 

the high copper zone or inner pyrite halo. As shown 
by this particular set of data, there is usually a 
break in the total sulfide curve at the boundary 
between the low copper core and the high copper 
doughnut. The maximum total sulfide in the schist 
typically falls between 3 and 5 weight percent; the 
minimum would fall far to the left of the samples 
plotted in the graph and would be less than 1 
percent. The slope of the chalcopyrite curve also 
changes in the high copper zone with a decrease 
from more than 40 percent chalcopyrite in the core 
to 2 percent or less in the pyrite halo. 

The magnetite content in the schist is usually low 
with the maximum concentration falling near the 
exterior limit of the high copper zone or in the py- 
rite halo as in Figure 5. 

The major (granite-schist) contact noted in Fig- 
ure 5 is the only known premineral structure which 
has an appreciable effect on the sulfide system. 
Chalcopyrite increases relative to pyrite, and the per- 
cent total sulfide tends to level out or decrease at the 

contact. These changes occur in both rocks and 
extend laterally as much as 300 feet on either side 
of the contact. 

Alteration zoning 

In the quartzose Precambrian rocks, the common 
hypogene alteration products including vein ma- 
terials are quartz, K-feldspar, biotite, sericite, epi- 
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dote, calcite, anhydrite, chlorite, and rutile. With 
exception of chlorite and rutile, these are listed in 
sequence from oldest to youngest. 

Some alteration minerals are restricted entirely 
or largely to veins, as are quartz, K-feldspar, epi- 
dote, calcite, and anhydrite. Biotite, sericite, chlo- 
rite, and especially rutfie, are uncommon in veins. 
For discussion, the veins can be categorized by .their 
mineralogy and by their relative age as determined 
from crosscutting relationships. It must be noted 
that the categories or types of veins are defined 
somewhat arbitrarily because the vein types tend to 
be gradational and the crosscutting relationships 
cannot all be seen at any specific location. Also, 
evidence contrary to the usual crosscutting sequence 
is frequently found. 

The sequence of vein formation in the quartzose 
Precambrian rocks is: 

1. Quartz, K-feldspar, with calcite and chalco- 
pyrite, and with or without pyrite or molybdenite. 
These veins have no biotite in the vein or as wall 

alteration. No crosscutting by the next oldest veins 
has been found; nonetheless, the lack of biotite here 
combined with a strong trend throughout the de- 
posit to follow biotite with sericite seems adequate to 
establish a pre-biotite vein type. 

2. This vein type is the same mineraloglcally as 
the preceding except that biotite occurs in the vein 
or adjacent wall rock. For reference these veins are 
called K-feldspar-biotite veins. Biotite in the vein 
will usually be coarse and lie against the vein wall. 
In the wall rock the biotite occurs as microscopic 
crystals or minute felted masses scattered throughout 
the rock for some distance from the vein, forming 
a broad, weak alteration envelope. In hand samples 
the envelope is evident as an almost imperceptible 
brownish color change paralleling the vein. Calcite 
usually lies along the vein center in very irregularly 
shaped crystals or groups of crystals. Minute vein- 
lets of .calcite may cut through other vein minerals 
but never were observed to be cut in turn. Locally, 
these K-feldspar-biotite veins show a gradational 
change to the next youngest vein type whereby part 
of the K-feldspar is altered to sericite. Biotite in 
the envelope close to the vein is also altered to 
sericite. 

3. Quartz-sulfide veins with occasional calcite and 
prominent sericite envelopes. There seems to be a 
continuous series of these veins containing from 
roughly equal amounts of chalcopyrite and pyrite to 
those containing pyrite as the only sulfide. As a 
rule, the younger-veins in the series have lower 
ratios of chalcopyrite to pyrite and more strongly 
developed sericite envelopes. As the pyrite halo is 
approached from the high copper side, chalcopyrite 

LOW COPPER CORE I HIGH COPPER ZONE (ORE SHELL) 
PYRIIE HALO 

MAJOR CONTACT IN THIS AREA 

0 

FIG. 5. Graphical distribution of magnetite and total 
sulfide and abundance of chalcopyrite in the total sulfide 
along line A-A', Figure 4. The five points on the left are 
composite averages in schist, the two points on the right are 
averages in Ruin Granite. 

diminishes in frequency of occurrence while epidote 
becomes more common. Whether the lack of chalco- 

pyrite in the pyrite halo is largely due to an abund- 
ance of the latest veins in this zone or to lateral 

zoning in contemporaneous veins is an unanswered 
question. 

4. Pyrite veins frequently cut the quartz-sulfide 
veins and are relatively rare in the center of the de- 
posit, tending to occur in the high copper zone or 
pyrite halo. 

5. Molybdenite veins. These are generally thin 
fracture fillings cutting most copper-bearing veins, 
but cut by quartz-pyrite veins. Very small amounts 
of molybdenite may accompany any of vein types 1 
through 3. 

6. Anhydrite. There are uncommon occurrences 
of veins with purple anhydrite and quartz which cut 
all other veins in the vicinity, but it is not certain 
that the anhydrite veins are later than the quartz- 
sulfide veins. Rarely these veins contain pyrite but 
the anhydrite always seems to be later than the 
pyrite. 

7. Vuggy veins with quartz, calcite, and sulfides. 
Such veins have rugs lined with small euhedral 
crystals of quartz, chalcopyrite, molybdenite, pyrite, 
and calcite. 

8. Gray quartz veins. These quartz veins are 
barren of any sulfide mineralization and have no 
recognized wall-rock alteration. 

Quartz forms the major part of most veins with 
the exception of monomineralic veins of sulfide. It 
apparently spans the entire time of mineralization. 
Widespread silicification as a fine-grained wall rock 
replacement is unknown at Ray; quartz was intro- 
duced only as a vein mineral. In thin section it is a 
mosaic of anhedral crystals with the exception of 
the very late, vuggy veins. 
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K-feldspar and biotite are roughly coextensive in 
the sulfide body and both have their maximum devel- 
opment in the core of the deposit, diminishing out- 
ward to very infrequent occurrence in the propylitic 
zone. K-feldspar usually forms a discontinuous 
selvage along the vein wall with grain sizes or even 
the larger masses being too small for reliable hand 
sample identification. Most of it is transparent with 
the maximum coloration being a translucent, creamy 
white. Though the earliest K-feldspar may be older 
than the formation of biotite, there is strong evidence 
from both individual veins and from the vein type 
age relationships pointing to a progression from K- 
feldspar-biotite to sericite. The younger sericite re- 
placed vein K-feldspar, hypogene and rock biotite, 
and feldspars, obliterating much of the earlier altera- 
tion. The sericite ranges from scattered flakes 
hardly more than wisps along plagioclase cleavages 
through massive replacement by felted mats of 
minute crystals or by clumps of large crystals visible 
to the unaided eye. Like K-feldspar and biotite, 
sericite alteration covered the entire sulfide system 
but reached its greatest intensity from the outer 
part of the high copper zone through the inner por- 
tion of the high sulfide zone. 

Epidote occurs as trace amounts in K~feldspar- 
bearing veins and more frequently in much later 
quartz-sulfide veins. In the quartz-pyrite veins, epi- 
dote is only sporadically found at the inner edge of 
the high sulfide zone, but as the propylitic zone is 
approached it becomes the dominant alteration prod- 
duct. It forms as a thin discontinuous coating 
along vein walls or less commonly as replacements 
in the wall rock. Outward in the sulfide system, 
the epidote spots and patches give way to an almost 
continuous selvage along the vein which finally 
comes to constitute the major part of the vein. 
Epidote seems to increase with the outward lessen- 
ing of sericite and vein quartz. 

Within the quartzose Precambrian rocks, chlorite 
can be found throughout the sulfide system, but in 
such small amounts that it is impossible to define 
any zoning. It may occur as an isolated, microscopic 
clot in wall rock or veins, as coarse leafy masses in 
veins, or rarely as innumerable megascopic patches 
in the wall rock. Generally, chlorite is a very small 
part of the vein or of the wall-rock alteration. Often, 
when it occurs with or near biotite, it surrounds or 
invades the biotite, obviously as a replacement, how- 
ever, biotite does not seem to be a prerequisite for 
chlorite formation. 

Ruffle is a definite alteration product near veins 
of the quartz-K-feldspar-biotite variety with a fre- 
quency of zero to perhaps three very small crystals 
or crystal groups per thin section. It is commonly 

found along these veins but never as anything more 
than trace amounts. 

The distinction among vein, vein envelope, and 
wall-rock alteration is sometimes a difficult one be- 

cause the obvious change from vein to vein envelope 
or to wall rock in the hand sample is frequently less 
definite in thin section. The vein filling and the 
wall-rock alteration products are often intermingled 
along the vein boundary; wall-rock alteration be- 
comes progressively weaker with distance from the 
vein and may exhibit gradational zoning outward 
from the vein, that is, the envelope has a decreasing 
intensity of alteration and a transitional change of 
mineralogy away from the vein. Because of the 
overlap and repetition in the crosscutting sequence 
and to the apparent gradual change of alteration prod- 
ucts within veins, it seems likely that the differ- 
ences between the various vein types and their wall- 
rock alteration are indicative of continuous pro- 
gressive alteration and mineralization rather than 
stages of mineralization caused by pulses or abrupt 
changes in the mineralizing fluids. The crosscutting 
more accurately represents periods of recurrent frac- 
turing during continuous fluid flow and alteration 
than 'it does discrete stages of mineralization. 
Periodic fracture formation also affects the intensity 
of alteration measured by the amount of wall rock 
altered to a given mineral because this intensity 
must be governed, at least in part, by the fracture 
density during the period of time the given mineral 
is forming. If fracture density is high, the altera- 
tion envelopes overlap and the entire rock is altered; 
generally, if the fracture density is low, the alteration 
will be weak. If the fracture density has a zonal 
pattern, it will control the zonal distribution of 
alteration intensity and to some degree the zonation 
of alteration mineralogy. For example, in the sili- 
ceous Precambrian rocks, the development of a zone 
of strong sericite alteration along the inner edge of 
the pyrite halo could be controlled by the pattern of 
late fracturing rather than by laterally varying pres- 
sure-temperature-chemical conditions. In fact, much 
of the alteration zoning normally mapped could be 
largely controlled by the development of sequential 
fracture patterns. 

Diabase 

Because of the limited drilling beyond the 0.1 
percent copper cutoff, the preore mineralogy of the 
diabase in the Ray area is uncertain. Wide varia- 
tion in the mineralogy of the diabase is reported in 
central Arizona (Short et al., 1943; Peterson, 1962; 
Shride, 1967). The lower diabase sill at Ray con- 
tained significant quantities of hornblende (Table 1) 
and is almost certainly similar to Short's "normal 
diabase" at Superior. 
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1. Preore Composition of the Diabase in the Ray Area 
(after Rose, 1960, unpublished private report) 

Plagioclase, An45_• 40-70% 
Hornblende or pyroxine 25-50% 
Quartz 5% 
Biotite (?) 5% 
Orthoclase 0-5% 
Magnetite 3% 
Apatite 1% 

The following description of alteration and min- 
eralization in the diabase is derived primarily from 
work on the lower sill on the eastern side of the :Ray 
orebody. This sill extends from the core of the 
sulfide system eastward into the pyritic halo and is 
the most extensive diabase sill within the zone of 

hypogene mineralization. In the low sulfide, high 
chalcopyrite core, much of the lower sill has been 
oxidized and now forms a large part of the :Ray 
silicate copper orebody. 

Sulfide mineralogy 

The bulk of the sulfide mineralization in the dia- 

base is controlled by stockwork fracturing. The sul- 
fides are concentrated in both the veins and the 

adjacent alteration envelopes, decreasing outward 
into the wall rock to occasional disseminated grains. 

Chalcopyrite and pyrite are the major hypogene 
sulfide minerals in the diabase. Bornite is present 
in minor quantities and is always found as incipient 

to partial replacements oœ chalcopyrite. Bornite in 
the diabase, schist, and porphyry is generally re- 
stricted to that portion of the sulfide system in which 
the abundance of chalcopyrite exceeds that of pyrite. 
Molybdenite in the diabase occurs most frequently 
along the outer edges of quartz-chalcopyrite-pyrite 
veins and is less abundant than in the more siliceous 

rocks. Limited assay data indicate that the highest 
concentration of molybdenite in the diabase occurs 
inside the +0.40% copper ore zone. 

Sphalerite with minor galena is present in veins 
with chalcopyrite, pyrite, quartz, and calcite. These 
veins are late and occur in the zone of highest copper 
concentration and outward through the high pyrite 
zone. 

Tennantite is found in veins with quartz, calcite, 
chalcopyrite, and pyrite. The veins are usually 
pinkish in color and have a banded texture. 

Copper, sulfide, and magnetite distribution 

The horizontal distribution of copper in the lower 
sill has been contoured from drill hole data (Fig. 
6A). The figure was generated by averaging copper 
assays from over 100 diamond drill holes that pene- 
trated the sill. The copper distribution exhibits a 
horseshoe shape with the shoe opening to the north. 
The north-south elongation of the horseshoe is 
perpendicular to the northeasterly trend of the por- 
phyry intrusions. If, however, a plot of total sul- 
fides including those in the pyrite halo is considered, 
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Fro. 6A. Plan view' of the hypogene copper distribution in the lower diabase sill at Ray, Arizona. The contours indicate 
the average grade for the entire thickness of the lower sill at a given point without reference and elevation. 

Fro. 6B. Generalized cross section (not to scale) illustrating the extent of the lower diabase sill beneath the Emperor 
Fault. 



1244 C. H. PHILLIPS, N. A. GAMBELL, AND D. S. FOUNTAIN 

['• SCHIST 
............. MAXIMUM COPPER 

A 

db 

•_ • db 

o 2o0 FEET 

COPPER OISTRIBUTION 

B 

7 

['• GRANITE MTN PORPHYRY •'"'•t 
• DIABASE 0 200 FEET 
-• SCHIST 
............. MAXIMUM COPPER 

E• COPPER DISTRIBUTION 

Fro. 7A. ttypogene copper distribution in drill holes 
along section a-a' (Fig. 6A). Note the high copper con- 
centration at the top of the sill. 

Fro. 7B. ttypogene copper distribution in drill holes 
along section b-b' (Fig. 6A). Note the high copper con- 
centration in the lower part of the sill in holes 9 and 10. 

an elongation approximately parallel to the intru- 
sions is observed. The north-south elongation of 
the copper values in the diabase is probably the re- 
sult of the premineral distribution of the diabase 
because the diabase is terminated against the 
Emperor Fault on the western side of the orebody 
(Fig. 6B). The open end of the horseshoe is the 
result of the effects of postmineral faulting, intrusion 
of a Teapot Mountain Porphyry stock, and erosion 
which, combined, have eliminated the diabase in 
this area. 

Two vertical sections, a-a' and b-b' (Fig. 6A), in 
an area of fairly complete drilling were selected for 

a detailed study of the copper distribution within the 
sill. The copper distribution in diamond drill holes 
along these two sections is illustrated in Figures 7A 
and 7B. Here the lower diabase sill has intruded 

the Pinal Schist, splitting into two branches on the 
west side of the section. In section a-a' (Fig. 7A), 
the maximum copper grade follows the top of the 
sill in holes 1 through 4 and plunges abruptly be- 
tween holes 4 and 5. In contrast, section b-b' (Fig. 
7B) clearly shows no such rapid plunge of the 
maximum copper grade; instead, the maximum 
concentration of copper appears to deepen regularly 
with respect to the top of the sill as the mineraliza- 
tion is followed from hole 8 through holes 9 and 10. 
The downward plunge (east of hole 10) of the 
highest copper values below the diab.ase is an inter- 
pretation based on data from other drill holes in the 
near vicinity. 

Figure 8 contains four graphs illustrating the zon- 
ing of copper, total sulfide, chalcopyrite, and mag- 
netite along section a-a'. The dotted line in each 
graph is the average across the total thickness of the 
lower diabase sill. 

In holes 1 and 2 (Fig. 8A) where the sill branches 
around a large included lens of schist, the average 
copper content for the top branch is shown by line 
a, for the bottom branch by line b, and for the 
schist by line c. The maximum average copper 
content for the entire thickness of the diabase sill 

is in hole 3 with rapidly decreasing average copper 
content on either side. Note the break in the curve 

at hole 5, marking the change from the high copper 
doughnut to the pyrite zone. 

The histogram in the upper righthand corner of 
Figure 8A shows the frequency distribution of cop- 
per assay values in the diabase along section a-a'. 
The positive skewness in the distribution is the re- 
sult of an overabundance of lower copper values. 
This is to be expected in a zoned porphyry copper 
deposit where there is low-grade copper both in the 
low total sulfide-high chalcopyrite zone and in the 
high total sulfide-low chalcopyrite zone. 

Along section a-a', total sulfide, total magnetite, 
and the percent chalcopyrite in the sulfides were 
determined on pulp composites for each of the holes 
with the exception of hole 2. Samples from this 
hole were not available. In Figures 8B, 8C, and 
8D, points a and b represent the upper and lower 
branches of the diabase, and point c is the schist. 

The total sulfide by weight content along a-a' is 
shown in Figure 8B. An average of the sulfide data 
for the diabase in hole t shows that there is little 
difference between it and the schist. The sulfide 

content gradually increases from hole 1 to 4, then 
dramatically increases between 4 and 5. This 
change in gradient represents the inner edge of the 
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FIG. 8A. Total copper distribution along section a-a'. Lines a and b represent upper and lower diabase, while c is a 
schist lens. Classes in histogram are in units of 0.10 percent copper. 

Fro. 8B. Weight percent sulfides in the rock along section a-a'. Points a and b are diabase, while point c is a schist 
lens and the average of a and b. Dashed line connects data points for the diabase. 

Fro. 8C. Volume percent chalcopyrite in the sulfides. Point a and b are diabase and point c is schist. Note the drop in 
chalcopyrite in the schist. 

Fro. 8D. Weight percent magnetite in the rock. Points a and b are diabase and point c is schist. Compare this curve 
to Figure 8A. 

pyrite halo. In hole 6 the sulfides begin to drop off 
as the strong sulfide mineralization weakens out- 
ward in the pyrite halo. 

The affinity of the diabase for copper is illus- 
trated in Figure 8C, where the proportion of chalco- 
pyrite in the sulfides along section a-a' is plotted. 



1246 ½. H. PHILLIPS, N. A. GAMBELL, AND D. .5'. FOUNTAIN 

The schist in hole 1 shows a drastic difference in 

chalcopyrite content relative to the diabase in the 
same hole. The ratio of chalcopyrite to pyrite in 
the diabase is about 83/17, whereas in the schist it 
is 40/60. Referring to Figures 8A and 8B, the 
sulfide content of the schist is approximately equal 
to that of the diabase, while the copper grade in the 
schist is lower than the diabase. From the stand- 

point of total copper and the ratio of chalcopyrite to 
pyrite, the schist in hole 1 is equivalent to the dia- 
base between holes 4 and 5. Figure 8D illustrates 
what the authors believe could be one of the more 

important aspects of this study: At Ray the diabase 
contains both disseminated and vein secondary. mag- 
netite in addition to primary magnetite. The shape 
of the magnetite curve resembles the copper curve 
(Fig. 8A). Observations made on drill core also 
show that vein magnetite frequently accompanies 
the better chalcopyrite mineralization. 

Alteration zoning 

Biotite is one of the most common alteration prod- 
ucts in the diabase. It occurs as a fine-grained 
mesh in vein envelopes and as thin rims surround- 
ing disseminated magnetite and sulfide grains in the 
wall rock. Megascopically, biotite envelopes are 
easily distinguished from the less altered wall rock. 
The width of the vein envelopes is directly related 
to the size and frequency of occurrence of the quartz- 
sulfide veins. In a well.-mineralized area with strong 
stockwork veining, the wall rock may be totally 
altered for tens of feet. Coarse-grained (2.5 ram) 
secondary biotite is encountered in some quartz-sul- 
fide veins and is most common in the low sulfide- 

high chalcopyrite core of the deposit. 
Two distinct color varieties of secondary biotite 

are present: brown and olive-green. The dark 
brown biotite exhibits a slight tendency to form 
closer to the vein than the olive-green. A small 
number of observations have shown that the olive- 

green variety becomes more abundant outward from 
the high copper zone. The difference in color may 
be due to variation of the titanium content (Hein- 
rich, 1965) of the biotite. Additional work is needed 
on the color varieties of secondary biotite and their 
distribution in the sulfide system. 

Within the vein envelopes most of the secondary 
biotite is an alteration product of pyroxene and horn- 
blende. The biotitization in vein envelopes is ac- 
companied by alteration of the plagioclase to an 
orange-brown clay. Secondary biotite may be pres- 
ent along the twin planes in the plagioclase. 

Secondary biotite in vein envelopes has a wide- 
spread lateral distribution in the lower diabase sill. 
It is present in the low sulfide-high chalcopyrite 
core outward through the high copper zone and into 

the high sulfide-high pyrite zone. It is most in- 
tense in the high copper zone, where strong biotite 
alteration correlates with high copper values. 

Secondary magnetite is found in the wall rock 
and vein envelopes as disseminated anhedral blebs 
and subhedral, needle-like crystals. Both forms 
commonly are enclosed by an inner envelope of 
sphene and an outer envelope of biotite or chlorite. 
Secondary magnetite also occurs in veins with quartz 
and sulfides. In some veins chalcopyrite occurs as 
islands in magnetite and appears early; however, 
chalcopyrite and pyrite veins appear to cut most 
magnetite veins. In the high sulfide-high pyrite 
zone some quartz-sulfide veins are cut by quartz- 
magnetite veins that in turn are cut by pyrite veins. 

Secondary sphene and rutile are present in the 
altered diabase, and they exhibit a zonal relationship 
with rutile closer to the veins than sphene. Light 
gray to white sphene envelops some anhedral mag- 
netite grains in the wall rock. In most cases the 
sphene is itself enveloped in secondary biotite or 
chlorite and may show some alteration to calcite. 
Bright orange, crystalline aggregates of alteration 
rutile are usually restricted to the vein envelopes 
associated with strong biotite alteration. The pre- 
dominant sulfide in the vein and the envelope may 
be either pyrite or chalcopyrite. 

Both early and late barren quartz veins are pres- 
ent in the diabase. Mineralized quartz veins are 
abundant in the low sulfide-high chalcopyrite core 
outward through the high copper zone. In the py- 
rite halo vein quartz decreases markedly. Fine 
anhedral quartz is present in many vein envelopes 
with biotite and clay. 

The chief alteration product of the plagioclase in 
the diabase is a light orange-brown clay mineral. 
This alteration is most intense in vein envelopes and 
accompanies strong biotite alteration of the mafic 
minerals. Kaolinite, identified by X-ray analysis, 
was observed as a constituent of a few quartz-sulfide 
veins. The varieties of clay minerals present in the 
vein envelopes were not identifiable with the petro- 
graphic microscope. 

Secondary K-feldspar is a rare alteration product 
in the Ray diabase. Only occasional K-feldspar has 
been noted as pink blebs and wisps in veins, and 
these occurrences show no apparent zonal relation- 
ships within the sulfide system. 

Like K-feldspar, hypogene sericite in the diabase 
is not abundant within the limits of this study. In 
the high sulfide-high pyrite zone, sericite and clay 
minerals are present as partial replacements of plagio- 
clase in the vein envelopes. Biotite, after the mafic 
minerals, is also present in these envelopes. Late- 
stage sphalerite-galena veins frequently have sericitic 
envelopes. Where these veins cut earlier quartz- 



ZONING IN THE R.4Y DEPOSIT 1247 

sulfide veins with biotite envelopes, the biotite is 
altered to sericite. 

A light green variety of chlorite is common in 
veins, vein envelopes, and the wall rock. Like bio- 
tite, chlorite may envelop disseminated sulfide and 
magnetite grains in the wall rock. There is usually 
some remnant biotite in or adjacent to the chlorite, 
and it is fairly certain that most of the chlorite was 
generated later than the secondary biotite. Primary 
hornblende is partially to completely altered to 
chlorite-biotite. Chlorite in vein envelopes seems to 
be related to the introduction of late calcite in the 

vein. Such veins frequently exhibit an inner chlo- 
rite and an outer biotite envelope. Coarse-grained, 
leafy chlorite was noted as the chief constituent of 
some pyrite veins in the pyrite halo. Minor quanti- 
ties of chlorite are encountered in many veins 
throughout the sulfide system. The frequency of 
chlorite occurrence in the diabase increases outward 

from the center of the sulfide system. 
Though occasional grains and radiating crystalline 

clusters of epidote occur in quartz-sulfide veins 
throughout the high copper zone, epidote is most 
abundant in the pyrite halo where it occurs in py- 
rite veins and more extensively in the vein envelope 
as an alteration product of plagioclase. -Secondary 
biotite and chlorite are also present. Granular epi- 
dote rimming and veining a clay product in a plagio- 
clase site suggests that the epidote is a late altera- 
tion. 

Milky-white calcite in quartz-sulfide veins com- 
monly occurs near the center of veins as a filling 
with microveinlets cutting the sulfide grains. In 
some cases calcite floods the vein envelopes and re- 
places earlier formed clay minerals. Although it 
appears to be largely a late mineral, calcite is most 
abundant in veins in the high copper zone and shows 
a tendency to decrease, both inward and outward, 
from this zone. It is theorized that calcite crystal- 
lization or deposition may have been favorably in- 
fluenced by the calcic nature of the plagioclase 
(labradorite) in the unaltered diabase. 

Anhydrite was not noted in the thin sections 
studied; therefore, the following discussion will be 
based entirely on megascopic observations. Coarsely 
crystalline, light purple anhydrite is present as a 
major constituent of some quartz-sulfide veins. The 
principal sulfide may be either pyrite or chalcopyrite. 
Minor quantities of coarse-grained chlorite or vein 
biotite with rarer K-feldspar may also be present. 
The abundance of purple anhydrite increases with 
depth. For some unknown reason the greatest con- 
centration of purple anhydrite is restricted to the 
high copper zone on the southwestern side of the 
orebody west of the Diabase Fault. 

Minor quantities of orange to white crystalline 
chabazite occur in some quartz-sulfide veins in the 
ore zone and outward through the pyrite halo. 
Chabazite appears to be a late vein filling. 

A major problem that needs additional work deals 
with when and how some alteration features in the 

diabase took place, i.e., late deuteric and Precam- 
brian or hydrothermal and Laramide. An example 
is uralitization. Much of the pyroxene in the diabase 
shows partial to complete alteration to fine-grained 
amphibole. The authors believe that at least part 
of the uralitization in the diabase is the result of 

hydrothermal alteration. This is compatible with 
the tendency to form hydrous silicate alteration 
products, and to date, petrographic studies indicate 
decreasing uralitization and increasing pyroxene 
with increasing distance outward from the orebody. 

Granite Mountain Porphyry 

The porphyry, as exposed in outcrops and in 
drill core, does not form a single stocklike mass 
centrally located within the sulfide system but occurs 
as several irregularly shaped stocks or chonolithic 
masses and as smaller dikes and sills. On a district 

scale, the distribution of the intrusives is controlled 
by a poorly defined zone known as the porphyry 
break (Metz and Rose, 1966), which is some 3,000 
to 4,000 feet wide and trends N. 70øE. away from 
the main stock on Granite Mountain. The porphyry 
masses, dikes, and sills now exposed on the surface 
and by drilling were eraplaced and solidified in ad- 
vance of the invasion of ore-bearing hydrothermal 
solutions. 

Drilling to depths in excess of 3,000 feet has not 
encountered a large single stock that would explain 
the position of the Ray orebody by providing a 
central igneous source. Drilling does indicate that 
the outcropping Granite Mountain stocks, shown in 
Figure 2, are roughly connected with extensive, 
small chonolithic intrusions at depth in the center 
of the sulfide system. There is some indication that 
the larger porphyry masses may have acted as in- 
dividual centers for mineralization and alteration. 

An example is the small, isolated area of high copper 
zone mineralization around the intrusive on the 

southwest side of the high copper doughnut (Fig. 3). 
The small size and irregular shape of the intrusives 
make it difficult to define zoning patterns or trends 
within the porphyries themselves. 

Copper distribution 

The porphyry was a poorer host for copper min- 
eralization than the diabase. Only 17 percent of the 
rock within the final limits of the open pit is com- 
prised of Granite Mountain porphyry with an 
average, and rather uniform, copper grade of 0.21 
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percent copper. Only 6 percent of the porphyry 
contains more than 0.4 percent copper. 

,4Iteration xoning 

Most of the alteration within the porphyry is re- 
stricted to veins or veinlets and their margins. 
Pervasive alteration is rare, occurring only where 
veins are strongly developed and closely spaced 
with merging or overlapping alteration envelopes. 
The predominant alteration mineral assemblage is 
K-feldspar, quartz, biotite, and sericite. Clays and 
chlorite are less common alteration products. Cal- 
cite and anhydrite are occasionally present. 

Two main types of veins were observed in the 
porphyry. Biotite-K-feldspar veining, common 
throughout the rock, appears to have been followed 
by a phase of less frequently encountered quartz- 
sericite alteration. Although most of the samples 
studied were drill core from the primary sulfide zone, 
it is possible that some alteration minerals such as 
clays, sericite, and perhaps quartz, may, in part, be 
supergene. 

Secondary K-feldspar is a common alteration min- 
eral throughout most of the porphyry. It is most 
abundant as envelopes on early quartz veins and 
a replacement of plagioclase and, rarely, biotite. 
Secondary K-feldspar is distinguished by its as- 
sociation with quartz veins and its grain size, which 
is normally larger than matrix orthoclase and smaller 
than primary phenocrysts. 

Most of the biotite in the porphyry occurs as 
fresh books that are a primary constituent of the 
rock. Typical secondary biotite, though not abund- 
ant, is best developed as envelopes on quartz-K- 
feldspar veins and as discrete crystals in veins. Some 
of the primary biotite is rimmed or completely re- 
placed by chlorite. In or along the quartz-sericite 
veins, biotite is replaced by sericite. Sulfides also 
commonly replace biotite. 

Sericite occurs throughout the porphyry as a weak 
to moderate replacement .of feldspars, particularly 
along twinning planes of plagioclase. It is moder- 
ately to strongly developed as selvages on quartz 
veins, where it may replace all minerals except 
quartz. Strong pyrite mineralization is associated 
with this type of veining. Quartz-sericite alteration 
appears to be later, superimposed upon or cross- 
cutting the biotite-orthoclase alteration. Where 
strongly developed, this later alteration nearly ob- 
scures evidence of the earlier biotite-K-feldspar 
phase. 

In areas where veining is not strongly developed 
or closely spaced, fresh books of primary biotite and 
plagioclase remain essentially unaltered. 

Replacement quartz and vein quartz is ubiquitous 
and is associated with all phases of hydrothermal 

activity. Quartz replaces biotite and feldspars. Most 
early quartz veins have orthoclase selvages with or 
without secondary biotite. These veins contain py- 
rite and chalcopyrite, and in some areas calcite and/ 
or anhydrite occur as late cavity filling or replace- 
ment minerals. Later quartz veins up to an inch 
or more wide have strongly developed sericite en- 
velopes and frequently show strong pyrite mineral- 
ization with little or no chalcopyrite. Crosscutting 
both of these vein systems are clear quartz veins 
with very narrow, if any, alteration envelopes; these 
may also contain small amounts of molybdenite and 
chalcopyrite. 

Though the limited extent of porphyry bodies 
within the sulfide system precludes the demonstra- 
tion of systematic sulfide or silicate .zoning in the 
porphyry, the limited data available suggest that in 
the porphyry stocks which overlap the core and high 
copper zone (Fig. 3), sulfides are more abundant in 
the high copper zone. The small stock which lies 
to the southwest of the high copper doughnut (Fig. 
3), is associated with an isolated repetition of fea- 
tures characteristic of the high copper zone. This 
stock has the highest total sulfide content of any of 
the Granite Mountain stocks and contains slightly 
below the average of chalcopyrite in the sulfide. It 
is more pyritic than porphyry inside the high copper 
doughnut but not as pyritic as the adjacent schist. 
The frequency of occurrence of molybdenite is also 
much higher near the center of this porphyry than 
in the surrounding pyritic rocks. Recent field work 
indicates similar reductions in the total sulfide con- 

tent accompanied by increased copper and sometimes 
molybdenum associated with other porphyry stocks 
that lie beyond the limits of Figure 3. This field 
work shows the gross extent of sulfide m'•neralization 
to be on the order of seven square miles and roughly 
coextensive with the area intruded by the Granite 
Mountain Porphyry. 

Summary and Conclusions 

Ray is atypical in the family of porphyry coppers 
in that the porphyry is present, not as a central mass, 
but as several stocks, each of which is mineralized 
and which cumulatively form a very small part of 
the total rock mass in the sulfide system, and that 
most of the hypogene ore is restricted to a much 
older ferro-magnesian host rock, diabase. The lat- 
ter feature is nearly unique. 

In plan view, the zonal distribution of the hypo- 
gene alteration and mineralization is concentric and 
symmetric, and in a gross sense is similar to other 
porphyry copper deposits (Lowell and Guilbert, 
1970; James, 1971). The total sulfide content is 
low in the center of the system and increases out- 
ward for a distance of about 3,000 feet to a maxi- 
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mum of from 3 to 8 weight percent sulfide, and then 
decreases, approaching zero, 6,000 to 8,000 feet from 
the center. The ratio of chalcopyrite to pyrite fol- 
lows a reverse pattern with the highest chalcopyrite 
ratio in the center, decreasing outward. Changes 
in the gradients of total sulfide and chalcopyrite ratios 
define three zones: 

1. A low sulfide-high chalcopyrite core that rarely 
contains ore-grade copper (0.4 percent), 

2. A zone of changing total sulfide gradient in 
which the total sulfide content increases rapidly 
and the ratio of chalcopyrite to pyrite decreases, 
and 

3. The pyrite halo where the total sulfide content 
reaches a maximum and is largely pyrite, and total 
copper is low. 

While this pattern is present in all rock types, the 
actual quantity of sulfide and the ratio of chalco- 
pyrite to pyrite are controlled by the host rock chem- 
istry. The diabase sills contain bot. h more sulfide, 
particularly outside the low sulfide core, and a higher 
ratio of chalcopyrite to pyrite than the siliceous rocks. 
Iron-rich units of the Precambrian schist tend to 

show the same affinity for sulfides and copper that 
the diabase sills do. The iron-rich rocks are much 

better hosts for copper mineralization at Ray than 
are the siliceous rocks, presumably because the iron- 
rich rocks are chemically more reactive. 

The zoning of hypogene alteration products is 
markedly affected by rock type. In the siliceous 
Precambrian rocks, an older biotite-K-feldspar alter- 
ation extends throughout the area of the sulfide sys- 
tem. This alteration was most intense in the low- 

grade core and weakened with distance from the 
center. Superimposed on the biotite-K-feldspar 
alteration is a later period of sericite alteration that 
obliterated much of the earlier alteration (this later 
period need not be a discrete event but simply a stage 
of a continuing process). The sericite extends 
throughout the sulfide system but reaches maximum 
intensity near the interface of the high copper zone 
and the pyrite halo. Overlapping and extending be- 
yond the sericite is an irregular propylitic zone in 
which epidote is the principal alteration product. 
In all rock types the frequency and abundance of 
quartz veins decrease outward from the center of the 
sulfide system. 

The alteration in the diabase departs from that of 
the typical porphyry copper in the absence of a 
major zone of sericitic alteration. The characteristic 
alteration of the diabase is abundant biotite with 

clay. In the pyrite halo, biotite becomes less abun- 
dant, epidote and chlorite become more common, and 
sericite is seen rarely. 

The diabase has a distinct propensity to alter to 
biotite rather than to K-feldspar or sericite, both of 
which are uncommon in the diabase. In many in- 
stances biotitized diabase is only inches away from 
sericitized schist or quartzite, strongly suggesting 
biotite must have formed in diabase from the same 

solutions that produced sericite in the silicic rocks. 
Although the gross zoning pattern seems to be 

superimposed on some of the porphyry stocks, there 
are indications that certain--possibly all---of the 
stocks did act as separate centers of hydrothermal 
activity. The large concentric zoning pattern, which 
includes the Ray orebody, could be the result of the 
coalescence of the hydrothermal flow associated with 
the several stocks within the pattern. The alterna- 
tive•a single center of rnineralization in the small, 
irregular intrusions in the core of the sulfide system 

-still necessitates some additional source for areas 

to the west, beyond the map coverage (Fig. 2), that 
have mineralization suggestive of the low-grade core 
or the high copper zone. 

Practical results of the study have been a clearer 
picture of the geometry of the Ray sulfide system 
as well as strong indications of where future pros- 
pecting should be concentrated. The presence of 
essentially the same kind of alteration and mineral- 
ization on opposite sides of all the major faults that 
cut the orebody, limits the postmineral displacement 
to no more than a few hundred feet. 

Perhaps one of the most significant conclusions 
reached is an indication that magnetite in the dia- 
base is concentrated in the vicinity of the high 
copper zone or inner pyrite halo. This magnetite 
concentration might affect the interpretation of mag- 
netic data in southern Arizona. 

Previous publications (Metz and Rose, 1966; 
Metz and Caviness, 1968) on the Ray deposit state 
that the maximum copper concentration occurs at 
the top of the diabase sills and that the topmost sill 
would contain a higher percentage of copper than 
the next underlying sill. Although this is true for 
specific locations, new drill data does not support 
the concept as a general rule. Shallow pyritic sills 
have been found to be underlain by ore-bearing 
sills, and in some cases the maximum copper con. 
tent is found at the bottom of sills. The actual dis- 

tribution depends on the zoning pattern. 
The integration of new data, with the observed 

lateral expansion of the sulfide system with depth, 
indicates that the Ray orebody lies in the upper part 
of the system. Very probably the flat-lying, reactive 
diabase sills accentuated the upward constriction of 
the high copper zone. 

Other interesting features, still under study, of 
the Ray deposit are the widespread occurrence of cal- 
cite, the zoning relationship of sphene and rutile, 
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and the possible uralitization of pyroxene. These 
features may be unique and related to the diabase. 
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ABSTRACT 

Stra to-tecto n i c  ana l ys i s  of Late Cre taceou s -
Ceno zo i c  stra ti graphy, s truc ture , and res ou rces of  
Ari zona and adjacent reg i ons  revea l s  the  presence of 
three maj o r  d i a ch ronous oroge n i c  events : 1 )  La ram i de 
orogeny of l a te Cretaceous to 1 d te Eocene ; 2 )  
Ga1 i u ro orogeny ( new ) o f  l ate Eocene to m i d-Mi ocene , 
wh i ch wa s formerl y ca l l ed the m i d - Tert i a ry o rogeny;  
and 3)  San Andreas orogeny ( new ) of  l ate M i ocene to 
present , wh i c h  i nc l udes Ba s i n- Ra nge nomenc l a ture . 

Laram i de orogeny i n  the Ba s i n  a nd Range 
Prov i nce con s i sts  of f i ve majo r ,  eastward-young i ng ,  
sequent i a l  a s semb l ages that i nc l ude , from o l dest  to 
youngest :  1 )  meta 1 um i nou s , quartz a l ka l i c ,  hydrous 
magma t i sm ;  Cu-Au porphyry depos i ts ;  and E-W  to 
WNW-trend i ng ,  wedge u p l i fts and fo l ds ( H i l l sboro 
as sembl a ge ) ;  2) meta 1 um i nou s ,  a l ka l i -ca l c i c ,  hydrous 
magma t i sm ;  Pb-Zn-Ag ve i n  and rep l acement depos i ts ;  
and NE-d i rected fo l ds and thrusts  ( Tomb s tone 
as semb l age ) ; 3) meta 1 um i nou s , ca 1 c- a 1  ka 1  i c ,  hydrou s  
magma t i sm ;  l a rge zoned porphyry Cu-Mo systems ; a nd 
E-W to NE-str i k i ng d i kes a nd d i s t r i buted l eft  shear 
on WNW- s tr i k i ng fau l ts ( Morenc i assemb l age ) ; 4 )  
pera l um i nou s ,  suba 1 ka 1  i ne ,  hydrous p l u ton i sm ;  
reg i o na l -sca l e ,  SW-d i rected thru s t  fau l ts and 
re l a ted myl o n i t i c  deforma t i o n  ( W i l derness 
a s semb l a ge ) ; a nd 5 )  greensch i s t-grade , mos t l y  sod i c ,  
metag raywacke  benea th cru s ta l -sca l e ,  SW- d i rected , 
thru s ts ( Oroc op i a  a ssemb l a ge ) . 

Ga 1 i uro orogeny cons i sts  of three majo r ,  
wes twa rd-you ng i ng ,  sequent i a l  assemb l ages tha t 
i nc l ude , from o l dest · to you nges t :  1 )  l ow-energy 
sed imenta t i on i n  reverse(  ? ) -fa u 1  ted bas i ns ( M i neta 
as sembl age ) ;  2 )  exten s i ve ,  meta 1 um i nou s ,  
ca 1 c-a 1 ka 1 i c  and a l ka l i -ca l c i c ,  hydrous i g n imbri t i c  
magma t i sm ;  Au-Ag-W and Pb- Zn-Ag v e i n s  and 
rep l a cements ; l oca l , coa rse c l a s t i c  sed i ment a t i on 
w i th megabrec c i a  u n i ts ; and cru s ta l -sca l e ,  
NW-SE- trend i ng , b road fol ds , a nd NW- str i k i ng 
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reverse ( ? ) fau1 ts ( Ga l  i u ro assemb l age ) ;  and 3 )  
meta 1 um i nous ,  a l ka l i c ,  hydrous ma gma t i sm ;  Au-Ag 
,ve i ns a nd m i no r  Cu rep l acements ; coarse c l a s t i c  
sed imenta t i on ; maj o r  l ow-ang l e  norma l  ( detachme n t )  
faul ts , m i nor reverse fau l ts , · a n d  conti nued 
cru s ta l -sca l e  wa rp i ng (Wh i p p l e  as semb l age ) .  

San Andrea s orogeny cons i sts of two orogen i c  
as semb l a ge s : 1 )  N E-SW to E-W trend i ng fo l ds 
( Tra nsverse assemb l age ) ; and 2 )  meta 1 um i nous , 
a l ka l i ne ,  anhydrou s ,  i ron-ri ch , magma t i sm ;  N-S  
trend i ng horsts  and grabens ; i nterna l l y  dra i ned , 
l a custr i ne bas i ns wi th fr i ng i ng coarse c l a s t i c s ; and 
i ndu s t r i a l  m i neral depo s i ts ( Ba s i n  and Range 
assemb l ag e )  . 

I NTRODUCT I O N  

I n  sp  i te of  a genera 1 agreement on a tri  p a  rt i t e  
d i v i s i o n  of  l a te Cretaceous-Cenoz o i c  orogenes i s  i n  
Ari zona a nd adjacent reg i ons , there i s  cons i dera b l e  
d i sagreement on  the tecton i c  s tyl e and dynami c s  o f  
each o roge n i c  even t .  Severa l recent devel opmen t s  
prov i de new constra i nts  for structural  a n d  dyna m i c  
i nterpret a t i ons  of  the v a r i ous  oroge n i c  events . 
Perhaps  the mos t  s i gn i f icant  devel opment i s  the 
di s covery of  the Cordi l l eran  two-mi c a  g ra n i tes 
(Mi l l er and B radf i sh ,  1 980 ; Kei th and others , 1980 ) . 
Severa l thou sand 1 i ne m i l es of deep se i sm i c  sec t i ons  
Nere shot  i n  1 9 79  to 1981  du r i ng the  southern 
Ari zona o i l  p l a y .  The se i sm i c  data showed 
conc l u s i ve l y  that sou thern Ari zona is perva s i ve l y  
underl a i n  b y  numerous l ow-ang l e  sei sm i c  refl ectors 
down to depths of 15 km ( Ke i th ,  1 980 ; Rei f and 
Rob i nson , 1981 ) .  Dr i l l i ng resu l ts north of Tucson 
�rov i ded persua s i ve ev i dence tha t  the top of  one 
, rray of s trong refl ectors wa s a major l ow-angl e 
fau l t ( Re i f and  Rob i nson , 1 981 ) .  

Res u 1  ts of recent  mapp i ng i n  wes tern Ari zona 
and adjacent sou thea s tern Cal i forn i a  ( Haxe1  and  
D i l l on ,  1978 ;  Reyn o l ds and others , 1980 ; Frost  and  
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:'1a rt i n ,  1 982 ; Haxel and others , 1 984)  have 
documen ted the reg i ona l  extent of severa l events of 
l ow-a ng l �  th ru s t i ng  tha t ra nge in age from l a te 
J u ra ss i c  to earl y Tert i a ry .  I n  add i t i on ,  recent 
mapp i ng and geochrono l oq i ca l  stud i e s  have shown the 
l ow-ang l e  nonna l fau l  ts of m i dd l e  Mi ocene age are 
d i s tr i b u ted through a b road reg i on ( Dav i s ,  1 980 ; 
Shakel  ford , 1 980 ; Frost and Mart i n ,  1 982 ) . S i nce 
1 980 , several  hundred chem i c a l  a na l yses and severa l 
hundred new rad i ometr i c  dates ( Sha f i qu l l ah and  
others , 1 980 ; Frost and Ma rt i n ,  1982 ) p ro v i de a 
powerfu l new da ta base  for reg i onal  stra t i g raph i c  
corre l a t i on o f  i gneous un i ts .  A s  a resu l t  o f  these 
new brea kthroughs and the abundance of quant i ta t i ve 
da ta , concepts  of l a te Cretaceous a nd Tert i a ry 
orogenes i s  mu s t  be adjusted to f i t  the new data . 

Approach and Methodol ogy 

The resynthes i s  of l a te Cretaceous - Cenozo i c  
orogenes i s.  p resented i n  th i s  paper i s  based o n  a 
deta i l ed stra ta-tecto n i c  approach . A 
s tra to-tecto n i c  correl a t i on chart cons i s t i ng of 100 
stra ta- tecton i c  col umns from 1 i m i ted geogra p h i c  
a reas was prepa red w i  t h  the col umns p rojected t o  a 
ENE-WSW l i ne ,  approx ima te l y  perpend i cu l a r  to the 
North Amer i c a n  p l a te ma rg i n .  Da ta used i nc l uded 
strati g ra p hy and structural data from deta i l ed 
quadra ng l e  mapp i ng ,  geochronol og i ca l  data , i gneous 
rock cbem i c a l  compo s i t i on , a nd meta l contents of 
a s soc i a ted m i neral depos i ts .  The i gneou s rocks  were 
ca tegori zed accord i ng to a new chem i ca l  
c l a s s i f i ca t i o n  o f  i gneous roc ks ba sed o n  magma 
series  chem i s t ry and meta l contents of assoc i a ted 
m i nera l depos i ts current l y b e i ng devel oped by Ke i th .  

OROGENY OROGEN I C PHASE 

SAN Bas i n  & Range 
ANDREAS 

T ra nsverse 

GAL IURO C u l m i nant Ga l i u ro 

Med i a l  Ga l i uro 

I n i t i a l  Ga l i uro 

LAR AM I DE C u l m i nant Laramide 

Med i a  1 Laramide 

I n i t i a l  Laramide 

SE V I E R 

ASS EMBLAGES 

Bas i n & Range 

Transverse 

Wh i pp l e  

Gal i uro 

M i neta 

Echo Park 
Green R i ver 
R i m  
W i  1 derness 
Orocop i a  
Morenci 

Denver 
Tombstone 
La rami e 
Hi 1 1  sboro 

MAGMA T I SM 

basa 1 t i c  
vo l cani sm 

none , ,. "arl? 

1 oca 1 qtz . a 1 ka 1 i c 
vo l ca n i c s 

a l k a l  i -ca l c i c  
vol c .  & di kes 

rare vo 1 c a n i  cs  
coarse c l a s t i cs 

pera 1 umi nous 
c a l c i c  & c a l c -a l k .  

ca 1 c -a 1 ka 1 i c 
di kes & stoc k s  

a l ka l  i -ca l c i c  

vo l c .  & stocks 
a 1 ka 1 ic stocks 

& v o l c a n i c s  
a l ka l i c  stocks 

After compi l a t i o n  of the l a rge , 
stra ta-tecton i c ,  correl a t i on chart , the data were 
orga n i zed i n  a manner s i m i l d r  to that useo by Coney 
( 1 9 7 2 )  i nto stra ta-tecton i c  a s semb l ages tha t 
conta i ned u n i que arrays of 1 i tho l og i es ,. s tructures , 
m i neral resources , i sotopes , and magma chem i stry. 
These a s semb l ages are named for part i cu l ar  type 
a reas a nd a re shown on a summa ry stra to-tecto n i c  
chart ( F i g .  1 )  a n d  are a l so presented i n  a series  o f  
assemb l age maps  ( F i g .  2- 7 ) . Where rock and resou rce 
features d i ffered , but were a ssoc i a ted wi th the same 
s tructural  features , the s tra to-tecton i c  a s semb l ages 
'·�ere subd i v i ded i nto fac i es .  On  a l a rger sca l e ,  
� i m i l ar s tra ta- tecton i c  assembl ages were g rouped 
i n to b roader oroge n i c  phases that refl ect d i fferent  
stages  of orogen i c  devel opmen t .  Al l of the above 
s tra ta-tecton i c  fac i es , a s semb l ages , and pha ses of  a 
g i ven orogeny are genera l l y  d i a chronous ( F i g .  1 ) .  

Resu l ts 

Ana l ys i s  of the stra ta-tecton i c  corre l a t i on 
chart revea l ed three major  oroge n i e s  i n  the l a te 
Cretaceous a nd Cenozo i c  that can be subdi v i ded i nto 
o roge n i c  phases and s trata-tecton i c  a s semb l ages 
( Tab l e  1 ) .  The orogen i e s  are :  1 )  Laram i de orogeny 
( 85-43  Ma ) ;  2) Ga l i u ra orogeny ( 3 7 - 1 3  Ma ) ;  and 3 )  
San  Andrea s orogeny ( 1 3-0  Ma ) .  Where necessary,  the 
s t ra ta-tecton i c  assemb l ages  of  the orogen i es were 
subd i v i ded i nto di fferent  fac i es .  More deta i l ed 
cha racter i s t i c s  of the v a r i ou s  a ssemb l ages and the i r  
fac i es a re shown i n  Tab l es 2-4  and a re di scus sed 
bel ow i n  order of decrea s i ng age . 

TECTON I C S  M I NERAL RESOURCES EPOCH T I fotE 

grabens sa 1 t, c i nders , sand PUOCENE 0 - 1 3  
gypsum, zeol i tes 

en eche 1 on fo 1 ds petroleum, ga s PL IOCENE 0 - 1 3  
trendina N E -SW 

g ra v i ty s l i de Cu-Au-Ag i n  detach .  mi d-MIOCENE 28- 1 3  
detachme n t s  fl t s ;  A u  v n s  up OL I GOCENE 

NW-trend fo l ds Pb-Zn-Ag vns M I OC E N E  3 8 - 1 8  
NW d i kes Au vns 

l oc a l  ba s i n s  U ,  C u  c l a s t i c s  u p  OL I GOCENE 38-2B 
l i tt l �  data l ow M I OC E N E  

SW-d i r .  thru s t s  A u  vns & d i  ssem. EOCENE 56-43 
W, base me ta l s  

N E  di kes & . ve i n s  porphyry copper EOCENE 7 5 - 50 
PALEOCENE 

NE  d i r .  fo 1 ds Pb-Zn-Ag C R E TACEOUS BO-60 

& thrus ts  PAL EOCENE 
N E - s hore 1 i nes coa 1 CREI ACEOUS 8 5 - 6 5  
E - W  wedge u p l i f ts Cu-Au 
S o r E d i r .  Au-Cu CRET  ACEOUS 1 05-85 

thrus ts 

Tab l e  1 .  Genera l framework of Cretaceou s and Cenozo i c orogenes i s  i n  Ar i zona . 
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OROGE N I C  ASSEMBLAGE S E D I MENTA T I ON MAGMAT I SM STRUCTURAL FEATURES M I NERAL RE SOURCES AGE ( Ma )  
PHASE 

Cu I mi nant Echo Park arkos i c  a l l u v .  fans genera l I y absent NW-trendi  ng s h a rp a SylTlTl. uran i um 56-43 
LARAM I OE downfo I ds en eche I on 

Green R i ver a l l u v .  p i a  i n s ,  mu d f l a t s  none l a rge NW to N - S  tren d i ng oi I s h a l  e ,  po tash 50-43 
& l acus t r i ne fac i es aSylTl!letr i ca l  thru s t  up l  i f t s  u ra n i um? , oi I ,  gas 

Rim f l u v i a  I grav e l s  none Sha l l ow N E - d i p  pa l eos l ope none 56-'3 
( Eocene e ro s i on surfaces ) 

Wi l derness nOnt! c a l c - a l  ka I i c  and sha l l ow-d i p p i ng my l o n i te Au d i s semi nati ons & 80-43 AZ 
ca l c i c ,  hydrous zones ve; ns 80-38 ? AZ 
pera I umi nous l ow-ang l e  SW-di r .  thru s t s  W vei n s ,  mi nor 50-43 NM 

2-mica grani t o i d s  l a rge amount of transport Ag- Pb-Zn 
Orocop i a  none none l a rge reg i ona I thru s t s  quartz pod. w/ l oca I 60-43 AZ 

greenschi st me t a .  Choco l a te-Vi ncent thru s t  anoma l ous Au 
of metagraywackes vy. l a rge amt shorteni ng 

Med i a  I Merenc i none ca l c -a l ka l i c ,  epi zonal N E  to ENE s tr i k i ng di kes porphyry Cu -Mo ; C u - Z n  7 5 - 5 0  AZ 
LARAM I DE p l u toni sm & vo l ca n i sm d i s t r i bu ted l eft shear s k a rn s ;  Cu·Ag vns ; 59-50 NM 

hydrou s ,  meta I umi nous through Texa s Zere fri nqi nq Z n -Pb-Aq 
I n i t i a  I Denver cse. c l a s t i c s i n  asym. l oc a l  nephe l i ne N-tren.d , E - fac i ng 7 4 - 7 2  U T  

LARAM I D E  b a s  i n s  E o f  E - fa c i  n g  a l ka l i c  magma t i sm monoc l i na I up l i fts  68-64 AZ 
basement upl i fts 70-65 CO 

Tombs tone cont i nenta I c l as t i c s  a l ka l i -ca l c i c ,  hydrous NW s tr i ke ,  N E -d i r .  fol ds Pb-Zn-Ag vei ns & 80 - 7 0  AZ 
l arge exo t i c  b l oc k s  p l uton i sm & pyroc l a s t .  & thru s t s  wi th 1 - 1 0  km rep I acement depos i ts 70-64 NM 

i nterbd vol cani - c l a s t .  vol can i sm ,  me ta l umi n . shorteni ng 
La rami e regre s s .  mari ne-nonma r .  none N60W trend shore l i nes coa I abundant 8 5 - 7 2  AZ 

s s ,  s h ,  I s ,  bentoni te vy few vol c .  c l a s t s  broad N 6 0 W  fo l dS o i l ,  uran i um 8 5 - 6 5  NM I Hi 1 1  sboro coarse con t i n o  c l a s t i c s  a l k a l i c  hydrous vol c .  E-W wedge u p l i fts & b a s i ns epi genet i c C,,-Au 85-65 
cong l . & a l l uv .  fans & sma 1 1  stocks WNW-ESE s t r i k . ,  h i gh - a n g l e  porphyri e s  

me ta l umi nous reverse fau l t s on u p l i fts  

!do l e  2 .  Summary of a s semb l ages o f  the La ram i de orogeny i n  Ari zona . 

Th i s paper presents a summary des c r i p t i o n  o f  
t h e  v a  r i  ous  orogen i e s  a nd t h e  i r component 
a ssemb l ages . Deta i l ed documenta t i o n  and dynam i c  and 
p l a te tecton i c  i n terpreta t i o n  of  the d i fferent  
as semb l a ges , and compa ri son  wi th prev i ou s  work wi l l  
oe presented l ater.  For examp l e ,  deta i l ed 
documenta t i on , dynami c  ana l ys i s ,  and p l a te tec to n i c  
s i gn i f i cance o f  the La ram i de s t ra to-tecton i c  
assembl ages wi l l  be presented i n  Ke i th and W i l t  
( 1986 ) . 

LARAM IDE  OROGENY 

In any g i ven area the La ram i de orogeny can  
genera l l y  be subd i v i ded i n to three broad  phase� tha t 
sequent i a l l y  overpri nt  earl i e r  phas es I n  a 
systemat i c  ma nner ( Tabl e 2 ) . On a reg i on a l  ba s i s  the 
o rogen i c  phases are di achronous i n  that a l l phases 
of the La rami  de orogeny become genera 1 1  y younger i n  
a west  to east  d i rec t i o n  ( F i g .  1 ) .  On l y  the 
c u l m i nant phase ( Pa l eocene- Eocene ) of  Larami de 
o rogeny i s  summari zed i n  deta i l  i n  th i s  paper . 
However ,  for comp l etenes s ,  the earl i e r  La ram i de 
phases a re bri efl y summari zed be l ow . 

I n i t i a l  La ram i de Orogeny 

The i n i t i a l  La ram i de orogeny is subd i v i ded i nto 
two stra ta-tec ton i c  assemb l ages  in both the Col o rado 
P l ateau and Bas i n  and Range prov i nces . I n  the 8a s i n  
and Range Prov i nc e ,  i n i t i a l  Laram i de orogeny 
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con s i sts  of  the H i l l sboro as semb l age , fo l l owed by 
the Tombs tone a s semb l age . I n  the C o l o rado P l a teau 
P rov i nce , i n i t i a l  L a ram i de o r'Jgeny cons i s ts of the 
Laram i e  as semb l age , pos t-da ted by the Oenver 
as semb l ag e .  

W i th respect to t i me , La rami e  a n d  H i l l sbo ro 
a s semb l ages  a re equ i va l e n t .  The Larami e  a s semb l age 
of the Col o rado P l a teau and Rocky Mounta i n  prov i nces 
cons i s ts of  fi ne-gra i ned sed iments from ma r i ne and 
coas ta 1 nonma ri ne  ( coa l -bea r i  ng ) fac i es o f  the 
"'egres s i ve ,  L a te C retaceous , epi cont i nental  sea . 
� ,trand l i ne fac i e s  conta i n  detr i tus  wi th vo l ca n i c  
[ ; L1mponents a nd exh i b i t  fac i es rel a t i on s h i p s  w i th 
stra i gh t ,  N60W-trendi ng shore l i nes tha t are para l l e l 
to broad fo l ds w i th coa l  accumu l a t i ons  i n  the 
syncl i nes . The H i l l sboro as semb l age ( Kei th ,  1984 ) 
of the Ba s i n  and Range Pro v i nce cons i s ts of coarse 
conti nental  c l a s t i cs a nd m i no r  vo l ca n i c  components 
that  were depo� i ted in  wes t-northwe s t-trend i ng 
ba s i ns adj acent to wes t-northwest- trend i n g ,  commo n l y  
doub l e - s i ded , wedge u p l i ft s .  The magma t i c  component 
of  the H i l l sboro a s semb l age con s i sts  of  
quartZ-bea r i n g ,  a l k a l i c ,  meta l um i nous vo l can i c s  and 
epi zona l stoc ks  that  are a s soc i a ted wi th copper-go l d  
mi nera l depos i ts .  

W i th respect to t i me , the Denver and Tombs tone 
a s semb l ages are equ i va l en t .  The Denver a s semb l  age 
wa s named for the ' Denver ba s i n  type ' of Chap i n  and 
Cather ( 1 9B1 ) and occurs ma i n l y  i n  Co l orado a nri New 
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Mex i co .  There , i t  cons i s ts of coarse a .. �os.es  a nd 
congl omera tes depos i ted i n  asymmetri c a l  sync l i na l  
downwa rps tha t  are genera l l y east of  east-fac i ng 
basement up l  i fts tha t  were formed du r i ng 
Maes tr i c h t i a n  to Pa l eocene t ime . I n  Ari zona the 
Tombstone assemb l a ge of Ke i th ( 1984 ) i s  l ate 
C retaceous ( 85-69  Ma ) and con s i sts  of  a l kal i -ca l c i c ,  
meta l um i nous i gneous rocks , w i th m i nor 
vo l can i -c l as t  ic sed i menta ry rocks , l ead- z i nc-s i l ver 
m i ner3 l i za t i on ,  a nd northeast-d i rec ted fol d i ng and 
thrus t  fau l t i ng .  

Med i a l  La ram i de Orogeny 

Med i a l  Laram i de orogeny i n  the Bas i n  a nd Range 
Pro v i nce o f  Ari zona onl y con s i sts  of  the Morenc i 
a s ser:;b1 age of Ke i th ( 1 984 ) . Here , the Morenci  
as sen,b l age i s  l a te C retaceous to  earl y Pa l eocene i n  
age ( 7 5 - 50 i�a ) a nd cons i s ts o f  ca l c-a l ka l i c ,  
meta l um i nous , ep i zona l p l u tons and assoc i a ted l a rge , 
zoned , . porphyry copper-mo 1 ybdenum sys tems . 
Sed i menta t i on i s  cons p i cuou s l y  absent .  The 
pri nc i pal structures of the Morenc i a ssemb l age a re 
the reg i ona l , d i ke swarms tha t  stri ke east-we s t  to 
northea s t .  The d i kes genera 1 1  y occu r between 
west-northwes t-str i k i ng s tructural  e l ements  of the 
pre-ex i s t i ng Texa s Zone wh i ch underwent reg i onal , 
l eft shea r du r i ng med i a l  La ram i de orogeny.  

Cu l m i na n t  Laram i de O rogeny 

G reen R i ver As semb l age 

The Green R i ver Assemb lage  i s  l a rge l y  
synonomous wi th ,  a nd i s  named a fter the ' Green 
R i ver- type bas i ns '  of  Cha p i n  a nd Ca ther ( 1981 ) ;  
these ba s i ns ex i s t i n  a northwest- trend i ng bel t 
through northwest  New Mex i co ,  wes tern Col orado , 
northern Utah , and centra 1 Wyomi ng . I n  Ari  zona , the 
sou thwes tern outcrops of the Baca Forma ti o n  
represent the sou thwesternmost  extens i on of  t h e  Baca 
Bas i n ,  wh i ch i s  ma i n l y  devel oped to the northea s t  i n  
wes t-centra l New Mex i co ( Cha p i n  and Cather ( 1981 ) .  

Echo Park Assemb l age 

The Echo Park  a s semb l a ge i s  l a rgel y synonomou s 
w i th a nd i s  named a fter the ' Echo Park- type bas i ns '  
o f  Cha p i n  and Cather ( 1981 ) ;  these ba s i ns ex i s t  i n  a 
north- south bel t th rough central New Mex i �D and 
centra l Col orado . In Ari zona , a poss i b l e  c a nd i da te 
for an Echo Park a s s emb l age i s  the pre-25 Ma Chuska 
Sandstone wh i c h  occurs i n  a northwest- trend i ng 
sync l i ne tha t pos t-dates the east-fa c i ng Defi ance 
monoc l i ne of the Denver as semb l age . 

R im As semb l age 

The name R i m  as semb l age wa s g i ven by Ke i th 
( 1 984 ) to the gravel s a l ong the Mogo l l on R i m  i n  
sou t hern Coco n i no County and southern Na vajo  and 
Apache count i es .  Thz as semb l age wa s named for the 
' R im gravel s '  cf  Pei rce and others ( 1 9 7 9 )  and 
�arl i er workers . Because of the good exposures , 
:lcces s i iJ i l i ty ,  and  documenta t i on i n  the l i terature , 
the Mogol l on R i m  sou th of Show Low i s  des i gna ted a s  
a type area for the R im as semb l ag e .  
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L i tho l og i ca l l y , the R i m  as semb l age cons i s ts o f  
fl u v i a l  gravel s w i th very we l l - rounded c l a sts wn i ch 
can be as l a rge as bou l ders . Struc tura l l y , the R i r.l  
grave l s  overl i e  a reg i ona l , very sen t l y i nc l i nea , 
northea sterl y d i pp i ng pa l eo s l op e ,  the ' Eocene 
ero s i on surface ' o f  Ep i s  and Cha p i n  ( 1 9 75 ) . In the 

.Mogo l l on s l ope reg i on the unconform i ty oel ow the 
' R im  grave l s '  trunca tes success i ve l y o l der roc ks  to 
the south ( Pe i rce and others , 1 9 79 ) .  

The R i m  assemb l age i s  proba b l y of m i dd l e  to 
1 a te Eocene age ( 52 to 43 Ma ) .  The ' R i m  gravel  s '  at  
Rou nd Top  Mounta i n  conta i n  andes i te ana l a t i te 
boul der c l a sts  of Laram i de vol can i cs  that y ie l d K-Ar 
da tes as young as  54  Ma and a re overl a i n  by a 
rhyo l i te i g n imbr i te dated at 28 Ma ( Pe i rce and 
others , 1 9 79 ) . Near Eager , gravel depcs i ts tha t  are 
proba b l y  correl a t i ve w i th R im  grave l s have y i e l ded 
m i ddl e Eocene vertebrate tee th ( Young a na Ha rtma n ,  
1 984)  . . S i m i l a r l y ,  the Fra s i e r  Wel l grave l s ,  a 
prob a b l e  R im gravel equ i va l en t  i n  the 'Nestern 
Mogol l or, R i m ,  have a l so y ie l ded a m i ddl e Eocene age 
on a gastropod fauna ( Young , 1982 ) .  Thus , rocks  tha t 
cap the Mogo l l on R im segment of the Col orado P l a teau 
are mos t  l i ke l y m i ddl e Eocene i n  aQe . The ' R im  
grave l  s '  res t  on the  Pal eocene- Eocene unconform i ty 
a nd overl i e  an u nconfo rm i ty of l a te Eocene-ea rl y 
O l i gocene age that i s  assoc i a ted w i th the O l i gocene 
dra i nage reversal  ( Pe i rce a nd others , 1 9 79 ) . 

W i l derness  Assembl age 

The name W i l derness  as semb l age wa s g i ven by 
Ke i th ( 19'34 ) to pera l um i nous i gneous rocks  of 
P a l eocene- Eocene age and rel a ted myl on i t i c  and 
recrysta l l i zed metamorph i c  roc ks  that occu r 
throughout the Ba s i n  and Range Prov i nce of Ar i zona 
and nea rby a rea s .  The name W i l derness wa s chosen 
for wel l -exposed , we l l -documented , pera l um i �ous 
p l u ton i c  roc ks  of m i dd l e  Eocene age i n  tne 
Wi  1 derness  of Rock s  a rea of the ma i n ra nge of the 
Santa Ca ta l i na Mounta i ns nea r Tucson ( Ke i th and 
others , 1980 ) . Th i s  a rea is  des i gna ted as the type 
a rea of the W i l derness as semb l age . 

Roc k s  of the W i l derne s s  As sembl age 

There a re no sedimenta ry or  vol can i c  roc ks i n  
the W i l dernes s  Assemb l a g e .  A prom i nent ' magma ga p '  
i n  sou theas tern Ari zona duri ng the Eocene from 5 5  to 
38 Ma had l ong been recogn i zed by numerou s workers 
( Damon a nd Mauger ,  1 966 ; Snyder and others , 1 9 76 ; 
Coney a nd Reyno l d s , 197 7 ;  Ke i th ,  1978 ) . However , 
th i s  gap  has  been f i l l ed i n  recent yea rs w i th c1 
newl y recogn i zed k i nd of  magma t i sm ,  th'e mt;scov i te­
a nd ga rnet-bea r i ng , �era l um i nous gra n i tes ( Ke i th a nc 
others , 1980 ; Mi l l er and Bradf i sh , 1980 ; Wr ight  and 
Haxe l , 1982 ) . A l  though the ' magma gap ' of o l der work 
i s  now l a rge l y  occup i ed by the �era l um i nous 
gra n i to i ds ,  there is  a gap i n  vo l can i sm in  tne 
surface stra t i graphy so tenn ' vo l ca n i c  gap ' cou l d  bf 
subs t i tu ted for ' magma gap ' . 

I n  Ari zona the pera l um i nous gran i to i d s a s s i �nei..l 
by Ke i th ( 1 984 ) to the W i l derness  a S 5emb l age are n OI/ 
recogn i zed to be the most w i despread and , o s t  
vo l um i nous product of  Laram i de magma t i sm ( F i g .  2 ) . 
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F i gure 2 .  Map of s t ra ta-tecto n i c  assemb l ages of the 
cu l m i nant  Laram i de orogeny i n  Ar i zona and 
v i c i n i ty.  

f/ i  i uerness  assell,;" ; " � L  � :  u � (jl . �, .J � , ,,r;; 1 I }  'J r, " : '  ,IS 
s i l l s  w i th l ow-vo l um e .  l a te pha ses UCL u r !  i ng d S  
d i kes tha t  are di scordant to the  earl i e r  s i l l s . 
Magma t i sm of the W i l derness a s semb l age cons i sts  of 
pera l um i nous ,  mu scov i te- and garnet-bea r i ng  
g ra n i toids  that cOlTiTlo n l y conta i n  we l l -deve l oped 
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a l a s ko -pegma t i te comp l exes i n  ti.c i r  u':" ' f  �ort i ons . 
The l ower �ort i ons  of the compl exes conta i n  b i o t i te 
as the p r i nc i pa l  m i ca m i nera l wh l l e  the upper parts  
a re domi na ted by muscov i te a nd garnet.  In  s trong 
contra s t  to other Cretaceous and Cenozo ic  magma t i sm .  
�; i � (: ,- ! '!'",,� s  a s semb l age p l u tons  do not c(1(1t.� i "  � _ & ; c  
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:" j r�e�a l ,  : :J :.: n  as o l i v i ne ,  pyroxf'" or nO :-:lb l enci" . 
Chem i ca l l y ,  they are pera l um i nous , �,, "it . � LO 
ca l c-a l ka l i c ,  i ron-poor to wea k l y  i ro n - r i ch , 
hyorous , and  o x i d i zed w i th stront i um i n i ta i l  ra t i o s  
ra ng i ng from 0 . 7085 t o  0 . 725 , wh i ch i s  d i s t i nc t l y  

. h i gher tha n  other Cenoz o i c  magma t i sm .  

Petrol o g i c  ev i dence s tron g l y  suggests  that the 
two-m i ca gra n i tes crysta l l i zed w i th i n  the cru s t ,  
probab l y  a t  depths equa l t o  or  greater tha n I e  km . 
F i rs t l y ,  the l ack  of su rface vol can i sm suggests that 
the W i l derness a ssembl a ge p l u tons d i d  not  i ntruae 
c l ose  enough to the ground su rface to produce 
v o l can i s m ;  magma t i sm at depths of l ess  than 5 km 
commo n l y  produces vol can i sm .  Second l y , f l u i d  
i nc l us i on da ta from mi nera l depos i ts or  from 
pegma t i tes and  1 eucogra n i te pha ses a s soc i a ted w i th 
W i l derness p l utons i nd i c a te h i gh C02 dens i t i es 
( g rea ter than 0 . 70 )  requ i r i ng a con s i dera b l e 
pressure correct i on for depths to at l ea s t  4 . 5  km 
( a s  i n  the OK p l u ton  of Theodore and others , 1982 ) . 
A th i rd depth i nd i cator i s  the w i despread 
d i s tri but i o n  of  phenocrys t i c ,  magma t i c  muscov i te of 
ce l adon i t i c  compos i t i on wh i ch i nd i ca tes  depths of 
grea ter than lCJ km ( Anderson and  Row l ey ,  1981 ) .  
Fourth l y ,  recent geobarometry on  garne t ,  fel ds pa r ,  
a n d  m i ca i n  pera l um i nous p l utons i n  Ari zona 
i nd i ca tes deep crysta l l i za t i on depths ; for examp l e  
depths  of 10  km or more (W i l derness  gra n i te i n  Santa 
C a ta l  i na Mou n ta i ns ;  L .  Anderson , pers . commu n . , 
1 985 ) .  F i fth , because W i l derness as semb l age p l u to n s  
h a v e  numerous a nd abundan t  pegma t i tes , t h e  water 
content wa s proba b l y h i gh .  Burnham and Jahns  ( 1962 ) 
e st ima te that wa ter contents for pegma t i t i c  g ra n i tes 
a re between 8 and 12 we i gh t  percent H20 ;  they 
cons tructed water depth curves tha t i nd i cate  pH 20 of  
10  we i gn t  percent in  a pegma t i te wou l d  equ i l i b rate 
w i th the overri d i ng l i thosta t i c  l oad at about  13 
km . fI s i xth depth i nd i ca tor is the presence of 
metamorph i c  m i  nera l s such as  kya n i  te and staurol  i te 
i n  the metamorph i c  aureo l es of severa l of the 
W i l derness a s semb l age p l u ton s , a s  i n  the Cata l  i na ,  
Harquaha l a ,  a n d  Cargo Muchacho mou n ta i n s .  Mi n imum 
depths for stauro l i te s tab i l i ty at  amph i bo l i te g rade 
temperatures are about" 8 km . At  amph i bo l i te grade 
tempera tu res ( 450 0 C) the kya n i te s tab i l  i ty requ i res 
approx i ma te m i n i mum depths of  12 km ( Ho l dawa y ,  
1 97 1 )  • 

Structura l Fea tures of the W i l derness  Assemb l a ge 

S truc tures of the W i l derness a s semb l age cons i s t  
o f  myl on i t i c  zones , sou thwest-d i rected thru s t  fau l ts 
o f  reg i ona l exten t ,  and syn k i nema t i c  pera l um i nous 
s i l l s .  The wi despread , reg i o na l l y  deve l oped , 
sha l l ow l y  d i pp i ng ,  myl on i t i c  zones exh i b i t  a genera l 
sou thwest-d i rected shear.  ' ::"  su rfaces of the 
myl on i tes i nvar i ab l y  conta i n  a mi nera l l i nea t i o n  
tha t trends N 50- 70E t o  550- 70101 . These shea r zones 
are commo n l y assoc i a ted w i th l ow-ang l e ,  
sou thwe s t - d i rec ted thru s t  fau l ts and syn k i nema t i c ,  
pera l um i nous p l u tons ( Ke i th , 1982 ) .  Reg i ona l se i sm i c  
data ( Ke i th ,  1 980 ; Re i f  and Rob i nson , 1 98 1 )  s t rong l y  
sugge� t tha t  ma ny o f  the se i sm i c  ref l ectors can  be 
correl a ted w i th su rface outcrops of the myl o n i tes . 
Many of the myl o n i t i c  zones are sha l l ow l y  d i p p i ng 

_ �d northea s ter I y i nc  1 i ned towa ras and  benea th 
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?recambr i a n  crys ta l 1 i ne roc ks  a l ong the sou thwestern 
boundary of the C o l orado P'  ;au ( O tton , 1 98 1 ) .  

I n  Ari zo,la a ma jor  no , ·thwe s t - t rend i ng zone of  
sou thwest-d i rec ted thru s t fa u l  ts of the  W i l derne ss  
a s semb l age may  be  present  a nd i s  here i n  named the 
Ma r i copa thru s t  sys tem ( F i g .  2 ) .  W i th i n  the Ma ri copa 
thru s t  sys tem are numerou s  sou thwest-d i rected 
thru sts  and sou thwa rd-overturned fo l ds ,  many of 
wh i ch a re nappe d i mens i o n .  The western port i o n  of 
the Mari copa thru s t  sys tem i s  we l l -d i s p l ayed i n  
Ca l i forn i a  i n  the B i g  a nd L i tt l e Ma ri a mounta i n s .  
Outcropp i ng thru s t  fau l ts mapped by Haxel  a nd others 
( 1984 ) tha t  proba b l y  com p r i s e  parts of  the Ma ri copa 
thru st  system i nc l ude the W i ndow Mount a i n  Wel l 
thru s t  i n  the S i erra B l anca Mou n ta i ns ana pos s i b l e  
thru s t  north o f  the S i l  Na kya H i l l s  that  wou l d  be 
res po ns i b l e  for sou thwes t-overtu rn i ng strata there . 
The zone conti nues sou thea st  o f  Tucson  and i s  marked 
by m�j o r ,  S Ou thwest-d i rec ted thru s t i ng i n  the 
Huachuca Mounta i ns ( F i g .  2) and cont i nues i nto 
northea s t  Soncra , Mex i co ,  tc S i erra Cabu l l ona . 

Northeast  of the Ma ri copa thru s t  sys tem , a 
northwest-trend i ng bel t of h i gh l y tecton i zed 
( commo n l y myl on i t i c ) ,  p l u ton i zed , and metamorphosed 
c rys ta l l i ne rocks  are exposed as wi ndows beneath a n  
u nmetamorphosed , u nmyl on i t i zed , u p p e r  p l a te compo sed 
ma i n l y  of Precambri a n  crys ta l 1 i ne rocks . The 
p l uton i zed and tectoni  zed crys t a l  1 i ne te rra nes a re 
genera l l y  separa ted from the i r  ' cove r '  by profou nd 
l ow-ang l e fau l t zones that c i rcumscr ibe  the 
c rysta l 1 i ne rocks  a nd produce a .  ' p seudo-cored ' 
a spec t .  The tenn ' pseudo-core ' i s  a pp l  i ed because 
recen t  dri l l  ho l e  resu l ts summa r i zed by Rei f and  
Rob i nson  ( 1981 ) suggest  that  the  p l uton i zed a nd 
tecton i  zed basement ex i s ts reg i ona l l y  beneath 
u nmetamorphosed cover . Port i on s  of  the profou nd 
l ow-ang l e  fau l ts tha t su rrou nd the u nderl yi ng 
c rysta 1 1  i ne ' pseudo-cores ' have experi enced 
l ow-ang l e ,  nonna l separa t i on du r i ng the 
m i d-Tert i ary ,  as w ide l y recogn i zed ( Dav i s ,  1 98 3 ;  
Dav i s  and  others , 1 980 ) . Howev e r ,  compel l i ng 
e v i dence d i sc�s s(G he l ow shows that reg i o na l , 
l ow-ang l e ,  thru s t  fau l ts j u x ta posed nonmyl on i t i c  
c rysta l l i ne basement over myl o n i t i c  crysta l l i ne 
ba semen t  p r i or to m i d d l e  Tert i a ry ( Drewes , 198 1 ;  
Kei th , 1982 ; Haxel  and  Grubensky ,  1984 ) . 

An examp l e  of a w i ndow i nto the crysta l l  i ne 
basement  of the l ower p l a te ' i s  i n  the R i ncon  
Mounta i ns where duct i l e ,  sou thwest-d i rec ted , 
f l exura l - f l ow ,  fo l d  defonna t i on of P a l eozo i c  rocks  
on  the east  s i de of  the range ( L  i ngrey,  1982 ) i s  cut  
by the Ba rney Ranch p l u ton  (at  l ea s t  3 7  Ma ) that wa s 
a s s i gned by Ke i th and  others ( 1 980 ) to the 
W i l derness su i te of p l u ton s·. Th i s  fo l o  defonna t i on 
occu rs i n  the l ower p l a te of a reg i ona l , l ow-a ng l e  
fau l t  that juxtaposes  nonmyl on i t i c  Precambr i a n  
c rysta l l  i ne roc ks  ( 1 400· Ma o r  o l der ) over defonned 
Pa l eozo ic  a nd Cretaceous sec t i on s  on  both s i des  of 
the mounta i n  range ( Drewes , 1 9 74 , 1 9 7 7 ; Ke i th ,  
1 983 ) .  S i m i l a r ,  l a rge sca l e ,  o l der over younge r ,  
l ow-ang l e ,  fau l t  ju xtapos i t i on s  occur  i n  the 
Torto l i ta Mou nta i ns ( Ke i th , 1983 ) a nd i n  the Rawh i oe 
a nd Bucks k i n  Moun ta i ns of wes t  centra l Ari zona 
( Shacke l ford ; 1 980 ) . 



OROGENESIS. ARIZONA AND ADJACENT REGIONS 

Tim i ny of Thru s t i ng. Excel l en t  rel a t i on s h i p s  i n  
the Santa Cdtal l na a nd R i ncon Mounta i n  c rysta l l i ne 
comp l exes i nd i ca te sou thwest- to 
�est-southwes t-d i rected tectoni te fab r i c s  a nd 
�ou thwest - d i rec ted thru s t i ng a re synchronous  wi th 
)era 1 um i nous magma t i sm ,  a l though the p l u tons  tend to 
0e l a te k i nema t i c .  Near Mount Lemmon i n  the Santa 
Cata l i na Mou n ta i ns both the 70 Ma Leatherwood qua rtz  
1 i ori te a nd the ea rl y ,  sha l l ow l y-d i pp i ng phases of 
:he 45-50  Ma l eucogra n i te pha se of the W i l dernes s 
}ra n i te have been deformed by 
·.�est�outhwest-di rectea S-C myl on i t i c  fabr i c s . 
The s e· fab r i c s  a re i nt ru ded by s teep l y  d i pp i ng ,  l a ter 
d'i kes  of the l eucogra n i te showi ng that the myl on i ti c  
fabr i c  devel oped s l i ght l y before a nd duri ng 
empl acemen t  of  the W i l derne s s  su i te of  m i dd l e Eocene 
age . Other areas show i ng strong e v i dence of 
synchrone i ty of thru s t i ng , myl on i t i za t i on ,  and  
pera l um i nous p l u to n i sm i nc l ude the Eastern 
Pen i nsu l a r  Ranges ( S impson , 1984 ) , the B i g  Ma r i a  
Mou n ta i ns . ( Hami 1 ton , 1 982 ; Ma rt i n  and others , 1982 ) , 
the central Harquaha 1 a  Mounta i ns ( Reyno l ds  a nd 
others , 1 980 ) , and the Gunnery Range a nd Papago 
I n d i a n  Reserva t i ons  ( Haxe1  and others , 1 984 ) .  

Regi ona l  Magn i tude of  Thru s t i ng.  Both geomet r i c  
recons truct l ons  a nd petrology of pera l um i nous 
magmat i sm prov i de s t rong ev i dence for the reg i ona l 
magni tude of southwest-d i rected thru s t i ng .  Where 
southwest-d i rected thru s t i ng i s  present , very l a rge 
amounts  of  hori zontal  transport a re sugges ted by the 
d i ff icu l ty of ma tch i ng upper p l a te 1 i th o 1 o g i es w i th 
l ower p l a te l i thol o g i es on il reg i on a l  bas i s .  For 
examp l e ,  i n  the R i ncon Mounta i ns east of  Tucso n ,  
nonmy1 0 n i t i c ,  genera l l y  1625  Ma , grano d i or i t i c ,  
P recambr i a n  roc ks i n  the upper p l a te o f  the Ca ta l i na 
fau l t a nd the i r  probab l e ana l ogs i n  the eastern 
R i ncon Mou nta i ns a nd Johnny Lyon H i l l s  ca nnot be . 
ma tched wi th myl on i t i c ,  genera l l y  1400 Ma , gran i t i c ,  
P recambr i a n  roc ks  . i n  the l ower p l a te a nywhere i n  the 
mounta i n  range . Impo rtan t l y ,  the nonmy1 0n i t i c  
Precambri a n  roc ks  o f  the upper p l ate a re common l y  
juxtaposed over deformed Pa l eo zo i c  roc k s  i n  the 
l ower p l ate beneath port i ons  of  the C a ta l i na fau l t 
and i ts ana l ogs i n  an o l der over younge r ,  thru s t  
sense . ' To remove the nonmy1 0n i t i c  upper p l a te from 
the genera l l y  myl on i t i c  or deformed l ower p l a te 
a l ong a l i ne para l l el to the 1 i nea t i on requ i res  
cumul a t i ve transport of  at  l ea s t  3 5  km , wh i ch is  the 
exposed outcrop w i dth  of  l ower p l a te roc ks  para l l e l 
to l i nea t i o n .  

. 

I n  the Rawh i de ,  Bucks k i n , . and Northern P 1 0mosa 
.10unta i ns extens i ve 1 i th o 1 0g i c  m i sma tches occu r 
Jetween predom i na n t l y myl o n i t i c  l ower p l a tes  
; genera l l y  wi thout 1 400 Ma gra n i t i c  proto1  i th )  a nd 
:lonmy1 0 n i t i c  upper p l a tes  (w i th wi desp read , 1400 Ma 
jra n i t i c ,  Precambr i a n  proto1 i th ) . As i n  the R i ncon 
.I,ounta i n  examp l e ,  younger rocks  may ex i s t  in the 
l ower p l a te beneath the Precambr i a n  upper p l a te .  I n  
the Bucks k i n  Mou nta i n s and Rawh i de Mounta i ns 
Shackel  ford ( 1980)  has  mapped a ' m i dd l  e p 1  ate ' of  
tec to n i  zed  Pa l eozo i c  and Mesozo ic  roc k s  above the 
Rawh i de-Buc k s k i n  detadment  fau l  t. In an ' a rea i n  
the northern Rawh i de Mounta i n s ,  Shacke l ford shows 
that these Pa l eo z o i c  roc ks  are structura l l y  overl a i n  
by Precambr i a n  crys ta l l  i ne roc k s .  The Precambr i a n  
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crys ta l l i ne rocks  i n  that upper p l ate d r 'e , i n  turn , 
unconformab l y  overl a i n  by mi d-Ter t i a ry vol ca n i c  ano 
c l a s t i c  roc k s .  Thu s ,  Pa l eozo i c  �nd Mesozo i c  strata 
Clre erO S i ona l l y  m i s s i ng above the Precambr i a n  i n  the 
upper p 1 a te , a 1 though they a re present ,  though 
tecton i zed , above the Precambr ian  in the m i dd l e  
p l a te .  I f  the Precambr i an-beari ng upper p l ate 
ex i s  ted as a reg i ona I sheet from the Rawh i de to the 
P 1 omosa Mounta i n s ,  then a m i n i mum ove r l a p  of 35 km 
i s  imp1 i ed a l ong a l i ne  para l l e l to the wi desp read N50E-S50W l i neat i on in the l ower p l ate .  S im i l a r  
extens i ve  1 i tho 1 og i c m i  sma tches ex i s t between upper 
and l ower p l a tes in the W h i pp l e ,  Chemehuev i ,  
Sacramento , Dead , and Newberry Moun ta i ns of 
southeastern Cal i forn i a  and sou thernmos t  Nevada . 

U1 t i ma te amounts  of transport cou l d  have been 
much grea ter than the m i n i mum of 10  to 35 km deduced 
d i rect l y  from the overl ap  of nonma tc h i ng 
l i tho l o g i es . Overa l l  transport may .have been 
rel a ted to reg i o na l , southwest-d i rec ted transport on 
the Ma ri copa thru s t  system . The upper p l a tes  of the 
Mar i copa thru s t  sys tem throughout wes t-central  
Ar i zona ma i n l y  cons i s t  of nonmy1 o n i t i c ,  Precamb r i a n , 
c rysta l l i ne rocks u nconformab l y  overl a i n  by 
m i d-Terti a ry c l a s t i cs and vol can i c s .  Th i s  terrane 
i s  typ i ca l  of the ' Mogol l on H i gh l ands ' of Coo l ey and 
Dav i dson ( 1 963 ) where Pa l eo zo i c  and Mesozo i c  s trata 
south of  the Col orado P l a teau were stri pped away by 
ero s i on du ri ng the Mesozo i c  through earl y Tert i a ry .  
T h e  ' p l a te '  of Tert i a ry depos i ted on nonmy1 0 n i t i c  
Precamb r i a n ,  wh i ch i s  predom i nant l y 1 400 M a  gra n i te ,  
i s  the s tructura l l y  h i ghest p l ate i n  the R i vers i de , 
Wh i pp l e ,  Rawh i de ,  Bucks k i n ,  Ha rquaha l a ,  B i g  Horn , 
Harquva r ,  and P 1 0mosa Mounta i ns .  The l ower p l a tes  i n  
th i s  reg i on cons i s t of tecton i c a l l y  imb r i ca ted . 
P recambri a n ,  Pa l eozo i c ,  and Mesozo i c  protol i ths . 
The occu rrence of Mesozo i c  preto1 i ths  i n  the 
myl on i t i c  l ower p l a te beneath wel l -documented 
nonmy1 0 n i t i c  Precambr i a n  roc ks  i n  the upper p l ate 
thus i nd i ca tes a reg i onal , o l der over younge r ,  
thru s t - re 1 a t i onsh i )J .  Se i smi c d a t a  i nd i cate tha t the 
su rface of 1 i th o 1 0 g i c  m i sma tch may proj ect beneath 
the Co l orado P l a teau i n  a geometry cons i s tent wi th 
reg i ona l , sou thwest-d i rected thru s t i n g .  

I f  the Mar i copa thru st  i s  ta ken as  the l ea d i ng 
edge of the above men t i oned , reg i ona l , thru s t  
' p l a te ' ,  then present l i thol og i c  overl ap  between the 
' p l a te '  bea r i ng the Mogol l on H i gh l a nds  terrane and 
the l ower p l a tes  conta i n i ng Pa l eozo i c  and Mes o zo i c  
proto l i ths  wou l d  be a t  l ea s t  9 0  km projected t o  a nd 
a l ong the l i ne of the l ower p l a te l i neat i o n ,  wh i c h  
i s  N50E- S50W.  Th i s  wou l d  b e  the amount of  transport · 
req u i red to remove the overl a p .  N i nety kin i s  the · 
d i s ta nce between the R i vers i de Mounta i ns i n  
southeastern Cal i forn i a  ( the southwesternmo s t  
exposures i n  the upper p l a te where m i d d l e  Ter t i a ry 
unconformabl y overl i es Precambr i a n )  and the northern 
Rawh i de Mounta i ns in western Ari zona ( the 
northernmost  exposu res where metamorphosed Pa l eo zo i c  
sect i ons occur i n  the l ower p l a te ) . 

Reg i ona l l y .  i ntru s i on of shal l ow l evel . 
meta 1 um i nous p l u tons  of the Morenc i assembl age by 
deep l evel , pera l um i nous pl utons  of the ',.J i l derness  
a s semb l age suggests reg i ona l thru s t i ng occu rrEd 
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after tne Morenc i a ssemb l age j � trus i ons i n  any  g i ven 
a rea . For  examp l e ,  i n  the Santa Cata l i na Mounta i ns ,  
Lea therwood su i te p l u tons  of  the Morenc i as semb l age 
are assoc i a ted w i th sha l l ow l evel ( l ess than 3 km ) ,  
porphyry copper- s k a rn mi nera l i za t i on of  earl y 
Pa l eocene age ( Ke i th a nd others , 1 980 ) . They a re 
i n truded i n  the Eocene by the Wi l dl'rness  gran i te ,  
wh i ch p robab l y crys ta l l i zed a t  depths o f  1 0  km or  
more ( see d i scu ss i on of  W i l derness a s sembl age 
roc k s ) .  Thu s , at  l ea s t  7 km of  cru s t  was added to 
the Santa C a ta l i na a rea a fter Morenci  a ssembl age 
intru s i o n  and pr i or  to W i l derness a ssemb l age 
i nt ru s i o n .  The onl y l o g i ca l  way to accompl i sh th i s  
i s  to th i c ken the crust b y  reg i on a l  thru s t i ng o n  a 
proto-Cata l i na fau l t  dur i ng cu l m i na n t  Laram i de 
�rogeny i n  ea rl y Eocene t i me . 

S i x  to e i ght km th i c knesses of thru s t  p l a tes 
above W i l derness a ssemb l age p l u tons is cons i s tent 
�i th f i e l d rel a t i onsh i ps in  severa l a reas that 
i nd i c a te .upper p l a te th i cknesses  of  3 to 1 2  km . 
Examp l e s  i nc l ude 5 to 8 km th i ckness for the upper 
p l a te of  the Saboqu i var i  thru s t  system on  the Papa go 
Reserv a t i o n  ( Haxel  and others , 1984 ) ; a 6 km 
th i ckness o f  upper p l a te i n  the Johnny Lyon H i l l s  40 
km eas t  of Tucson ; a 3 km th i ckness of  the rota ted 
Precambr i a n  p l a te above the imbri cated Pa l eo z o i c  
sec t i on i n  t h e  northern Rawh i de Mounta i ns ( Da v i s  a n d  
others . 1 980 ) ;  and  as  much as  12  k m  o f  t i l ted 
crys ta l l i ne P recamb r i a n  roc k s  i n  the Mohave 
Mounta i ns ( Howa rd and others , 1 982 ) . In the Ari zona 
State A-1 we l l  ( Re i f and Rob i nson , 198 1 )  the upper 
p l a te i s  a t  l ea s t  2 . 3  km th i c k  and cons i s ts of 1 400 
Na g ra n i te .  

Amounts  o f  sou thwest-d i rected thru s t i n g  may 
a l so be e s t i ma ted from the petro l og i c  data . For 
examp l e ,  u s i ng a petrol og i ca l l y  est ima ted th i ckness 
of thru s t  p l a te above a g i ven W i l derness  a s semb l age 
p l u ton of  about 8 km and a reg i ona l  d i p  from se i sm i c  
d a  ta o f  the �la r i  copa t h  ru s t sys tem benea t h  the 
Co l orado PI a teau o f  abou t 30 , then about 1 50 km o f  
thru s t  overl ap  i s  requ i red u s i ng the s i ne func t i on . 
Th i s  f i g u re rough l y  agrees wi th l i thol og i ca l  overl a p  
ev i dence presented earl i er .  

Age o f  W i l derness Assemb l age 

In  common wi th  meta l um i nou s magma t i sm o f  the 
earl i e r  Laram i de ,  pera l um i nous g ra n i to i ds o f  the 
W i l dernes s  assemb l age a re genera l l y  o l der i n  the 
wes t  a nd younger in the ea s t .  In the O l d  Weiman  
Mounta i ns of  southeastern CaJ i forn i a ,  M i l l er and  
Bradfi sh  ( 1980 ) report an  approx imate l y  80  Ma  Rb-Sr 
i sochron for the Sweetwa ter Wash p l uton . To the 
eas t  U-Pb data from the Pan Ta k p l u ton i n  the Coyote 
Mou nta i ns i s  abou t 58 Ma ( Wr i g h t  and Haxel , 1982 ) . 
About 60 km fu rther to the east  i n  the Santa 
Cata l i na Mou nta i ns ,  the W i l derness gran i te i s  44-50 
Ma ( Ke i th and others , 1 980 ) . Pera l um i nou s p l uton i sm ,  
myl oll i t i za t i o n ,  and southwest-d i rected thru s t i ng 
occur i n  southea st  C a l i forn i a  between 85 and 7 5 - 70 
Ma , between 70 to 60 Ma i n  western A r i zona , and 
between 60 to 44 Ma i n  sou thea s tern Ari zona . 

On a reg i ona l sca l e , the pera l um i nous p l u tons  
occupy the younges t  part  o f  the wes t  to east  
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magma t i c  sweep on the time-di  stance curve of  Coney 
and Reyno l ds ( 1 9 7 7 ) .  I n  any g i ven t ime s l i ce ,  the 
pera l um i nous pl u tons occup ied a d i ffuse p l u ton i c  
be l t  wes t  of  the ol der meta l um i nou s magma t i sm and  
moved eas tward w i th the  meta l um i nou s magma t i sm i n  a 
coord i na ted , pa i red fa s h i o n  ( Ke i th and Reyno l d s , 
1 981 ) .  Thus , Wi l derness a s semb l age magma t i sm i n  a ny 
g i ven a rea represents the cu l m i na t i o n  of La ram i oe 
orogeny. 

Reduced I s o topi c Ages . W i l derness  as semb lage  
.p l u to n l sm ,  deforma tI o n , a.nd metamorph i sm I S  
accom pa n i ed by w i despread resett i ng  of  re l a t i ve l y  
'nonres i stant  K-Ar a n d  f i s s i on-tra c k , i sotop i c  
sys tems . The reduced i sotop i c ages a re abou t the 
same age as  or s l i gh t l y  younger than  the empl acement 
of  the pera l um i nous g ra n i tes in the generJ I  
v i c i n i ty .  As wi th the pera l um i nous p l u tons o f  the 
W i l derness assemb l age and the magma ti sm of La rarr. i ce 
strato- tecton i c  assemb l ages i n  genera l , . W i l derness 
a s semb l age reduced ages become you r.ger ea s twa rd . 
For exam p l e .  i n  the Transverse Ranges of sou thea s t  
C a l i forn i a , M i l l er a nd Morton ( 1980 ) have obta i ned 
numerous reduced K-Ar da tes tha t range from 85 to 72 
Ma . To the ea s t  in the 8 i g  Ma r i a  Mou n ta i ns K-Ar 
cool i ng ages on Precambr i a n  through Mesozo i c  
metasedimenta ry rOCKS range from 72-50  Ma ( Ma rt i n  
and others , 1982 ) . I n  western A r i zona numerous 
reduced K-Ar ages c l u s ter between 60-44 Ma 
( Shaf i qu l l ah and others , 1980 ) . In each a rea , the 
reduced K-Ar and fi s s i on track  dates c o i n c i de w i th 
emp l acement  ages o f  pera l um i nous p l u tons  of the 
W i l derne s s  Assemb l age . 

Orocopi a  Assemb l �ge 

The name Orocop i a  a s semb lage  wa s g i ven by Ke i th 
( 1 984 ) to La ram i de recrys ta l l i za t i on phenomena i n  
o l der sch i stose rocks  tha t  poss i b l y  were Jura s s i c  or  
C retaceous meta g raywackes and tha t now occur in  the 
l ower p l a te of the reg i ona l Chocol a te Mounta i n  
thru s t  system o f  sou thea stern C a l i fo r n i a  and 
southwes tern Ar i zona . Laram i de recrys ta l l i za t i on i s  
i nd i  c a  ted by numerou s reduced K-Ar ages tha t record 
term i na t i on of a metamorph i c  event tha t wa s pos s i b l y 
a s s oc i a ted w i th the f i na l  empl acement of sch i s tose 
roc k s , such as  the Orocop i a ,  Rand , a nd Pel ona 
s ch i sts surrma ri zed by Haxel and D i l l on ( 1 978 ) . The 
term Orocop i a  a ssemb l age wa s chosen fo r 
recrysta l l i za t i on phenomena i n  t h ,'  Orocop i a  Sc h i s t  
benea th the Choco l a te Mounta : �  thru s t  w i th i n  the 
Orocop i a  Mounta i ns i n  southeas t�rn C a l l f )(ni a .  

Roc ks o f  Oroco p i a  Assemb l age 

There are no sed i�enta ry ,  vo l can i c ,  or  pl uton i c  
roc ks i n  the Orocop i a  a s semb l age .  Rathe r ,  Orocop i a  
a s semb l age ' rocks ' con s i st  o f  metamorph i sm and  
recrys ta l l i za t i on phenomena i n  roc k s  tha t predate 
Orocopfa assemb l age tecto n i sm .  Orocop i a  assemb l age 
metamorph i sm cons i sts of greensch i s t-grade 
metamorph i sm of metagraywa c kes tha t had prev i ous I y 
been metamorphosed to b l uesch i s t grade ( ch I  i g ,  1 968 ; 
Graham and Engl and ,  1 9 76 ) . The �r i g i na l  
b l uesch i s t-grau2 metamorph i sm cou l d  have occu rred i n  
an  accreti ona ry me l a nge wedge deve l oped above the 
subduct i on zone from l a te Jura s s i c  through 
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m i d-Cretaceou s t i me .  The greensch i s t  metamorph i sm 
of the Orocop i a  assemb l age wou l d  then be re l a ted to 
emp l acement v i a  underthru s t i ng henea th the North 
Ameri can p l a te .  The or i g i na l  metamorp h i sm of the 
sch i sts  i s  no ol der than 163 Ma , wh i ch i s  the date 
of  a pre-metamorph i c ,  pyroxene-hornbl ende d i ori te 
d i ke tha t i ntrudes metagraywackes of the l ower p l a te 
(Mukasa and others , 1984 ) a nd may pre-date f i na l  
emp l acement  subsequent to 8 5  Ma . Numerous reduced 
K-Ar ages between 47 to 60 Ma refl ec t  cool  i ng and  
term i na t i on of  metamorph i sm of the  Orocop i a  Sch i s t  
perhaps du r i ng the l ast  phases o f  empl acemen t .  For 
examp l e ,  the Pel ona  Sch i s t  benea th the V i ncent 
thru st  i n  the San Gabr ie l  Mou n ta i ns wa s metamorposed 
dur i ng the Pa l eocene ( Eh l i g ,  1 968 ) . The 
concentra t i on of K-Ar and Rb-Sr i sotop i c  ages from 
the Pel ona Sch i s t  and V i ncent thru s t  i n  the i n terval  
between 50 to 60 Ma sugges ted to Haxel and D i l l on 
( 19 78 )  that the me tamorph i sm occurred i n  P a l eocene 
t ime . 

Structural  Fea tu res of Oroco p i a  Assemb l age 

Struc tu res here i n  a s s i g ned to the Orocop i a  
assemb l age cons i s t  o f  the reg i ona l thru s t  fau l ts of 
the Choco l a te-V i ncent-Rand thru s t  system , wh i ch i s  
reg i o na l l y  present throughout sou thea stern 
Cal  i forn i a  and southwes tern Ar i zona ( Haxel  and 
D i l l on ,  1978 ; Crowe l l ,  1981 ) .  Pr i nc i ;J a l  thru s t s  are 
the Rand thru st  in the Rand Mounta i ns of 
northeas tern Kern County,  the V i ncent thru s t  in the 
San Gabri e 1 Mounta i ns of  northern Los Ange l es 
County, and the Choco l a te Moun ta i n  thru s t  i n  
R i vers i de and Imperi al  cou n t i es of southea s tern 
Cal  i forn i a  and sou thern Yuma County i n  southwestern 
Ari zona . ' 

These ' s tructures are very l a rge , very sha l l owl y 
i nc l  i ned , northeast-d i p p i n g ,  pos s i b l y  southwest­
d i rected , reg i ona l  thru s t  fau l t s .  The  fo l i a t i on 
fab r i c  wi th i n  sch i sts  of the l ower pl ate bel ow the 
thrusts  genera l l y  have northea s t- southwest-
trend i ng l i neat i o n . The  upper  p l a te of  the  
Orocop i a- V i ncent thru s t  system is  common l y  a ffected 
by thru s t- re l a ted myl on i t i c  fabr i c that  cuts  
retrograded gra nu l i tes , amph i bo l i te-grade paragne i ss 
and orthogne i ss  of Precambr i a n  throug h  pos s i b l y  
m i d-Cretaceous age . The thru s t-rel ated myl on i tes  i n  
the , upper p l a te commonl y conta i n  a 
northeas t-sou thwest- trend i ng l i neat i on para l l e l to 
1 i nea t i o n  i n  the l ower p l a te sch i s tose  roc k s . 
Tecton i c  transport d i rect i ons  for the upper p l a te 
myl on i tes y i e l d  contrad i c tory. resu l t s ,  w i th some 
suggest i ng northeast  and some i nd i ca t i ng sou thwest 
transport . 

Magn i tude of  Thru s t i ng . Latera l tra nsport a l ong 
Orocop l a  assernoiage thru st  fau l ts probab l y  wa s at  
l east  1 5 0  km  a nd may  have  been as  much  a s  625  km  or 
mo re . The metagraywa.c kes , m i nor  metapel i tes , 
chert s ,  and ma f i c  metavol can i c  roc ks i n  the l ower 
p l a tes of Orocop i a  as sembl age thru s t  fau l ts have no 
l i tho l og i c  ana l og s  anywhere in the North Amer ican  
upper p l a te .  I n  sou thea stern Ca l  i forn i a  and 
sou thern Ar i zond , an overl a p  of North Ame r i can  upper 
p l a te roc ks  over l ower p l a te metagraywackes  of the 
Oroco p i a  Sch i s t and corre l a t i ves can be i nferred to 
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be a t  l ea s t  1 5 0  km proj ected para l l e l  to a N50E-S50W 
l i ne ,  wh i ch i s  the average trend of l i nea t i o n  i n  the 
l ower p l a te sch i s tose rock s .  

Ev i dence for cont i nent-sca l e  underthru s t i ng o f  
F ra nc i scan- l i ke materi a l s  beneath North Ameri ca was 
reported by Hel mstaedt and Oo i g  ( 19 75 ) . They 
o b ta i ned samp l es of b l uesch i s t  eco l og i te from 
i nc l u s i on s  i n  the nephe l i ne a l ka l i c  d i atremes of 
m i d-Ter t i a ry age at Garnet R i dge a nd Moses Rock i n  
the Four Corners Reg i on of Ari zona a nd Uta h .  The 
a f f i n i ty between the ecol og i te i nc l u s i ons  ' and the 
Franc i scan- l i ke rocks wa s aff i rmed by l awson i te 
cores w i th i n  amph i bo l e  phenocrysts  and j a de i te cores 
wi t h i  n pyroxene phenocrysts from the eco 1 ogi te 
i nc l u s i on s .  He lmstaedt and Oo i g  ( 19 7 5 )  sugges ted 
that  the on l y way to get a h i gh-pres sure , 
l ow-tempera ture assem b l a ge beneath a cont i nenta l 
a rea such as the Col orado P l a teau wa s to i nvoke 
ma s s i ve·  con t i nent-sca l e  u nderthrust i ng of  
Franc i scan- l  i ke ma ter i a l s benea th North Amer ica . If  
i t  is  a s sumed that the ecol og i te i nc l u s i ons are 
i ndeed u nderthrus t  Franc i sca n ,  then the amoun t  of  
impl i ed l i tho l og i c  overl a p  wou l d  be a t  l ea s t  625  
km . 

M i s s i ng C ru s t .  A remarkab l e  s truc tu ra l fea ture 
of the Urocop l a  as semb l age thru s t i ng i s  that deep 
l eve l  s ch i s tose terranes or metagraywacke packages 
have been commonl y juxtaposed under supercru s t a l  
a s semb l ages of  t h e  North Amer i c a n  p l a t e .  Deeper 
North Ameri can  c ru s t ,  such as the granu l i te l aye r 
wh i ch wou l d  be expected i n  a normal cru s ta l  pro f i l e ,  
i s  common l y  m i s s i ng .  There are pl aces , such a s  i n  
the San Gabr i el and Oroco p i a  Mounta i ns ,  where the 
granu l i te l ower cru s t  is l oca l l y  preserved i n  the 
u pper p l a te ,  but for the mos t part the granu l i te 
c ru s t  i s  m i s s i ng i n  the upper p l a te .  I n  effect ,  the 
North Amer i can c ru s t  throughou t much of  the western 
Mojave desert reg i o n  is a root l es s ,  c rys ta l l i ne 
p l a te that i s  res t i ng a l l ochthonou s l y  on a proba b l e 
sch i s tose basemen t .  Some of the deep cru s t a l  COCORP 
se i sm i c  l i nes recentl y shot a c ross  the wes tern 
Mojave b l oc k  show numerous refl ect i ng hori zons a t  
depth benea th the wes tern Mojave  that cou l d  i n  part 
represent  the sch i s tose basement . Based on the 
se i sm i c  data , the base of the present cru s t  i n  the 
wes tern Moja ve reg i on occurs no deeper than 20 to 25 
km , wh i ch i s  about hal f of the expected t h i c kness 
for normal cont i nental  cru s t .  Thus , the poss i b i  1 i ty 
ex i sts  that  reg i on a l -sca l e  tecton i c  eros i on of the 

. North Amer i c a n  p l a te occurred du r i ng Orocop i a  
a s sembl age metamorph i sm and thru st i ng .  

Age o f  Orocop i a  ASSemb l age 

Rel a t i ve age rel a t i onsh i ps and geochrono l og i c  
ca l  i bra t i on a l ong the var ious  thru s t  fau l  t s  sugges t 
Orocop i a  a s semb l age thru s t i n g  occu rred a fter 85 Ma 
and termi na ted about 60 Ma . I n  the San Gab r i e l  
Mou nta i ns hornbl ende- b i ot i te qua rtz c i or i te i n  the 
upper p l ate tha t i s  i n  fau l t contact w i th the 
V i ncent thru s t  yi e l ds K-Ar da tes on hornb l e nde o f  6 7  
M a  ( M i l l er and Morton , 1980 ) . One of  the p l u tons  i n  
the Sa n Gab r i e l  Mou n ta i ns has y i e l ded a U - P b  date o n  
z i rcon o f  8 0  + / - 10  M a  ( Ca rter and S H v e r ,  1 9 7 1 ) ,  
Thu s , ava i l a b l e  ev i dence i n  the San  Ga b r i e l  
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Mounta i ns i nd icates emp l acement of the V i ncent 
thrus t  after 80 Ma . 

I n  the Randsburg area , S i l ver and others ( 1984 ) 
report a U-Pb da te of N86 . 5 Ma . on z i  rcon from a 
gran i te i n  the upper p l a te tha t 1 S  cut by the Rand 
thru s t  zone . Th i s  date s t rongl y suggests that 
emp l acement of the schi s t  beneath the Rand thru s t  i s  
younger than 8 5  Ma . I n  the southeas ternmost  
Choco l ate Moun ta i ns ,  m1 n 1 mum ages for  rock 
juxtapos i t i on s  a l ong the Choc ol a te Mounta i ns thru s t  
are Pa l eocene ba sed o n  K-Ar da ta on  the Marcus Wa sh 
.Gra n i te ,  wh i c h  cross-cuts the thru s t  ( Haxel  and 
D i l l on ,  1 9 78 ) . 

I n  a ny g i ven a rea , Oroco p i a  a s semb l age 
tec ton i sm a ppears to pos t-date W i l derne s s  a ssembl age 
tectoni sm .  In severa l a reas of  southern Ca l i forn i a ,  
W i l derne s s  as semb l age , pera l um i nous a l a s k i tes a re 
truncated by the Choco l a te-V i ncent thru s t  system of . 
the Orocop i a  As semb l age . 

Term i na t i on of La ram i de Orogeny 

The term i na t i on of  Larami de orogeny en the 
Co l orado P l a teau i s  represented by a w i despread 
unconfo rm i ty known as the ' Eocene eros i on  su rface ' 
( Ep i s  and Chap i n ,  1 9 75 ) . I n  the San  Juan  Ba s i n  i n  
northwes tern New Mex i co roc k s  o f  the San Jose  
Forma t i on be l ow the  Eocene ero s i on surface a re 
Wa sa tch i a n  ( earl y  Eocene or a s  young a s  50 Ma ) 
( Ba l tz ,  1967 ) .  A l ong the Mogo l l on R i m  segmen t  of the 
Col orado P l a teau i n  Ari zona , ' R i m  grave l s ' ,  \,!h i ch 
conta i n  c l a sts  yie l d i ng earl y Eocene date s , cou l d  be 
m i dd l e Eocene i n  age a nd res t  benea th the l a te 
Eocene-ea r l y O l i gocene unconfo rm i ty a s  they a re 
l oca l l y overl a i n  by l a te O l i gocene-Mi ocene vol can i cs 
( 28 Ma K-Ar date by Pei rce and  others , 1 9 79 ) . Th i s  
reg i on a l  unconform i ty of l a te Eocene to ear l y  
0 1  i gocene age des c r i bed by Pe i rce a n d  others ( 19 7 9 )  
separates the Laram i de and Ga l  i u ro o roge n i es  on  the 
Col o�ado P l a teau . 

I n  supercru s t a l  stra t i graph i c  sec t i ons  of  
sou thern Ari zona , the Laram i de-Ga l iuro bounda ry i s  
conta i ned i n  a n  unconform i ty between med i a l  Ga l i u ro 
orogeny vo l can i c s  a nd sediments a nd med i a l  Laram i de ,  
Morenc i a s semb l age , i g neou s rock s . I n  southern 
Ari zona , the u nconformi ty represents a gap  of  about 
20-40 m i l l i o n  years  ( Damon and  Mauger ,  1966 ) . Thus , 
convent i ona 1 u se of unconformi t i  es yi e 1 ds poor 
contro l  for the L a rami de-Ga l i u ro bounda ry . 

Ana l ys i s  of the s tra to�tecton i c  corre l a t i on 
chart ( F i g .  1 ) ,  however , revea l s  tha t l i ttl e  or no 
t i me sepa ra tes Gal i u ro from Laram i de orogeny, 
because acti ve L a ram i de deforma t i o n ,  . metamorph i sm , 
and p l u ton i sm was occurr i ng a t  m i d- to sub-cru sta l 
l evel s throughou t Eocene t i me ( Wi l derness  and 
Orocop i a  as semb l ages ) .  In a ny g i ven a rea , Oroco p i a  
as semb l a ge tecton i sm pos t-da tes W i l derness  
a s s ellib l age p l u ton i sm and i s  thu s the younge s t  
Laram i de eve n t ,  where i t s  p rescence can b �  
e s t a b l  i shed ( s ou thwes tern Ari zona a n d  southea. stern 
Ca l i forn i a ) .  In sou thea s t  Ar i zona , howeve r ,  
W i l derness a s sembl age i s  t h e  youngest p roven 
La ram i de event , a l though Orocop i a  as semb l age may 
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ex i st a t  depth . From the strato-tecton i c  cha rt , the 
term i na t i on of  Laram i de orooeny in southea stern 
Ari zona ana sou thwes tel-n New

·· Mex i co is p l aced at  
about  43 Ma  and in  western Ari zona and southea stern 
Ca l i forn i a  a t  about 38 Ma . 

GAl l  URO OROGENY 

The Gal i u ro orogeny was ori g i na l l y  named by 
Kei th ( 1 9 7 7 ) to d i fferenti a te two fundamenta l l y 
d i fferent a nd i ndependent orogeni c events of the 
m i dd l e and l a te Tert i a ry :  "The styl e of the Ga l i u ro 
o rogeny ( 35 - J. :>  m . y . ) i s  characteri �ed by:  1 )  Broad 
NW- trend i ng el onga te u p l i fts w 1 th 1 nterven 1 ng 
syntecton i c  bas i ns conta i n i ng conti nenta ! c l as t 1 c  
depos i ts ;  2 )  Broad NW- trend 1 ng ,  l ow-pl ung 1 ng fol �s ;  
3 )  NW- trend i ng di ke swarms ; 4 )  Denuda t i ona l fau l t1 ng 
a nd megabreccia l a nds l  i des  d i rected away from 
u p l  i fts ; 5 )  W i despread ca l c-a l ka l 1 ne magma t 1 sm 
pea k i ng 24-27 m . y .  ago ; 6 )  Emp l a cement of 
metamorph i c  core comp l exes accompa n 1 ed by 
SW-N E - trend i ng l i nea t i o n "  ( Ke i th ,  1 9 77 ) .  

I n  Ar i zona these oroge n i c  phenomena have 
prev i ou s l y been referred to the m i d - Tert i a ry orogeny 
( Eber l y a nd Sta n l ey ,  1 978 ; Sha f i qu l l ah a �d others , 
1 9 80 ) .  The term ' m i d-Tert i a ry orogeny ' 1 S  a t 1 me 
term tha t does not p rec i sel y refl ect the d i achronous 
n a tu re of  oroge n i c  phenomena . In the northwestern 
U n i ted Sta tes , Tert i a ry oroge n i c  phenomena very 
s im i l a r to Gal  i u ro orogeny i n  Ari zona are Eocene or 
ear l y Terti a ry in age ; i n  Baja Cal i forn i a  s i m � l ar  
phenomena are 1 5  to  5 Ma  or m i ddl e to  l a te Tert 1 a ry 
i n  age . S im i l a rl y  i n  New Mex i c o ,  Ga l i u ro orogen 1 c  
r;henomena a re 3 7  to 2 2  Ma o r  ear l y to m i dd l e  
Te rt i ary i n  age . 

C l a s s i ca l l y ,  oroge n i c  nomencl a tu re typ i ca l l y  
nas  evo l ved from some reference reg i on that 
conta i ned rocKs  and struc tu res tha t are cons i de red 
rep resenta t i ve of the orogeny. Thu s ,  geograph i c  
termi n o l ogy , such a s  ' Sev i er '  and ' Laram i de ' ,  i s  
p refera b l e  to time termi nol ogy,  i n  order to conform 
wi th termi no l ogy for other oroge n l  es  and to 
empha s i ze phys i ca  1 1  y 1 oca tab 1 e phenomena . . . I � 
sou theas tern Ari zona , roc k s , structures , and m1 nera l 
depo s i ts that are excel l ent exam p l es  of Ga l i u ro 
orogeny phenomena are we l l  exposed i n  the Ga l i u ro 
Mounta i ns a nd surround i ng mounta i n  ra nge s .  Thu s , 
the Ga l  i u ro Mou n ta i ns and v i c i n i ty ( espec i a l l y  
exposu res i n  the Santa Catal  i na and Torti l l a  
moun ta i n s )  i s  des i gnated as  the type a rea for the 
Gal i u ro o rogp.ny. 

The beg i nn i ng of  Ga l i u ro orogeny i n  the Ba s i n  
a n d  Range Prov i nce o f  sou thern Ari zona may be p l aced 
at the unconfo rm i ty bel ow the base of Ga l i u ro 
a s semb l age vol c a n i c s  or underl yi ng Mi neta 
cont i nenta l  c l a s t i c s .  In any g i ven area , the 
�a l i uro orogeny can genera l l y  be subdi v i ded i n to 
three broad pha ses tha t sequent i a l l y  overp r i n t  
prev i ou s  phases i n  a sys tema t i c  ma nne r .  Ga l i u ro 
orogeny i s  d i v i ded i nto i n i t i 3 1 , med i a l , a nd 
cu l m i nant  phases that" may con s i s t  of one or more 
s trato-tecton i c  as sembl ages tha t exh i b i t  l a tera l or 
vert i c a l  fat: i e s  rel a ti onsh·i p s w i !h . on( a no ther 
( Tab l e  ;. ; . Un a I cy l ona l ba� ; s ,  bal l u ro , ; rr ; 2 ;1 ; c 
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OROGEN I C  ASS EMBLAGE SED I ME N TA T I ON MAGMA T I SM STRUCTURAL FEATURES M I NERAL RESOURCES AGE ( Ma ) 
PHASE 

C u l mi nant IIh; Pil l e  coarse & f i ne c l a s t i c s  a I k a  l ; c hydrouS l ow-an g l e  nonnal Cu-Au .. �g i n  ynS , 1 8- 1 1  ' CA 
GAL I URO megabrec c i a  b l oc k s  vo l can i cs & l ocal detachment fau l ts repl acement l enses 34- 1 3  AZ · 

epi zona l stocks SSE-NNW-trend i ng fo l ds & ; n  aeta c h .  fau I tS 28- 18  ? NM 
. (meta I umi nous ) NW-SE s tri k i ng thru s t s  epi thenna I Au-Ag v n s  

& reverse fau l t s  hotspri n Q  M n  & U 
Med i a l  Ga l i uro l oc a l  c l a s t i cs a l ka l i -ca l c i c  hydrous broad NW trend fol ds Pb-Zn-Ag +/- F vns 38- 1 8  NM 

GAL I URO Da t i l i nterfi nger i gni mbri t i c  volcanics NW and NE-trend i ng & replacements 28-18 AZ 
Fac i es wi th v o l c a n i c s  & epi zonal pl utons di kes ep i therma I Ag 22-18 CA (meta I umi nous ) hotspri ng Mn 
South c l a s t i cs i n terfinger ca I c-a I ka I i  c hydrous broad NW trend fo l d s  A u  +/- Cu-W v e i ns 30-22 AZ 
Mounta i n  w i  th vo I can i cs v o l c a n i c s  and epi zonal NW trend di kes & d i s semi na ted 31- 14  CA 
F ac i es p l utons (meta I umi nous ) mi nor NE trend dnes depos i ts In n i a  I Mi neta coarse & fi ne c l a H i c s  rare vo I cani c s  l ocal  broad ba s i n s  u r a n i um 38-2B 

GAL I URO & evapor i tes i n  mo s t l y  w i t h i n  pas s .  WNW tren d .  c l ay 
l ac u s t r i ne env i ro n .  ' vo l ca n i c  gap ' reverse fau I t s exoti c copper 

Tab l e  3 .. Summa ry of assembl a ges of the Ga l i u ro orogeny i n  Ari zona . 

phases are d I a ch ronous  and , i n  a genera l way ,  become 
you nger from east  to wes t  ( F i g .  1 ) .  

I n i t i a l  Ga l i u ro Orogeny 

M i neta Assembl age 

Rock s  depos i ted du r i ng the i n i t i a l  Gal  i u ro 
o rogeny a re sporad i ca l l y  scattered throughout the 
Ba s i n  and Range Prov i nce of  Ari zona ( F i g .  3 )  and  a re 
here i n  named the M i neta a ssemb l age . The name M i neta 
is ta ken from the M i neta Fonna t i o n  of Chew ( 19 5 2 )  
and C l ay ( 1 9 70 )  a l ong M i neta R i dge i n  the eastern 
Red i ngton Pa ss  area a bou t 40 km northea s t  of  Tucson , 
wh i ch i s  des i gnated as the type a rea for M i neta 

· d s semb l age . O ther reference a reas  i nc l ude the Teran 
Ba s i n  sequence of the southea s tern Ga l i u ro Mounta i ns 
( Sca rborough and W i l t ,  1 979 ) and the Gene Canyon 
Fonna t i on of  the sou thea s tern Wh i pp l e  Mounta i ns 
( Da v i s  and others , 1980 ) where the Gene Canyon 
Fonn a t i on i s  exposed . M i neta Assemb l age i s  
conceptua l l y  s i m i l a r  to the l ower Un i t I of  Ebe r l y  
a nd S t a n l  e y  ( 1978 )  a nd t h e  pre-ign imbri te sediments 
of W i l t  and Sca rborough ( 1981 ) .  

Rocks of  the M i ne ta Assemb l age 

M i neta Assembl age roc k s  a re predom i nant l y 
cont i nental  sedimentary rock s  that cons i s t  pr ima r i l y  
o f  fi ne-gra i ned l acustr i ne sed i ments  and seconda ri l y  
of coarse-gra i ned , typ i ca l l y  redd i sh ,  congl omera tes 
in a l l uv i a l  fan depo s i ts ;  they typ i ca l l y  range from 
650 to 3400 m th i ck .  Th i nner accumu l a t i ons  a re 
typ i ca l l y  rel a t i ve l y  th i n ,  bas a l  congl omerates tha t ·  
e i ther confonnab1 y o r  u nconfonna b l y  u nderl i e  the 
vol c a n i c -dom i na ted med i a l  Ga l i u ro a ssemb l ages . 
Vo l ca n i cs a re o n l y rarel y present i n  M i neta 
as semb l age roc ks and con s i s t  of th i n  vol can i c  fl ows , 
sUlh as Turkey Tra c k  a ndes i te ,  or th i n  a s h  fl ow 
tu ffs . F i ne-gra i ned fac i e s  of the Mi neta a ssembl age 
common l y  conta i n  ca rbona tes and gypsum i n  l atera l l y  
wi despread , l acustr i ne fac i es .  Away from ba s i n  
centers , bra i dpl a i n  depos i ts a re common w i th 
fa ng l omera te fac i es l oca l l y  occurr i ng nea r ba s i n  
edges . 
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Mi neta as semb l age sed imentary roc ks  conta i n  
f i ne-gra i ned , l ow energy , l acustr i ne fac i es . that 
occup i ed what may have been l a tera l l y  con t I nuous  
bas i ns of con s i derab l e geograph i c  exten t .  For 
examp l e ,  some fi ne-gra i ned stra ta that may have been 
depo s i ted i n  a ba s i n  that pre-dated the present 
Ri ncon Mounta i ns i nc l ude : the cl aystone member of 
the Pantano Fonna t i on south of the R i ncons , the 
f i ne-gra i ned fac i e s  of R i l l  i to I of Pash l ey ( 1966 ) 
northwe s t  of the R i ncons , f i ne-gra i ned M i neta 
Fonna ti on , a nd gyp s i ferous muds tones of the Teran 
Bas i n  sequence northea s t  of the R i ncon s .  Al l . of  
these fonna t i on s  conta i n  a Tu rkey Track  andeS I te 
da ted a t  , 7 -28 Ma ( Damon and Mauger ,  1966 ; 
Sha f i q u l l a h  and others , 1978 ; Sca rborough and W i l t , 
1 9 7 9 ) . Thu s ,  i t  appears tha t  the a rea now occu p I ed 
by the R i ncon Mou nta i ns wa s a broad depocenter for 
M i neta a s semb l age roc k s  i n  O l i gocene t ime . 

I n  southeasternmos t  Cal i forn i a  and wes t-centra l 
Ar i  zona , 1 acus  tr i  n:: 1 imcstone and evapori te- bear i  ng 
mudstones a re important parts of the Gene Canyon  
Fonna t i on a nd l ower Art i l l ery Fonna t i o n .  The  overa l l  
sed i mentol ogy o f  these rocks  sugges ted to Dav i s  and 
o thers ( 1980 ) that  Gene Canyon Fonna t i on man t l ed a 
l ow topography· that  wa s devel oped on Protero z o i c  
c rysta l l i ne roc k s .  Tu ffs i nterbedded w i th 
l acustr i ne depo s i ts  i n  the Gene Canyon Fonna t i o n  i n  
the southern Wh i pp l e  Moun ta i ns are a s  young a s  24  Ma 
on the ba s i s  of rad i ometr i c  da t i ng ( Dav i s  and 
others , 1 982 ) .  As in  the exposures a round the R i ncon 
Mou nta i ns ,  the Gene Ca nyon ba s i n  pre-dated el eva t i o n  
of  the Wh i pp l e  Moun ta i ns .  

Where stra t i graph i c  re l a t i onsh i ps are we l l  
documented , i n i t i a l  sed i menta t i on i n  M i neta 
as semb l age ba s i ns i s  predom i nant l y  congl omera t i c  
refl ect i ng an  i n i t i a l  i nterval  o f  ra p i d  
sed i menta t i o n .  The upper port i ons o f  these M i neta 
a s sembl age fonna t i ons  common l y  cons i s t of l a rge 
amounts  of l al.:u str i ne sedi ments such as carbona tes 
a nd gyps i ferous mudstones . I n  ba s i ns w i th a l ong 
h i s tory of sed imenta t i on ,  the l a cu s tr i ne u n i ts may 
be overl a i n  by you nger fa ngl omera te u n i ts that 
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common l y  
p robab l y  
events . 

conta i n  megab rec c i a  
refl ect subsequent 

c l a sts  and that 
Ga l i u ro orogen i c  

S tructu ra l Features of  Mi neta ' Assemb lage  

Structu ra l  da ta for  M i neta a s sembl age i s  
d i ff i cu l t to document ; but , where s truc tu res a re 
p resent or can be rea sonab l y  i nferred from 
sed i mentol o g i c  ev i dence , M i neta a ssemb l aqe s trata 
may nave accumu l a ted in d ser i e s  of bas i ns tha t  are 
e l onga te i n  a n  east-wes t  to west-northwe s t  
d i recti on . These bas i ns a r e  bordered by steep , E-W 
to WNW-trend i ng ,  e l ongate up l i fts tha t were pos s i b l y  
bounded by reverse fau l ts .  A good examp l e  of  M i neta 
as semb l age structu ral  fea ture '; i s  the Babocomari  
Bas i n between the northern Huachuca Mounta i ns  and 
the sou thern Mus tang Mounta i ns .  Here , a th i c k  
sequence of  o l der deformeo gravel  s i s  probab l y 
equ i va l ent to the M i neta a ssemb l age part of the 
Pantano . Forma t i on ( V i ce , 1 9 74 ) . The northern 
boundary of the Babocomari  ba s i n  i s  marked by a 

, ea s t-west to WNW-trend i ng fau l t zone a l ong and j u s t  
north of  t h e  Babocoma ri R i ver i n  t h e  a rea o f  the 
Babocomari  Ranch . Hayes and Raup ( 1 968 ) show th i s  
fau l t  a s  a s teep to i n termed i ate , north-d i p p i ng 
reverse fau l t tha t  j uxtaposes Pa l eozo i c  o f  the 
sou thern Mustang Mounta i ns over the o l der grave l s of 
the M i neta assemb l ag e .  Vol c a n i c  rock s  i n terca l a ted 

,w i th i n  these congl omera tes yi e l d a da te of 38 . 9  Ma 
( Ma rv i n  and others , 1973 ) from south of  the 
Babocoma ri R i ver and da tes of  2 7 . 2 ,  2 6 . 1 ,  and 24 . 3  
Ma from a th i n  vo l ca n i c  un i t  i n terca l a ted i n  the 
gravel s a l ong the Babocoma r i  R i ver near the 
ilabocomari Ranch ( V i c e ,  1 9 74 ; Sha f i qu l l ah and 
others , 1 9 78 ) .  The sou thern bou nda ry of  the ba s i n  i s  
marked by the Ki no Spri ngs fau l  t zone , wh i ch i s  a 
near vert i c a l  fau l t  that cuts the M i neta a s semb l age 
sed iments for abou t 12 km ( 8  m i l es )  a l ong stri k e .  

Another M i neta as semb l age ba s i n  i s  t h e  l ower 
pa rt of  the Pantano Forma t i on between the R i ncon and 
Santa R i ta Mounta i ns ( F i nnel l ,  1 9 7 0 ;  Brenna n ,  1 9 6 2 )  
where ou tcrops of  the l ower fang l omerate member of  
the Pantano a re rest r i c ted to an  eas t-we s t  trend i ng 
zone tha t  i s  part l y  bounded by WNW- to �-W  str i k i ng ,  
nea rl y vert i ca l  fau l ts on the south ( Sca rborough and 
W i l t ,  1 9 79 ) . However , on the eastern s i de o f  the 
ou tcrops ,  the cl ays tone member seems to 
depos i t i ona l l y  overl ap  the eastern project i on of the 
structural bounda ry .  The ba s i n  probab l y  f i l l ed up 
rap i d l y  wi th fa ngl omerates deri ved from the eas t  ' and 
sou thea s t  ( from c l a s t  da ta in  Brenna n , 1 962 , and 
pal eocurrent c.ata reported by Coo l ey and Dav i dson , 
1963 ) .  By the t ime the m i ddl e Pantano was depo s i ted , 
the c l aystone member overl apped the prev i ous  
sou thern bounda ry of the ba s i n .  Other a reas ( F i g .  
3 )  that poss i b l y  conta i ned west-northwe s t - trend i ng 
bas i ns of M i neta assemb l age sed iments i nc l ude the 
Comoba b i  Mou nta i ns ,  the northern Qu i jotoa Mou nta i n s , 
the 'i/h i pp l e  Mounta i ns ( Dav i s  and others , 1980 ) , and 
the sou thern pa rt of the Teapot  Mounta i n  qua drang l e ,  
where there are th i c k  sequences o f  Wh i te Ta i l  
Congl omerate south o f  a west- northwes t- trendi ng 
fau l t lone . 
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F i gure : .  Map of M i neta as semb l age o f  the .i n i t i a l  
Ga l i u ro orogeny. Loca t i ons a re Babocom a n  Ba s l n  
( B ) , Pantano Flil . ( P ) , Helmet Fang l om .  ( H ) , 
Wh i teta i l  Congl . ( 101 ) , Gene Canyon Fm . ( G ) , and 
Como ba b i  area ( e ) . 

Al though data i s  l im i ted , Mi neta a ssembl age 
bas i ns may have devel oped w i th a southwe s t - fa c i ng 
J symmetry ,  as the best  documented ba s i ns of the 
.i� i neta a s sel"b l age occur south of  E-W to N60W­
,str i k i ng s truc tu res . The southern bounda r i e s  of 
M i neta a s sembl age bas i ns appear to be s teep , nea r ' 
verti ca 1 fau l ts that  may a 1 so represent  recu rren t 
movemen t  on e l ements  of the Texas  Zone ; they a re 
depos i t i ona l l y  overl a p ped by l acustri ne fac i es of 
M i neta a ssemb l a ge ,  wh i ch suggests that the sou thern 
parts  of the , bas i n  were not a ct i ve throughou t 
depo s i t i on of M i neta a ssemb l age . The faul  ts a l ong 
the northern s i des of the ba s i ns proba b l y  were 
a ct i ve throughout M i neta a s sembl age depos i t i on 
because , where mutual  contacts occu r ,  the fau l ts  cut  
the ent i re M i neta a ssembl aqe and a re not 
depos i t i ona l l y  overl apped by ' M i neta a s semb l age 
s trata . 

Age of Mi neta Assemb l age 

Because  vol can i c u n i t s  are  rare wi th i n  s trata 
of  M i neta as semb l age , age dates are ,';ot abunda n t .  
I n  sou theas tern Ari zona , vo l ca n i c s  w i th i n  c l a s t i c  
u n i ts of  r� i neta a s semb l age i n  the Babocoma r i  ba s i n  
have y ie l ded fou r rad i omet r i c  da tes tha t range 
between 38 . 9  Ma and 24 . 3  ( Ma rv i n  a nd others , 1 9 7 3 ; 
V i ce ,  1 9 74 ; Sha f i qu l l ah and others , 1 9 78 ) . I n  the 
Pantano Forma t i on sou thea s t  of  Tucson , fou r  K-Ar 
determ i na t i ons  on three samp l es range from 3 6 . 7  to 
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28 Ma ( Damon a nd Mauge r ,  1966 ; Ma rv i n a nd other� , 
1973 ; Sha f i qu l l a h and others , 1 9 18 ) .  I n  the northern 
Tucson lV,ounta i ns tr. i n  M i neta assemb l age 
congl omera tes occur beneath the R i l l  i to Andes i te ,  
wh i ch has  been dated a t  38 . 5  Ma ( K-Ar o n  b i o t i te ;  
Damon and B i kerma n ,  1964 ) .  A p l ag i oc l a se K-Ar date 
of  3 1 . 4  Ma and 2 7 . 9  Ma ( Damon a nd B i kerma n ,  1964 ) 
has  been obtai ned from Turkey Tra c k  andes i te 
porphyry i n  the He lme t  Fangl omerate , a poss i b l e  
M 'i neta a ssemb l age un i t  i n  the east  central  S i erri ta 
Mounta i ns south of  Tucson . In the northern Ga l i uro 
Mounta i ns 50 km north- northeas t  of Tucson , Wh i te 
Ta i l  Cong l omerate that i s  unconforma b l y  overl a i n  by 
28 Ma Ga 1 i u ro Vol can i cs has  yi e l ded a date of 32 Ma 
( Kri eger and o thers , 1979 ) .  Thu s , i n  southeas tern 
Ari zona , numerous  K-Ar dates on c l a s t i c  format i ons  
a s s i gned to  the  M i neta a ssembl age range i n  age  from 
39 to 28 Ma . 

Mi neta assemb l age rocks  appear to �e you nger i n  
wes tern Ari zona and southeas ternmost  Ca l i forn i a .  
Four K-Ar da tes o n  vo l ca n i c s  i nterca l a ted i nto the 
Gene Canyon Forma t i on in the southeastern Wh i pp l e  
Mounta i n s  ranqe i n  aqe from 3 1 . 8  to 25 . 7  Ma ( Dav i s  
and others , 1982 ) . Gene Canyon Fonna t i on or  
Arti l l ery Forma t i on s trata i n  the  Northern P 1 0mosa 
Mounta i ns have yi el ded an  K-Ar age date of  25  Ma on 
b i o t i te from a th i n  rhyo l i t i c  tuff  un i t  ( Eberl y a nd 
Stan l ey ,  1 978 ) . The l ower Arti l l ery Forma t i o n  i s  
u nconformabl y overl a i n  by the basa l t  member ,  wh i c h  
i s  proba b l y  1 6-2 1  Ma ba sed o n  two K-Ar who l e  rock 
d� tes on basa l ts from the basa l t member '( Shackel ford , 1980 ; Eberl y and Sta n l ey ,  1978 ) . Thus 
the l ower Arti l l e ry Forma t i on is pre-2 1  Ma . In a 
s i m i l a r fash i o n ,  redbeds at Ada i r  Park  i n  the 
sou thern Laguna Mou n ta i ns north of  Yuma a re 
unconformab l y  overl a i n  by Ki nter Forma t i o n  c l a s t i c s  
wh i ch conta i n  a 2 3  Ma ash  ( O l ms ted a nd others , 
1 9 73 ) . Thus , dates wi th i n  Mi neta assembl age rocks  
range from 3 1  to  24 Ma in  western Ari zona a nd a re 
younger than i n  ea s tern Ari zona , where they range 
from 39 to 28 Ma . 

Med i a l  Ga 1 i u ro Orogeny 

Ga1 i u ro Assembl age 

The name Gal  i u ro a s semb l age i s  g i ven to 
products of the med i a l  Ga l i u ro orogeny that  
post-date the M i neta a ssemb l age , where they are both  
presen t ,  and that  otherw i se unconforma b l y overl i e  
Morenci  assemb l age of  the Laram i de orogeny o r  o l der 
rocks . Rocks , s tructures , and m i nera l depos i ts of 
the Ga 1 i u ro as semb l age are espec i a l l y  wel l deve l oped 
in the Ga l i u ro Mounta i ns and su rround i ng mounta i n  
ranges .  Thus the Ga 1 i u ro Mounta i ns and v i c i n i ty a re 
des i gna ted as the type area for the Ga l i u ro 
as semb l age . Roc ks  of the Ga 1 i u ro a s semb l age are 
espec i a l l y  we l l  exposed i n  the Mogo l l on-Da t i l 
vo l can i c  f i e l d  of sou thwestern New Mex i c o  and th i s  
area i s  des i gna ted a s  a reference area for vol can i c  
rock s  o f  the Ga 1 i uro as semb l age . 

The term Ga 1 i u ro a ssembl age i s  broa d l y 
equ i va l ent  to the m i d-Tert i a ry ' i gn i mbr i te f1 a reu p ' 
of Coney ( 1 9 76 ) , to the m i ddl e Un i t  I of Eberl y and 
Sta n l ey ( 1978 ) , and to the i g n imbri te package of 
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W i l t  and Sca rborough ( 198 1 j .  I n  addi t i on , Eberl y and 
S ta n l ey ( 1978 )  aes i gna ted th i s  u n i t ( the 
i gn imbri te-dom i na ted m i dd l e  Un i t  I )  as  the 
m i d-Tert i a ry orogeny in the i r  F i gure 2 .  As used 1 n  
th i s  paper ,  Ga l i u ro assemb l age i s  a l  s o  broad l y  
equ i va l ent  t o  the ' m i d-Tert i a ry orogeny ' of 
Sha f i qu l 1 ah a nd others ( 1980 ) and of , Damon , and 
others ( 1984 ) . Where in  contact w l th M l neta 
a ssembl age roc k s , Ga l  i u ro a s sembl age roc k s  a re 
general l y  concordan t  to and l oc a l l y  conforma b l e  �i th 
the under l yi ng Mi neta s trata . I n  genera l , Ga 1 1 u ro 
a s sembl age rocks  a re sepa rateo by a ngu l a r 
unconfo rm i t'i es from the over1 ji ng Wh i pp l e  
a ssemb l a g e ,  where the assemb l ages a re i n  mu tua l 
contac t .  Loca l l y, ba s i n-f i l l  and basa l t i c  vo l can i c s  
of  t h e  Bas i n  a nd Range assemb l age of the S a n  Andrea s 
orogeny may u nconformab l y  overl i e  Ga 1 i u ro assembl age 
rocks . 

Rocks  of the Ga 1 i uro Assembl age 

Sed imentar1 Roc k s .  Sed imentary roc ks  of the 
Ga1 i uro assemb age a re genera l l y  subord i nate  i n  
vo l ume t o  Ga 1 i uro i g neous rocks , b u t  l oca l l y  
sedimentary sequences can be very t h i c k  ( l oca l l y 
greater than  1 . 5  to 3 . 3  km ) .  Where present , Ga l i u ro 
a s semb l a ge sed imentary roc ks cons i st of  
congl omera t i c  materi a l , debri s fl ows , and 
megabrec c i a  u n i ts nea r up l i fts and of bra i dp l a i n  
sed i ments away from the u p 1  i ft s .  Because 
sed i menta ry rocks  of the Ga 1 i u ro as semb l age common l y 
i nterfi nger w i th vol c a n i c  fac i e s , the sediments have  
a strong vol can i c l a s t i c  component .  I n  th i c k  
sedimentary sec t i ons  where both Mi neta and Ga l i uro 
a ssembl ages are present wi thout Ga1 i u ro vo l ca n i c  
rocks as  a separa t i ng da tum , the upper cong l omera tes , 
wh i c h  commo n l y conta i n  megabrecc i a  u n i ts a re 
a s s i gned to the Ga l i u ro as semb l ag e .  For examp l e ,  i n  
the Pantano bas i n  sou thea s t  o f  Tuc son , the 
f i ne-gra i ned , gyp s i ferous c l ays tone ,nf::mber of  the 
Pantano Foma ti o l l  is a s s i gned to the M i neta 
a ssemb l age ; the overl yi ng fa ngl omerate member , 
desi gnated by lJrewes ( 19 7 7 )  as the upper Pantano , i s  
� s s i gned t o  the Ga 1 i u ro a s semb l age . 

W i th i n  the Hackberry Forma t i o n  of Schm i dt 
( 19 7 1 )  i n  the Ray a nd Hayden a rea i s  a spectacu l a r 
hori zon of megabrecc i a  s l i de b l ocks descri bed by 
Schm i dt ( 1 9 7 1 )  a nd Kr ieger ( 1 977 ) ;  some of these 
b l oc k s  a re u p  to 3 km l ong and  1/2  km , t h i c k  a nd 
con s i st o f  Pa l eozo i c  a nd Precambri an  sediments that  
a re h i gh l y  cra ck l ed bu t ma i nta i n  the i r  i nternal  
stra t i gra phy.  Kri eger ( 19 7 7 )  suggested that  the 
megabrecc i a  u n i ts were emp l aced at  h i gh ve1 0c i  t i e s  
i nto the depos i t i ona l  ba s i n  on top of  an  a i r  cush i on 
that ' kept deforma c i o n  of the underl yi ng soft 
sediments to a m i n imum . The Hackberry Foma t i on 
i nterfi ngers l oca l l y  w i th the Andes i te of Depres s i on 
Canyon , wh i c h  i s  da ted at about 25 Ma ( C reasey a nd 
Kri eger , 1 9 78 ) .  Pa l eocurrent data and pa 1 eoc 1 a s t  
data i nd i ca te that the source of  much of the 
Hackberry sediments wa s from the Torti l l a  Mou nta i ns 
to the wes t .  Thus , whi l e  the Tort i l l a Mounta i ns wa s 
ri s i ng ra p i d l y  to the wes t ,  the Ga l i uro Vo l ca n i c s  
were be i ng depos i ted i n  a trough to the ea s t .  Other 
s i m i l a r  rel a t i onsh i ps are ,we l 1 -documen teo in  the 
C l oudburst  Forma t i on in  the sou tnf:: rn Torti l l a  
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Mounta i ns ( We i be l , 1981 ) and the basa l t  member of 
the Art i l l ery Forma t i on i n  western Ari zona 
( Shackel ford . 1980 ; Otton , 1982 ) .  

Igneous Roc k s . The ' w i despread magma t i sm 
expressed both as pl utons and l a rge vol umes of  
Toca 1 1 y  th i c k ,  i gn imbri t i C  vol c a n i c s  i s  the  best  
kr.own fea ture of  the  Ga l i ura a s semb l age ( F i g .  4 ) . 
Vo l can i cs  commo n l y  occur i n  l arge vo l c an i c  f i el d s  
wh i ch genera l l y  have andes i t i c  basa l u n i ts  tha t 
i nterf i nger u pward i nto more s i l i c i c  u n i ts , wh i ch 
commonl y a re reg i ona l a s h  fl ow sheets . Many of the 
ash fl ow sheets a re assoc i a ted w i th extens i ve 
ca l dera devel opment ,  such as the Bursum ca 1 dera i n  
the wes tern pa rt o f  the MogoHon-Da t i l f i el d .  
Th i cknesses o f  the vol can i c  p i l es varJ from severa l 
hundred meters to severa l thousand meters . For  
examp l e .  the  sect i on of Ga 1 i u ro Vol c a n i c s  in  the 
southern Gal  i u ra Mounta i ns is at l ea s t  3 km th i c k 
and th i ns to abou t 0 . 5  km i n  the northern Gal i u ros . 
Local a ccumu l a t i ons  of vol can i c l a s t i c  sediments 
genera l l y  const i tute l es s  tha n  1 0  percent of  the 

, sect jon . a 1 though some of the sed imenta ry sect i ons  
that  i nterfi nger w i th vol can i c  p i l es may  be as  much 
,as 3 . 5  km th i c k .  P l u tons  of  the Ga l i u ro assemb l age 
ra nge from hypabys sa l  d i ke swarms to l a rge , 
compos i te bathol i ths  and range from i ntermedi a te to 
s i l  i c i c  compo s i t i ons . An exampl e of  p l u to n i sm of  
the  Gal  i u ro assemb l age i s  the  Catal  i na Su i te w i t h i n  
the central  pa rt o f  the Torto l i ta -Cata l i na 
crysta l l i ne com p l ex ( Ke i th a nd others , 1 980 ) . 

Chem i ca l l y  and meta l l ogen i ca l l y ,  magmat i sm of 
the Ga1 i u ro assemb l age can be d i . i ded i nto two 
d i s t i nc t  fac i es tha t are here i n named the South 
Mounta i n  fac i es a nd the Dat i l  fac i e s .  
Geograph i ca l l y ,  Sou th Mounta i n  fac i es magma t i sm 
general l y  occurs wes t of a N30W trend i ng l i ne 
through Tempe , Ari zona , whereas  the Da t i l  fac i e s  
predom i nates no rthea s t  of  the l i ne . Da t i l  fac i es 
vol can i sm l oca l l y  occurs i n  s i gn i f i ca n t  amou n ts wes t  
of  the N30W 1 i ne w i th i n  the reg i on p redom i na ted by 
Suuth Mou nta i n  fac i es .  

South Moun ta i n  Fac i e s .  The South Mounta i n  
fac i es i s  named for the South Mou n ta i n  Granod i or i te 
and · re l a ted m i c rod i or i te d i kes a nd gol d 
m i nera l i za t i on i n  the South Mounta i ns south of  
Phoen i x .  Because  the  South Moun ta i n  i gneous comp l ex 
h a s  been we l l  descri bed a nd da ted by Reyno l ds ( 1982 ) 
and Reyno l ds and Reh r i g  ( 1980 ) , the South Mou n ta i ns 
a re des i gnated a s  the type a rea of the Sdu th 
Mounta i n  fac i es .  In western Ar i zona a nd 
southea s tern Ca l i forn i a . magma t i sm of the Sou th 
Mou n ta i n  fac i es i s  expres sed by hypabyss a l  d i ke s . 
sma l l stoc k s . and 'exten s i ve ca l c- a 1 ka 1  i c  vol ca n i sm .  
Because th i s  magma t i sm i s  we l l  documented i n  the 
C hocol a te Mou nta i ns of Impe r i a l  County i n  
s uutheas tern Ca l i forn i a  ( C rowe and others , 1 9 79 ) ,  
ch i s  area i s  des i gnd ted a s  a reference area for 
Sou th Mou nta i n  fac i es magma t i sm .  

Magma seri es chem i stry of South Mou n ta i n  fac i e s  
magma t i sm d i s p l ays meta 1 um i nous a l um i num content s ,  
ca l c -a l ka l i c a l ka l i n i ty .  and i s  hydrou s ,  o x i d i zed , 
and genera l l y  i ron-poor .  S tront i um i so top i c  i n i t i a l  
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ra t i os ra nge uetween 0 . 705 and 0 . 709 i nd i ca t i ng tha t 
a sma l l  c ru s ta l  component i s  p resen t .  

Oa t i l  Fac i e s . The Da t i l  fac i es i s  named for the 
exten s i ve a nd th i ck vol can i c  sequences i n  the 
Mogol l on - Da t i l vol ca n i c  f ie l d of wes tern New Mex i c o .  
Because  of  the l ong h i story o f  documenta t i on a nd 
abundan t  geochrono l og i ca l  and geochem i ca l  data for 
the Mogo l l on-Da t i l  vol can i c  f i el d ,  th i s  reg i on i s  
des i g na ted a s  the type area for the Da t i l  fac i e s .  
The Mogo l l on-Da t i l vol can i c  f i e l d  i ;  a compos i te of 
numerous i nterf i nger i ng vo l ca n i c  centers and ca l dera 
compl exes ( Bornhors t ,  1982 ) . A l most  the ent i re fi e l d  
i s  characteri zed b y  a l k a l i -ca l c i c  magma ch�ii s try . 

Another reference a rea for Dat i  1 fac i es of the 
Ga 1 i u ro a s semb l age is the Ga1 i uro Mounta i ns of 
southeas tern A,r i zona where there is a l so abundant 
docume n ta t i on ( C reasey and Kr i �ge r ,  1 978 ; Creasey 
and o thers , 1981 ) .  Th i s  extens i ve vo1 ca r. i c  f i e l d  i s  
present throughou t tne 7 5  km l ength of the mounta i n  
range , i s  da ted a t  2 8  to 22 Ma . a nd i s  o f  
a l ka l i -c a l c i c  a l ka l i n i ty .  S im i l a r geechronol og i c  
a nd geochem i ca l  control now ex i s t for extens i ve 
vo l ca n i c  p i l es i n  the Supers t i t i on Mou nta i ns 
northea s t  of Phoen i x  ( Stuck l es s  and Sher i dan , 1 9 7 3 ) .  
i n  the central  P 1 0mosa Mounta i ns i n  west-centra l  
A r i zona ( Sh a f i qu l l ah a nd ethers , 1980 ) , a nd i n  the 
,Turt l e  Mounta i ns of sou tr.ea s tern Cal  i forn i a  ( R .  
Hazel ett , pers . commun . •  1 985 ) .  P l u tons o f  the 
Da t i l  fac i es are wi despread and l oca l l y  con s t i tute 
sma l l  to modera te- s i zed bathol  i ths . The Cata 1 i na 
su i te batho l i th ha s espec i a l l y  good geochrono l og i c ,  
map ,  a nd geochem i ca l  control ( Ke i th and others , 
l Y80 ) a nd i s  des i gnated as a reference area for 
Da t i l  fac i es p l u ton i sm .  

Magma seri es  chem i stry o f  Dati l fac i es 
magma t i sm d i sp l ays meta 1 um i nous a l um i num c o n t e n t s . 
a l ka l i -ca l c i c  a l ka l i n i ty ,  and i s  hydrou s ,  ox i d i zed , 
and genera l l y  i ron-poor . Stro n t i um i sotop i c  i n i t i a l  
ra t i os range between . 705  and . 7 1 0  and genera l l y  are 
between 0 . 7069 a nd 0 . 7096 i n d i ca t i ng that a sma l l  
cru s t a l  component i s  presen t .  

Structu ra l  Fea tures o f  the Ga l i u ro Assemb l age 

L a rge-sca l e  Fol d s .  The most s i gn i fi cant  
structu ra I featu re of the Ga l i uro orogeny i s  a set 
of  reg i ona l l y  extens i ve ,  l ong wave l ength , l a rge 
ampl i tude , ope n ,  b roadl y fol ded , northwest­
str i k i ng ,  warps or ant i c 1  i nes a nd sync 1  i nes  ( F i g .  
4 ) . Cu l m i na t i ons  of the Ga 1 i uro as semb l age 
a n t i c l i na l  a rches cc i nc i de w i th a rea� of wi despread , 
reduced , K-Ar a nd fi s s i on-trac k , i so top i c  da tes . 
Ga 1 i u ro a ssembl age fol d phenomena represent b roade r ,  
cru s ta l - s ca l e  wa rp i ng tha t precedes the more obv i ou s  
a nd more reso l ved , more northerl y trend i ng ,  e n  
eche l on fo 1 0s of the Wh i pp l e  Assembl age . Thu s , the 
fo l ds shown on F i gure 4 are not defi ned by a t t i tude 
data ta ken from l ower p l a te .  myl o n i t i c  fol i a t i on 

' w i th i n  the crysta l l  i ne c o r e s  o f  l ow e r  p l a t e w i n d o w s  
through a rched , W i l dernes s a s s em b l a g e  t h ru s t s  
(metamorph i c  core compl exes of recent 1 i tera tu re ) . 
Rather , the fo l ds are i n ferred from more reg i ona l 
d a ta . s u c h  a s  d i s tr i bu t i on and  th i c knes s o f  Ga l i u ro 
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F i gu re 4 .  Map of Ga l i u ro as semb l age of the med i a l  
Ga l i uro orogeny i n  Ari zona a nd v i c i n i ty .  

as sembl age vo l can i c s  and sed i llen t s ; d i s tr i bu t i on and 
tra n sport d i  r ;;cti ons  i nferred from a reas  u nderl a i n 
by Wh i pp l e  assembl age detachmen t  fau l  ts ( F i g .  5 ) ; 
d i s tr i bu t i o n  of reduced , m i d-Tert i a ry ,  age da te� ; 
and presence of reg i ona 1 wa rp- l  i ke defonnat i  on of 
l ow-ano l e ref l ectors on  reg i on a l  s e i sm i c  sec t i ons  
shot  for  the  recent petrol eum p l ay ( Ke i th ,  1980 ) . 
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... sediments 

<;::? voleonics ( a l ka l i -calcic or calc-al ka l i c )  

a. pl utons ( a l ka l i -calcic or calc-a l kal i c )  

+ arches or anticl i nes 

-+- vol cano-tectonic troughs or syncl i nes - ,.  
-+- monocl ines 

� reverse faul t. teeth on upper pl ate 

� stri ke-sl ip faul t 
50 -1",(1 

Ie 

- l\ 

- " 

110 ". 

Ampl i tudes of Ga l i u ro a s seMb l age warps are very 
l a rge . From se i sm i c  da ta tila t via s shot for the 
Ari zona o i l  a nd gas  p l ay of 1979- 1980 , the amp l i tude 
or s truc tu ra l  rel i ef of some of the wa rps is as  much 
as 6 km ( 20 , 000 feet ) ( Re i f  cl nd Rob i nson , 1981 ) .  One 
unpubl i s hed se i smi c l i ne tha t wa s shot in the Tucson  
reg i on wa s from the  sou thwes tern Ri ncon Mou n ta,i ns 
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across  the Tucson  Ba s i n .  The se i sm i c  sec t i on showed 
a drama t i c  zone of strong l y  conti nuous se i sm i c  
refl ec tors that corre l a ted wel l w i th surface 
outcrops of the Cata l  i na fau l  t. To the sou thwes t  
the zone of  strong l y  conti nuou s . se i sm i c  refl ectors 
d i pped southwe s t  a nd fl a ttened at a depth of  about 2 
se i sm i c  seconds . Th i s  cJrresponds wi th  a depth of  
a bout 6 km ( 20 , 000 feet )  bel ow sea l eve l  beneath 
Tucso n .  As the Cata l i na fau l t  can  r�asona b l y  be 
�roj ected over the top o f  M i c a  Mounta i n  to the 
northeast  at an  e leva t i o n  of about 3 km ( 10 , 000 
feet ) above sea l evel , a n  ampl i tude o f  about 9 km 
( 30 , 000 feet )  i s  poss i b l e  for a n t i c l  i na l  warp i ng of 
the Cata l i na fau l t .  

Another i ndependent  way o f  a s s e s s i ng the 
�tructural  rel i ef devel oped on  Ga l i uro a ssemb l age 
warps i s  petro l o g i c  i n  nature . Because  of  the 
exten s i ve presence of  vol can i c  components , i t  i s  
c l ear that magma t i sm o f  the South Mounta i n  fac i es i s  
sha l l ow l evel  ( typ i ca l l y  wi th i n  3 km ) compa red to 
the deeper l evel  of pera l um i nous p l u tons  of the 
cu l m i na n t  L a ram i de orogeny. I n  the cryst a l  1 i ne core 
of the northwes tern Santa Cata l i na Moun ta i n s ,  
a l  k a l  i -ca l c i c  p l u tons  l oca l l y  conta i n  m i a ro l  i t i c  
cav i t i es wh i ch i nd i ca te sha l l ow depth l evel s o f  
proba b l y l es s  than 2 km . These sha l l ow pl u tons  
i ntrude p l u tons  o f  the  W i l derness  a s semb l age tha t  
were emp l aced a t  deep l evel s o f  8 - 1 0  km or more . 
Thu s ,  a t  l ea s t  6 km o f  up l i ft and ero s i on a l  remova l 
occu rred i n  the crys ta l l i ne core o f  the Santa 
C a ta l i na s  between 44 a nd 24 Ma . 

An even g reater amou n t  o f  structu ra l rel i ef can 
be i nferred from reduced age dates o b ta i ned f.rom 
ol der roc k s  i n  the c rysta l l  i ne cores of the 
a n t i c l i ne- l i ke u p l i ft s .  I n  the Santa  C a ta l i na 
l"1oun ta i n s ,  K-Ar ages for hornb l ende or l a rge 
muscov i te gra i ns from ol der rocks  a re e i ther not 
reset  or are onl y pa rti a l l y  res e t  ( Ke i th and others , 
1 980 ) ,  i nd i ca t i ng that tempera tures i n  the l ower 
p l a te pr ior  to 30 Ma were not greater tha n  4000 C .  
However , K-Ar dete rm i nat i ons  o n  b i ot i te a nd fi s s i on 
track  determ i na t i ons  on z i rco" and  sphene 
cons i stentl y y ie l d reduced ages between 28 a nd 24 
Ma , sugges t i ng  cool i ng bel ow 2000 C .  I f  " the reduced 
ages a re rel a ted to up l i ft refr i gera t i on o f  K-Ar 
c 1 ()c k s ,  then between Eocene ( 44 Ma ) a nd 
,,� i d-Ol  i gocene ( 24 Ma ) the com p l exes cool ed from 4000 
tJ 2LDO C . , wh i ch represents up l i ft of  8 km a s sum i ng 
a nor."la l  c ru s t a l  geotherm o f  25° C/km . By 18 Ma 
f i s s  i on tra c k  ages on a pa t i te a re reset  suggest i ng  
tnut another 4 km of up l i ft had occurred between 22  
and 18  Ma for  a cumu l a t i ve tota l  of  1 2  km . Most ,  i f  
not a l l .  of the struc tu ral rel i ef a s soc i a ted w i th 
the arches was probab l y  generated a fter  28 Ma , 
because l acustr i ne s trata of the M i neta as semb l age 
once occup i ed ba s i ns that  extended across  the now 
u p l  i fted arches . Th i s  upl i ft tota l ed abou t 8 km of 
u p l i ft from 28 Ma to 24  Ma , wi th an add i t i onal  4 km 
of  up l i ft bet�een 22 a nd 18 Ma . W i th these k i nds  of 
up l i ft rates , i t  is not surpri s i ng tha t Ga l i u ro 
a ssemb l a ge sediments conta i n  wi despread megabrec c i a  
b l oc k s  of  a l l s i zes . 

The fol d wa rps are a l so characteri zed by l ong 
wa ve l eng ths . The di stance between ant i c l  i na l  crest 
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and syncl i na l , vol cano- tec to n i c  troughs  ( o ne-ha l f  
wave l eng th )  i s  about 30 to 40 km a s  i nd i ca ted by 
se i sm i c  data . Between the anti c l  i na l  c res t s  a re 
l a rge sync l i na l  troughs that  represent major  sa:js  o r  
syn c l  i na l  ba s i ns i n  wh i c h sUbs tant l a l amou nts  o f  
Gil ; ; ' . :'n as semb 1 3C]e vol ca n i c s  dn"  sed iments 
accumu l a ted . 

One o f  the best examp l es of such a sync l i na l  
trough i s  th� Gal i uro Mou n ta i ns where a t  l ea s t  4 km 
of  Gal i u ro as semb l age v o l c a n i c s  and sediments ha ve 
a ccumul a ted i n a trough between the Pi na 1 eno a rid 
Santa Cata l i na mounta i n s .  The d i sta nce between the 
crests of  the a n t i c l  i nes is about 80 km and the 
th i c ke s t  pa rts  of  the Ga l i u ro Vo l ca n i c s  occu r in the 
trough a l ong an  ax i s  approx ima te l y  m i dway between 
the crests . Atti tudes of  bedd i ng ,  fol i a t i o n ,  a nd 
l ow a ng l e  j o i n ts i n  the P i na l eno Mou nta i ns show that 
the P i na l eno Mounta i ns a l so occupy a b roa d ,  
a n t i c l i na l  a rch ( Thorma n ,  1 980 ; Reh r l '; a n d  Reyno l d s ,  
1980 ) . S im i l a rl y ,  att i tude data for vo l ca n i c s  i n  the 
Gal i u ro Mounta i ns show that the Gal i u ro Vol c a n i c s  
( C rea sey a n d  others , 1981 ) are broa d l y  wa rped i n to a 
broad syncl i no r i um conta i n i ng severa l  sma l l er sca l e  
anti c l i nes  and  sync l i nes . The northwest-trend i ng 
trough or depres s i on may have conti nued to the 
siJu thea s t  i n to the central C h i r i cahua Mounta i ns 
where a th i ck vol c a n i c  sec t i on of the Rhyo l i te 
Cdnyon Forma t i on i s  presen t .  

S im i l a r vol cano-tecton i c troughs are i nferred 
to ex i s L  from the Ajo Range and Ba tamote H i l l s and 
C ra ter Mou n ta i ns in  the Ajo reg i on to the C a s t l e 
"Dome Mounta i ns i n  Yuma County,  through the Choco l a te 
!�oun ta i ns of southea s tern Ca l  i forn i a ,  and from the 
Garl ock  fau l t southea s t  th rough Ba rs tow to the 
Br i sto l  and Bu l l  i o n  Mounta i n s in sou thea s tern 
Ca l i forn i a .  S i gn i f i cant l y ,  the " amou nt  of  vol can i c  
and sedimentary mater i a l  depo s i ted i n  the 
vo l cano-tecton i c  troughs i s  approximate l y  the same 
as  the amount  of  materi a l  eros i ona l l y  removed from 
upl  i fts centered on the a n t i c l i na l  axes shown on 
F i gu re 4 .  

A n  obv i ou s  k i nema t i c  i n terpreta t i on o f  the fo l d  
phenomena i s  tha t  they refl ec t  crusta l shorten i ng .  
From i nspec t i on o f  F i g u res 4 and 5 .  the approx iffiate 
ax i s  of shorten i ng rel a t i ve to the Ga l i u ro 
a ssemb l a ge fo l ds i s  a l ong a N30E to N40E l i ne . The 
amount  of crusta l  shorten i ng re l a ted to the wa rp i ng 
may be ca l cu l a ted from the amp l i tude and wavel ength 
da ta . For examp 1 e,  i f  amp l i tudes o f  1 0  km and ha 1 f 
wavel engths of 40 km are as sumed for a typ i ca l  fo l d ,  
the shorten i ng i s  3 percent .  

Sma l l er-Sca l e  Monoc l i nes  and Fol ds . The best 
examples or north- to northwest-trend l ng monocl i na l  
stru c tu res o f  the Ga l i u ra a s semb l age are the 
segmented monoc l i nes  a l ong the Tort i l l a  Mou nta i n s .  
Because the monocl  i ne sys tem occurs for most o f  i ts 
stri ke l ength a l onq the west  s i de o f  and para l l e l to 
the Sar, Pearo V a l l ey ,  i n  th i s  paper i t  i s  ca l l ed the 
San Pedro monoc l i ne system .  I t  ex tends from th?  
Super i or area for some 160  km to  the ea stern R i ncon 
Mounta i ns a t  i ts sou thea st  end . Thp San  Ppdro 
monocl i ne sys tem i s  compos.- : uf a seri es of 
north-northwe s t - trend i ng " ,0nvc l i r.es wh i c h l oc a l l y  
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d'i s p l a y  an en eche l on pa ttern . The mono c l  i ne sys tem 
i tse l f i s  defi ned by moderatel y to s teep l y  d i pp i n g ,  
to s l i ght l y overtu rned , ea s t -d i pp i ng ,  m i dd l e  l imbs . 

Reverse Fau l t s .  I ntra-Ga l i u ro a ssembl  age 
r .. v e rse fault1 ng 1 S  d1 ffi cu l t to documen t ,  but  where 
p re'sent , may be l arge sca l e .  A proba b l e  examp l e  o f  
a reverse J'au l t  o f  the Ga l i u ro a s sem b l age  i s  the 
B l ack  Canyon Ranch fau l t  in the B l a c k  H i l l s  segmen t  
of  the southern Torti l l a  Mounta i ns about 3 km 
s,ou.thwes t of San  Manuel mapped by We i be l  ( 1981 ) .  The 
B.1 a c k  Canyon fau l t is a WNW- stri k i ng fau l t that d i p s  
350 to 750 Sou th ; i t  juxtaposes , w i th reverse 
s'eparat i  o n ,  Precambri an g ra n i te ( 1400 Ma ) and Sa n 
Manuel g ra nodi ori te ( La ram i de )  over a th i c k  sequence 
of  fangl omera te wi th i n the Cl oudbu rst Fonna t i o n .  The 
amount  cf  reverse s l  i p  cou l d  have been at l ea s t  2 
km , wh i ch i s  the th i c kness of the C l oudburst 
°nrm� t i on on the north s i de of  the fau l t . More 
� pecu l a t i ve l y , at l ea s t  2 to 4 km o f  reverse 
s ep a ra t i on w i th a northeas t  sense o f  vergence i s' 
i nd i cated a l ong the south-d i pp i ng Mog u l  fau l t  i n  the 

, northern Santa Catal i na Mou nta i ns an.: the North Star 
faul t in  the P i cacho Mounta i n s . Here , a na l ys i s  o f  
the P h i l l  i ps dri l l i ng resu l ts north o f  the North 
Star fau l t  zone ( Rei f and Rob i nson , 1 98 1 )  i nd i cates 
pos s i b l e  W i l derness as sembl age thru s t  p l a tes may be 
offset du r i ng Ga l i uro as semb l age up l i ft of  the Santa 
Cata l  i na i'1ounta i ns south of  the Mogu l fau l  t .  

D i ke Swanns . The numerou s prom i nent  d i ke swanns 
of both Sou th Mounta i n  and Da t i l fac i es o f  Ga l i u ro 
il � sembl age common l y  trend northwe s t  ( Rehr i g  a nd 
He i dri c k , 1 9 76 ) .  However , nea rl y as ma ny d i ke  swa nns 
o f  Ga l i uro Assemb l age str i ke northea s t .  Some of the 
no rthwest- str i k i ng d i ke swa nns i nc l ude the Arava i pa 
d i ke swa nns i n  the western Sa nta Teresa Mou nta i ns 
( S i mons , 1 964 ) , the central Dragoon Mounta i ns d i ke 
swa nn ( G i l l u l y , 1 9 56 ) , the South Mounta i n  d i ke swann 
( Reyno l d s , 1982 ) , the Harquaha l a  d i ke swa nns ,  the 
Cas t l e Dome d i ke swanns , and the Chambers Wel l d i ke 
swa nn i n  the Wh i ppl e Mou n ta i ns ( Dav i s , a nd others , 
1 982 ) .  Some of the northeas t- to ea st-s t r i k i ng d i ke 
swa nns of Ga l i u ro Assemb l age are the Stockton Pa s s  
d i ke swa nn ( Thonnan , 1 980 ) , the Eag l e  P a s s  d i ke 
swa nn ,  the Apache Pa s s  d i ke swann ,  a nd the centra l 
Santa  R i ta and Box Canyon  d i ke swa nns ( D rewe s , 
1 97 2 ) , and th� Sacramento Mounta i ns d i ke swa nn i n  
southea s t  C a l i forn i a  ( Spencer a nd Turner ,  1 982 ) .  

Myl on i t i c  shear zone s .  Al though most  ( 75 -85  
percent) of the mylon l te devel opment  i n  the  l ower 
p l a tes  of  the crys ta l l i ne ' compl exes p roba b l y  
deve l oped du ri ng  ea rl' i er Laram i de a nd Sev i e �  
o rogen i es ,  myl o n i t i c  shear zones o f  m i dd l e Tert i a ry 
age were devel oped a t  l ea s t  l oca l l y  i n  severa l 
a rea s .  Known areas of m i d-Tert i a ry myl o n i t i za t i o n  
i nc l ude the defonned Torto l i ta Quartz Monzo n i te o f  
the Cata l i na su i te ( Ke i th and others , 1 980 ) , the 
defonned South Mounta i n  p l u ton i c  compl ex at South 
Mou nta i n  ( Reyno l d s ,  1 982 ; and Reyno l ds and Rehr i g ,  1 980 ) , and J s i mi l ar  myl on i t i c  p l u ton  i n  the 
southeas tern part of the P i cacho Mounta i ns 45  km 
northwe s t  of Tucson ( W .  Reh r i g  and S. Ke i th ,  unpu b .  
data ) .  The present a tt i tudes of  the a bove-descr i bed 
shear zones , in comb i na t i on w i th S-C fa b r i c da ta , 
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i nd i ca tes that the shear zones have l ow-ang l e  no 1-:11 a I 
shea r .  

Age of  Ga l i u ro Assemb l age 

Are of Magma t i sm .  Age patterns for Ga l i u ro 
a s semb age are well cons tra i ned because of abunda nt  
rad i ome t r i c  dates  on the  w i despread i g neous 
components . I n  genera l ,  the age patterns of  Ga l i u ro 
a ssembl age rocks  a re the m i rror image to tha t of  
Laram i de a ssemb l ages ; that i s ,  Ga l i u ro Assem b l age 
rocks  become younger to the west ( Coney and 
Reyno l d s , 1 9 7 7 ; W i l  t and Sca rborough , 1 981 ) .  Th i s  
westwa rd young i ng appl i es to both South Mounta i n  a nd 
Dat i l fac i es magmat i sm and  a l so to reduced da tes by 
K-Ar f i s s i on trac k ,  a nd Rb-Sr m i nera l i sochron 
meth;ds on o l der crys tal  I i ne rocks  now exposed i n  
the centra l , up l  i fted cores o f  Gal  i u ro and Wh i pp l e 
a ssemb l age wa rps . 

The ages o f  cal c -a l ka l i c  magma ti sm o f  South 
Mounta i n  fac i es of  the Gal i u ro a s semb l age are o l dest 
in  eastern Ari  zona ( 30 to 28 Ma ) and younger to the 
wes t  from sou th -central  Ari zona ( 29 to 22 Ma ) to 
western Ari zona ( 28 to 24 Ma ) to the sou thern 
Co l ora do R i ver reg i on ( 29 to 2 1  Ma ) to southeas tern 
Cal  i forn i a  ( 2 3  to 19  Ma ) .  In the eastern Ch i r i cahua 
Mounta i ns of  eastern Ari zona throo da tes on  two 
sampl es  of the meta l um i nou s ,  c a l c -a l ka l  i c  Fa raway 
Ranch Fonna t i on yi e l d  dates between 29 . 6  a nd 28 . 0  �la 
( Sha f i qu l l ah and  others , 1 9 78 ) . To the wes t  i n , the 
southern Santa Ri ta Mou nta i ns ,  the Grosvenor H 1 1 1  s 
vol ca n i cs , i s  a fa i rl y  wi despread vol can i c  p i l e  wi th 
ca l c-a l  ka l ic chem i s try. Four K-Ar dates from th ree 
samp l es of Gro s venor H i l l s  vo l ca n i c s  and a rel a ted 
sub vol can i c  I accol  i th range from 2 7  to 29 Ma 
( D rewes , 1 9 72 ) . To the northwest  at the type 
l oca l i ty of the South Mounta 1n  Fac i es at South 

,Mou nta i n  south of  Phoen i x ,  the South Mou n ta i n  
i ntru s i ve comp l ex i s  ca l c -a l ka l i c  ( Ke i t h  and 
Reyno l d s , unpu b .  geochem i ca l  da ta ) and i s  wel l 
dated between 26 and 22 Ma by K-Ar , Rb-Sr , and U-Pb 
techn i ques ( Reyno l d s , 1982 ) .  To the wes t i n  t�e 
Harquaha l a  Mounta i n s  100 km w��t  o f  Phoe n 1 x 
w i despread , ca l c-a l kal i c ,  m i crod i o r i te d i ke swanns 
o f  the South Mounta i n  Fac i es are dated at  28 to 25 
Ma ( Sha f i qu l l ah a nd others , 1 980 ) . To the sou th i n  
the sou thea s t Choco I a te Mounta i n s , the ma i n vo I umes 
of vo l can i sm a re ca l c-a l kal i c  a nd erupted between 30 
and  22 Ma ba sed on numerous K-Ar da tes ( C rowe a nd 
others , 1 9 79 ) .  Fa rther to the west vol can i sm i n  the 
D i l i genc i a  Fonna t i o n  of  the northea stern Orocop 1 a  
Moun ta i ns i s  ca l c-a l ka l i c  and has y i e l ded th ree K-Ar 
dates wh i c h  ra nge from 2 3 . 0  to 1 9 . 1 Ma ( Sp i tt l e r  and 
Arthur ,  1982 ) . 

The Da t i l  fa c i es of the Ga l i u ro a s se;nb l age 
exh i b i ts a broader geograph i c  d i s t r i bu t i o n  tha n the 
Sou th Mou nta i n  fac i es and thus exh i b i ts a more 
obv i ou s  pattern of young i ng to the wes t .  I n  
sou thwe s t  Nel< Mex i co the magma t i sm i s  ma i n l y  38 to 
24 Ma anc becomes you nger wes twa rd from 
sou theas ternmos t Ari zona ( 28 to 22 r�a ) to 
south-central  A r i zona ( 28 to 22 Ma ) to the Phoe n i x  
reg i on ( 24 t o  1 6  Ma ) to west-central  Ar i zona ( 22 to 
18 Ma ) and to sou thea stern C a l i forn i a  ( 22 to 18 Ma ) .  
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I n  the Mogol l on-Dat i l  vol can i c  f i e 1 d ,  a l ka l i -ca l c i c  
vo l can i cs ( Bornhors t ,  1982 ) erupted i n  severa l 
vo 1 can  i c cyc 1 es tha t range i n  age from 38 to 20 Ma 
( E l s ton and others , 1973 ) .  I n  the P e l onc i l l o  and 
An ima s  Moun ta i n s  of southwes ternmos .  New Mex i c o ,  an  
extens i ve f i el d of ca l dera - re l a ted , a l ka l i -ca l c i c  
magmat i sm ranges from 37 to 2 4  Ma ( Dea l and  others , 
1 9 78 ) .  I n  southeas tern Ar i zona a l  ka l  i -ca l c i c  
magmat i sm ,  such as  the Strongho l d  Gra n i te of  the 
centra·1  D ragoon Mounta ins  yi e l d K-Ar d a te s  of  27  to 
23 Mao ( Damon and B i kenua n ,  1 9 6 4 ;  Marv i n  a nd othe rs , 
1 9 73 ). a nd vol can i cs i n  the southern P i na 1 eno 
Mounta i ns y ie l ded fi ve fi s s i on trac k  da tes that 
ral lge from 26 . 8  to 22 . 8  ( Thorma n , I S80 ) . To the 
northwes t Ga l i u ro Vo l ca n i c s  of the a l ka l i -ca l c i c  
Oat i l fac i es y ie l d numerous K-Ar dates that range 
from 28 to 22  Ma ( Creasey and Kr ieger ,  1978 ; 
Scarborough a nd W i l t ,  1979 ) . 

I n  the Catal i na a nd Tortol i ta Mounta i n s  
northwes t . of  Tucson , the Cata 1  i na su i te of  p l u tons 
i s  wel 1 -da teu by K-Ar, f i s s i on tra c k , U-Pb , a nd 
Rb-Sr geochronol ogy at 27 to 24 Ma ( C reasey a nd 
others , 1 9 76 ; Ke i th and others , 1980 ) .  To the wes t  
i n  the Tucson Mounta i n s  doe data s how that the 
m i d-Ceno zo i c  vo l ca n i c s  i n" the ea s tern ' Tucson 
Mounta i ns a re 28 to 2 3  Xa ( Damon a nd B i k e rma n ,  196 4 ;  
Shat i qu 1 1 ah a n d  o thers , 1 9 78 ) . Near Phoen i x  numerous 
K-Ar ages and geochemi ca  1 da ta show tha t the 
mdjo r i ty of the Supers t i t i on Vo l ca n i cs ( be l ow the 
Mesqu i te F l a t  b rec c i a  u n i t )  have a1 ka1 i -ca l c i c  
a l ka l i n i ty and are most l y  24  t o  1 6  Ma ( Stuc k 1 ess  and 
Sheri da n ,  1 9 7 1 ) .  Northwes t  of  Phoen i x  the Ca s t l e  
Creek vo l c a n i c s  are ma i n l y  a l kal i -ca l c i c  and  a re 
probab l y  22 to 18 Ma ( e .  Kortem i e r ,  pers . commu n . ,  
1985 ) .  Vo l can i sm i n  the centra l P 1 0mosa Mounta i ns i s  
shown b y  geochem i c a  1 data ( Gene D a  v i s ,  pers . 
commun . ,  1985 ) to be a l ka l i -ca l c i c  and  has  age dates 
of  20 to 18 ( Shafi qul l a h  and others , 1 980 ) .  I n  
southea s tern Cal i forn i a  a l a rge vol ca n i c  p i l e  i n  the 
Turtl e Mounta i ns 40 km wes t  of Parke r ,  Ar i zona , has  
y i e l ded numerous K-Ar dates  between 22  and  1 8  Ma a nd 
i s  ent i re l y  a l k a l i -ca l ci c  ( Ha ze l ett , pers . commu n . ,  
1 985 ) . 

In any area where both fac i es a re present ,  the 
South Mounta i n  fac i es precedes the Da t i l  fac i es .  
For examp l e  i n  the Phoen i x  reg i on ,  the ca l c-a l ka l i c  
South Mounta i n  Granod i or i te p l u ton  a nd i ts 
a s soc i a ted m i crod i ori te d i kes a nd . go l d  
m i nera l  i za t i on a re 2 6  to 2 2  Ma i n  age  ( Reynol d s ,  
1982 ) . T o  the northea s t  i n  t h e  Supers t i t i on 
Mounta i n s ,  a l ka l i -ca l ci c  Supers t i t i on Vo l can i cs of 
the Da t i l fac i es are rad i ometr i ca l l y  younger and 
yi el d dates between 24 a nd 1 5  Ma ( S tuc k 1 ess  and 
Sher i dan , 197 1 ) .  I n  the Chocol a te Mounta i ns of  
suuthea s tern Cal i forn i a , Crowe and others ( 1 9 7 9 )  
h�ve documented an extens i ve vo l ca n i c  p i l e .  The 
l ower pa rt of the vol can i c  sec t i on ( Un i t A and Un i t  
B )  i s  chem i ca l l y  ca 1 c -a 1 k a 1  i c  and i s  a s s i gned to the 
Sou th Mounta i n  fac i e s .  It i s  overl a i n  by a younger 
seC"Juence of more ma f i c  l ava fl ows ( Un i t  C ) ,  wh i c h  
a re a l k a l i -ca l c i c  and a re a s s oc i a ted w i th 
:na nganese- s i l ver depo s i ts a nd are a s s i gned to the 
Da t i l  fac i e s .  U n i ts A a nd B a re ca l c-a l ka l i c  and 
yi e l d  numerous K-Ar dates that range from 3 5  to 24 
Ma , wherea s Un i t  C i s  comm J n 1 y . a l k a l i -ca l c i c  and 
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y i e l d s  K-Ar  da tes that range from about  26 to 22  Ma  
( C rowe a nd others , 1979 ) . 

A e of  Gd  1 i u ra 
a s sem age  wa rp l ng an magma t l s.� appear to be 
v i rtua l l y  co i nc l de n t .  Upl i ft of the l ower p l ate 
gne i sses  wa s not  underway du ri ng depos i t i on o f  
'Mi neta a ssembl a ge roc k s  because l acustr ine  fac i es o f  
Mi neta a s semb l age occu p i ed ba s i ns across the s i tes  
of  l a te r  Ga l  i u ro a s sembl age up 1  i fts  in  the axes o f  
t h e  a n t i c l i na l  wa rps . Thu s , warp i ng wa s n o t  act i ve 
in  sou thea s t  Ar i zona pr ior  to 28 Ma or i n  
west-central  Ar i zona and sou theastern Ca l i forn i a  
p r i or to 2 5  Ma . However ,  by m i dd l e  o r  l a te Gal  i u ro 
a ssemb 1 aQe , the gne i sses  had been up1  i fted and a t  
l ea s t  l oca l l y  exposed t o  eros i on because  c l a sts  of  
l ower p l a te myl on i t i c  roc ks  from the crys ta l l i ne 
cores of the up l  i fts are l oca l l y  present i n  the ' 
Ga1 i u ro a s semb l age sediments . For exampl e ,  i n  the 
Wh i pp l e. Mounta i ns ,  myl on i t i c  c l a s ts are l oc a l l y  
present i n  the cong l omerates i n  ' Joper port i ons  of 
the Gene Canyon Forma t i o n .  One of  these myl o n i te 
c l a sts  y i e l ded a n  age of 83 Ma by the f i s s i on track 
method on  sphene ( Da v i s and others , 1982 ) .  Thus , i n  
ea rl y Gene Canyon t ime ( 32 - 28 Ma ) the a rea o f  the 
W h i pp l e Moun ta i ns wa s occup i ed by l acustri ne 
sediments , but by l a te Gene Canyon t i me ( 26 to 22 
Ma ) the bas i n  had been d i s rupted by ant i c l i na l  
u p l  i ft o f  the l ower p l a te crysta l l i ne ruc k s ,  wh i ch 
began to supp l y  myl o n i t i c  c l a s ts to the Gene Canyon  
Formati on .  

S i m i l a rl y ,  i n  the Sa nta Catal  i na I�uun ta i ns near 
Tucson , the R i l l i to I I  u n i t  of Pas h l ey ( 1 966 ) 
conta i ns myl o n i t i c  c l a sts  tha t are derived from the 
myl on i t i C  W i l derness comp l ex i n  the crysta l l i ne c u re 
of the l ower p l a te .  A rhyol i t i c  c l a s t  from R i l l i to 
I I  y ie l ded a 22 Ma K-Ar date ( H .  W .  Pei rce and M .  
Shaf i qu l l a h ,  pers . conmun . ,  1982 ) sugges ti ng that  
the  R i l l i to I I  i s  younger than 22 Ma . However , i t  
conta i ns c l a s t s  o f  Eocene aged W i l derness  su i te 
p l u ton i c  rocks  wh i ch have y ie l ded a reduced age of  
26  Ma  by the  K-Ar  method on muscov i te . The  a rea o f  
the Santa Ca ta 1  i na - R i ncon Mounta i ns was a l so a s i te 
of l acustr i ne sed i menta t i on du ri ng M i neta assemb l a ge 
a nd before 28 Ma . By 26 Ma , the comp 1 �x had been 
u p l i fted about 6 to 8 km a nd coo l ed from 400 0 to 
200 0 C to refri  gera te tt:e K-Ar c l 1d ;  a fter 22  Ma , 
the area was supp l yi ng c l a sts  to bas i ns adjacent to 
the up 1  i ft .  

Vol c a n i c s  i nterca l a ted wi th sedimenta ry u n i ts 
that conta i n  myl o n i t i c  c l a s ts a re the same age as  
the  reduced dates  or  coo l  i ng ages  on the myl o n i t i c  
rocks  i n  the l ower p l ate .  For examp l e  i n  the 
Wh i pp l e  Mounta i n s ,  I(-Ar dates from the Gene Ca nyon 
Forma t i on a re 3 1 - 25 Ma , a nd cool i ng ages on 
myl on i t i c  c l a sts  range from 26 to 16  Ma ( Da v i s and 
others , 1 982 ) .  In the Cata l i na Mounta i ns f i s s i on 
track  and  cool i ng ages on myl o n i tes  a re 28 to 18 Ma , 
and R i l l i to I I  s trata that conta i n  the myl o n i te 
c l a s ts a re post-22  Ma and probab l y are 22 to 18 Ma . 
I n  the Arti l l ery Mounta i n s ,  the basa l t  memher o f  the 
Arti l l ery Forma t i on ,  wh i c h conta i ns l a rge 
megabrec c i a  u n i ts of myl on i t i c  roc k s , yi e l ds da tes 
from 21 to 16 Ma ( Shac kel ford , 1980 ) , and overl � p s  
reduced a g e s  on myl o n i tes i n  t h e  l Ower p l a te i n  the 
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nearby Harcuvar and Bucksk i n  Muun ta i ns and  more 
d i s t a n t  Wh i pp l e  Mou nta i ns ( 26 to 16 Ma ) ( Reyno l ds 
a nd Reh r i g ,  1980 ; Dav i s  and others , 1982 ) .  Thus , i f  
the myl o n i tes were predom i nant l y tormeo .; .. ; ' 1 0:.1 the 
m i dd l e Terti a ry ,  a s  is  w i de l y  advoca ted in  t : : .;  
l i teratu re ( Rehr ig  and Reyno l ds ,  1980 ; Dav i s ,  1980 ) , 
then the myl o n i tes wou l d  have had to be up l i fted 
i ns ta ntaneou s l y  from the i r  deep forma t i on depth i n  
order to supp l y  c l a sts  for the syntec ton i c  
seG i menta t i on assoc i a ted wi th  the u � l i ft .  I t  i s  
more rea sonab l e to support a n  o l der age ( l a te 
Cretaceous to earl y Tert i a ry )  for the forma ti on  of 
most  o f  the myl o n i t i c  rocks  in  the l ower p l ate 
throughout  th i s  reg i o n  ( F i g .  1 ) . 

Cu l m i nant Ga l i u ro Orogeny 

W h ippl e  Assei. ,u l age 

Because of  the excel l �n t  exposu res i n  the 
Wh i pp l e  Mou nta i ns of  sou theas tern Ca l i fo rn i a  and the 
extens i ve wOI'k done there ( Dav i s  and others , 1980 ; 

" Fros t ,  1 981 ; Frost a nd Mart i n ,  1 982 ) , the roc k s , 
stru c tu res , a nd m i nera l  depos i ts v ,  the cu l m i nant 
Ga l i u ro o rogeny are named the Wh i pp l e  a s semb l age and 
the Wh i pp l e  Mounta i ns a re des i gna ted the type area 
for the W h i pp l e assemb l age . 

Roc k s  of the Wh i pp l e  a s semb l age a re broad l y 
s i m i l a r to upper Un i t  I of Eberl y a nd Stanl ey ( 1978 )  
or  to the  pos t - i g n imbri te sedimenta ry package  o f  
W i l t  a nd Sca rborough ( 1981 ) .  Wh i pp l e  a s sembl d�e 
covers the i nterv a l  of  the ' Tran s i t i on Phase or  
Stage ' a s  used by  Sha f i qu l l ah and others ( 1980 ) and  
Damon  and others ( 1984 ) .  Wh i pp l e a s s emb l age strata 
are common l y separa ted from o l der Gal i uro a ssemb l age 
anG you nger strata of  the San Andre� s orogeny by 
a n gu l a r unconform i t i es .  

Roc k s  o f  the Wh i pp l e  Assemb l age 

" Sed i mentary Rocks . Sed i menta ry roc ks  of the 
'Nh i pple Assemblage con s i st of  coarse c l a s t i c  rocks  
a nd f i ner gra i ned l acustr i ne fac i es ( F i g .  5 ) .  I n  
genera l , thou�h , the  frequency of megabrec c i a  un i ts , 
deb r i s " fl ows , and coa rse c l a s t i c  sed imenta t i o n  
appears t o  b e  l ess  tha n  tha t  i n  t h e  p reced i ng 
Ga l i u ro a s sembl ag e .  Fac i es changes  i n  Wh i pp l e  
a s sem b l age sed iments appear t o  b e  much more rap i d  
a n d  the s i ze o f  ba s i ns seems to be sma l l er o n  a n  
overa l l  bas i s .  I n  areas o f  known detachment 
fau l  t i ng  much of  the sed imenta t i on accumul a ted i n  
sma l l ,  ha l f-graben ba s i ns between a n t i thet i ca l l y  
rotated b l ocks  i n  the upper p l a te a nd were u p  to 1 5  
km l ong  and 2-3  km w i de . Wh i p p l e  a s semb l age 
sed imenta t i on a l so appears to have a h i gher 
percentage o f  l acu str i ne fac i es than  the Ga l i u ro 
a s semb l ag e .  Myl o n i t i c  c l a sts  are w i despread and 
much more common in  Wh i pp l e  as semb l age stra ta than 
they are in  Ga l i u ro assemb l age strata . Th i cknesses 
of  Wh i pp l e  a s semb l age typ i ca l l y  range from 200 m to 
1 500 m and a re genera l l y  th i nner than those of  the 
u nderl yi r.g Ga l i u ro a s semb l ag e .  

A sed imento l og i ca l  
u n i ts of  the Wh i pp l e  

fea ture o f  
as semb l age i s  

cong l omera t i c  
the tuffoni 
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wea ther i ng wh i ch l eaves  consp i cuous water pockets or 
pock marks on more r:!si stant exposu res . Good 
examp l es of th i s  tu ffon i  wea theri ng are the t i l ted 
red congl omera te sec t i ons in the upper p l a te of the 
P l omosa fau l t in  the northern P l omosa Mounta i ns ,  the 
Camel back  Forma t i on on Came l bac k  Mounta i n  in  north 
Phoe n i x ,  the B i g  Dome Forma t i o n  south of  Ray i n  
P i  na 1 County, the Apsey a nd ht. l l  Ho 1 e Congl omera tes 
i n  the Gal i uro Mounta i ns ( S imons , 1964 ) , and the 
.G i l a  Cong l ome ra te near the G i l a  C l  i ff Dwe l l i ngs  i n  
southwestern New Mex i c o .  

One o f  the best examp l es of  Wh i pp l e  as semb l a ge 
sedimenta t i on i s the Copper Ba s i n  FO"TJla t i on i n  the 
Wh i p p l e  Mounta i n s .  Here , the Copper Ba s i n  Forma t i on 
a ngu l a r l y  overl i es the Gene Canyon Forma t i on a nd 
con s i sts  of red sa ndstones , congl omerates , and 
s i l tstones w i  th i nterbedded trachya ndes i t�s and 
trac h i t i c  vol cd n i cs ( Teel and Fro s t ,  1982 ) .  Pr imary 
sedimenta ry fea tures such as mudc racks , r i pp l e  
marks , a nd cross - bedd i ng are abundant w i th i n  the 
" format i on and suggest a f l uv i a l  or ;a ng l omr.rate 
depo s i t i on env i ronment for much of  the u n i t .  

Other examp l es o f  Whi pp l e as semb l age s trata 
occu r i n  the P l omosa , Rawh i de ,  and Buc k s k i n  
Mounta i ns .  Here , the Wh i pp l e  assemb l age i nc l udes the 
Cha p i n Wash  Forma t i on , wh i c h  i s  a mangan i ferous , 
f i  ne-gra i ned s i 1 ts tone and muds":one fac i es of  
probab l e  l ac u s tr i ne ori g i n ,  and the unconforma b l y 
overl yi ng Cobweb basa l t .  ;., character i s t i c  fea ture 
o f  the Chap i n  Wash · and Copper Ba s i n  forma t i ons  i s  
the pervas i ve br i ck  red c o l o r .  

Farther t o  the southea st Wh i pp l e  a s semb l age 
s trata i nc l ude the B i g  Dome Forma t i on , the San 
Manuel  Forma t i o n  o f  He i ndl ( 1962 ) ,  the R i l l  i to I I  
beds of  Pas h l ey ( 1966 ) , wh i ch are predom i nant l y 
redd i sh congl omerates wi th abou t 5 - 1 0  percent gne i s s 
c l asts , a nd the R i l l i to I I I  beds , wh i c h  a re t i l ted , 
l i �hter gray co l ored sediments conta i n i ng about 
7C-80 percent g ne i ss c l asts . 

. Igneous Roc k s . In  genera l , i gneous roc k s  o f  the 
Wh 1 pple assemblage are not as  wi despread as 
sed i mentary roc ks ; however , they can l oca l l y  reach 
cons i derab l e  th i c k nesses  ( g reater than 2000 01 ) . 
Vo l can i c  rock s  are more common , but sma l l to 
moderate s i ze s tocks  of Wh i pp l e  as semb l age a re 
l oc a l l y  prese n t .  Vo l can i sm and epi zona l p l utons  o f  
W h i pp l e  a ssemb l age a ff i n i ty are espec i a l l y  wel l 
devel oped and have been we l l  documented ( Ransome , 
1923 ;  Thorson , 197 1 ) i n  the Oatman d i stri ct  of the 
southern B l a c k  Mou n ta i ns o f  northwestern Ari zona . 
Thu s ,  th i s  area i s  des i gnated as a reference area 
for " Wh i pp l e Assemb l a ge ma gma t i sm .  Another reference 
area i s  the Socorro reg i on of  south centra l New 
Mex i co , where ex ten s i ve geochem i ca l  data and ma p 
control ex i s t for the La Jara Peak Andes i te a nd i t s 

" i nterca l a ted a s h  f l ow tu ffs ( O sburn and Cha p i n ,  
1983 ) . 

M i nera l og i ca l l y , Wh i pp l e  as sembl age magma ti sm 
common l y  l ac k s  quartz  but does not conta i n  
nephel i ne ,  so tha t  roc k types such a s  l a t i t e ,  
trachyandes i te ,  o r  s hoshon i te �re common vo l c a n i c  
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F i gu re 5 .  Map of Wh i pp l e  as semb l age of the cu l m i na n t  
Ga l i u ro o rogeny i n  Ari zona a nd v i c i n i t� .  

phases  ano monzoni  te o r  qua rtz sye n i  t e  are common 
i ntru s i ve phases . B i ot i te is  the pr i nc i pa l  ma f i c  
accessory fol l owed b y  hornbl ende and  l oca l l y' 
importa nt  aug i te , espec i a l l y  i n  aug i te monzon i te 
stOCKS , such a s  those i n  the Wh i te Oaks  and the 
R i a l l ) stock of L i ncol n Cuun ty ,  Ne'" Mex i c o ,  a nd the 
T imes Porphyry and Moss Porphyry monzon i  t i c  s toc� s 
norttiwest of Oatman ,  Ari zona ( Thorson , 1 9 7 1 ) .  
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Magma series  chem i s try of Wh i pp l e  as semb l age 
magma t i sm d i spl ays meta l um i nous a l um i num contents , 
a l ka l  i -ca l c i c  to mos t l y  quartz a l ka l  i c  a l ka l  i n i ty ,  
a nd i s  hydrous ,  ox i d i zed , a nd genera l l y  i ron-poor .  
The s tront i um i n i t i a l  ra t i o s  range between 0 . 705 and 
0 . 7 1 0  i nd i ca t i ng that a sma l l  crusta l component i s  
presen t .  
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Ul  tra-pota s s i c  chem i stry ( where KzU/Na 2 0  ra t i os 
exceed 3 : 1 )  i s  another feature of Wh i p p l e  a s semb l age 
vol can i sm .  W i th i n  these a reas , u l tra-pota s s i c  
chem i s try seems t o  b e  res tri c ted t o  a reas o f  h i gh  
KzO , qua rtz-al  ka l i c  vol can i sm · ( espec i a l l y  trachyt i c  
a nd h i gh K-rhyol i te phases ) .  F o r  examp l e ,  
Sha f i qu l l ah and others ( 1 9 7 6 )  and Rehr i g  and  others 
( 1 980 ) have repo rted u l trapota s s i c  chem i stry from 
trachyte s  at P i cacho Peak 45 km northwes t  of Tucson 
a nd from rhyol i tes in the Vu l ture Mounta i n s  45 km 
northwes t  of  Phoen i x .  U l tra-�(;ta s s i c trachytes are 
found . i n  the Copper Ba s i n  Formati on o f  the western 
Wh i pp l e Mounta i ns ( L .  Anderson , unpu b .  data ) and 
u l  tra-pota s s i c  roc ks a re w i despread in the Socorro 
area ( Osburn and Chap i n ,  1 983 ) . U l tra -pota s s i c  
chemi ca l  data h a s  not been rep�rted from o l der 
Ga1 i u ro as semb l ages . 

. 

Structura l  Fea tu res of Wh i p p l e  Assemb l age  

Detachment  Faul ts . The most wel l - s tud i ed 
s truc tural elements of the Ga 1 i u ro orogeny a re the 
spectacu l a r detachment fau l ts .  I n  p rev i ou s  
l i teratu re the terms denuda t i ona1  fau l t  ( A rms t rong , 
1 9 7 2 ) , d i s l oc a t i on fau l t  or d i s l oc a t i o n  surface 
( Rehr i g  ana keyno l d s ,  1980 ) , or  deco l l ement  ( Coney , 
1 980 ; Dav i s ,  1980 ) have been synonomous 1 y  emp l oyed 
when referring  to these s tructures . The terms 
' de tachment faul t '  or ' l ow-ang l e  normal fau l t '  have 
been used in more recent l i tera tu re ( F ro s t  a nd 
Marti n ,  1 982 ; Dav i s ,  1 983 ) a nd are conti nued here . 

Low-a ng l e  norma l fau l ts or detachme n t  fau l ts of 
the Wh i pp l e  assemb l age have been wel l descri bed i n  
the Wh i pp l e ,  Rawh i de ,  Buc ksk i n ,  and  Ha rqua ha 1 a  
reg ion  a nd i n  the Santa Cata1  i na ,  R i nc o n ,  and 
Torto l i ta reg i o n .  I n  both l oc a t i ons  l ow-ang l e  
norma l faul ts appear t o  have reu t i l i zed 
pre-ex i s t i ng ,  l ow-ang l e ,  thru s t  zones ( Drewes , 
1 981 ) .  Haxe1  a nd Grubensky ( 1 984 ) have recorded 
s i m i l a r  reu t i l i za t i ons for detachment-re l a ted 
fau l t i ng i n  the Comobab i Mounta i ns on the Papago 
I n d i a n  Reserv a t i on and i n  the Kofa Moun ta i ns of  Yuma 
County. 

Many of the detachment fau l t zones occur i n  
a reas that are underl a i n  b y  myl on i t i c  rocks  of  the 
l ower p l a t e ,  and some observers have i nterpreted the 
spa ti a l  a ssoc i a t i on as causa t i ve ( Dav i s ,  1 983 ; 
Reyno l ds , 1 982 ; Rehri g ,  1 982 ) . Howeve r ,  a reas  
a ffected by l ow-a n g l e  detachment fau l t i ng a re 
common1 y not geograph i ca 1 1  y restri cted to a reas  of 
myl on i t i c  rocks  in the l ower p l a te ( Da v i s  and 
others , 1 980 ) . Th i s  i s  documented in  the centra l 
W h i p p l e  Mounta i ns where nonmy1 on i t i c  g ne i sses  and 
p l u ton i c  rocks  underl i e  the detachmen t  fau l t  a t  
Sava h i a  P e a k  ( Gross  a n d  H i 1 1 emeye r ,  1 982 ) . 
Detachment fau l t i ng i n  the Tri go Moun ta i ns occurs 
above nonmyl on i t i c  crys ta l l i ne rv�k s  ( Ga rner and 
others , 1 982 ) , a s  it  does in  the Baker Pea k s  a rea of  
Yuma Cou nty ( Pr i dmore and Cra i g ,  1982 ) .  S i m i l a rl y ,  
detachment  fau l t i ng i n  the Ow l shead Mounta i ns i n  
sou thern Death Val l ey pl aces anti thet i ca l l y  t i l  ted , 
m i ddl e Tert i a ry roc ks  of the upper p l ate  aga i n s t  

. nonmyl on i t i c ,  probab l y m i d -Cretaceou s ,  gran i to i d s  
( Da v i s  a n d  F l ec k ,  1 9 77 ) .  I n  some of these area s ,  
such a s  the Ow l shead Mounta i ns a nd mos t  o f  the Trigo  
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Mounta i n s ,  there i s  no ev i dence of any  former 
thru st i ng .  Thu s ,  tec to n i c s  respons i b l e  for 
myl o n i t i c  phenomena and detachment phenomena are not 
mutua l l y  co i nc i den t ,  a nd are ,  theref0re , proba b l y 
not causa l l y  re l a te d .  

The stru c tu ra l sty l e of detachmen t  fau l t zones 
cons i sts  of a ba s a l  ch 1 0r i t i c  trec c i a  zone , a 
m i crobrec c i a  zone , a nd a lT i c robrec c i a  l edge wi th a 
p l anar  su rface , above wh i c h  are u nmetamorphosed and  
nonmy1 oni t i �  rock s  of  the  upper  p l a te .  The  
crysta l l  i ne roc k s  of the upper  p l a te common l y  are  
depos i t i ona 1 1 y  overl a i n  by M i neta , Ga 1 i uro , and  
Wh i pp l e  a s sem b l age vo l c a n i c s  and sediments . These 
stra ta a re t i l ted from a few degrees to nea r 
vert i c a l  but genera l l y  d i p  between 30 and 60  
degrees . Areas  cha ra c teri zed by the  same d i p  
d i rections  are geograph i ca l l y  d i s t i n c t ,  s o  tha t i t  
i s  poss i b l e  to def i ne doma i ns o f  d i p  d i rect i on · 
( S tewa rt , 1980 ; Reh r i g  and He i dr i c k ,  197 6 )  tha t 
i nierenti a 1 1 y  overl  i e  a s i ng l e ,  COliolTlon ,  basa l 
detachment zone . I n  some p l aces the d i p  doma i ns can  
be  i n ferred to represent a n t i thet i c  t i l t i ng of  
� i dd 1 e Tert i a ry s trata i n  the  upper pl ate a s  a 
response to detachment  fau 1  t i ng at dep t h .  Not  a l l 
of the t i l t  d i rec ti ons  or d i p  doma i ns can  be 
i nterpreted a s  a resu l t of detachment fau l t i ng ;  for 
examp l e  the t i l ted Ga1 i u ro Vol ca n i c s  w i t h i n  the 
sync l i no r i um of  the southern Ga1 i u ro Mounta i ns .  I n  
most  p l aces the t i l  t doma i ns ou t1  i ne a reas o n  the 
same fl a n k  of  reg i on a l  warps of  Ga l i u ro assem b l age 
and dip  away from the vol cano-tecto n i c  trough s .  
Areas o f  th i c k  Ga 1 i u ro sedimenta t i on co i nc i de 
geograph i ca 1 1 y wi th axes that  separate reg i ons  of  
i nward d i ps on t i l t  doma i n  map s . 

On a sub reg i ona l  sca l e ,  t i l t  d i rec t i ons  of the 
l a rger-sca l e  b l ocks  appear to be fa i rl y  cons i s ten t ,  
but i n  deta i l , the  geometri  es can be cons i derab 1 y 
more camp 1 ex . A good examp l e of the camp 1 ex i ty ha s 
been documented by Gro s s  and H i l l  emeyer ( 1 982 ) fo r 
sma l l - s ca l e ,  detachment-rel a ted s tructures i n  the 
western W h i pp l e Mou n ta i ns and the Buc k s k i n  
Mounta i ns .  The overa l l movement a s  i nd i ca ted w i th i n  
a g i ven doma i n  o f  t i l ted b l ocks  may be 
counterba l a nced by sma l l  sca l e ,  l es s  noti ceab l e ,  
a nt i thet i c  fau l t s . Gross and H i l 1 emeyer ( 1 982 ) 
aemonstra te that  s im p l e ,  upper p l a te ,  syntheti c ,  
norma l -faul t mode l s that  are wi del y used i n  the 
l i terature cannot be s truc tu ra t 1 y  ba l a nced , a n d  
l eave  gap i ng v o i d s  that  somehow m u s t  b e  accounted 
for by more comp l ex ,  keys tone- l i ke , fau l t  
re l a t i on s h i p s .  A l so , the obv i ous  a n t i thet i c  t i l t i ng 
of upper p l ate  b l oc k s  may be , to some exten t ,  
counterba 1 anced b y  more subt l e ,  synthet i c ti l t i ng .  
F i gure 1 0  i n  G �o s s  a nd H i l l emeyer ( 1 982 ) i s  
espec i a l l y  spectacu l a r .  

D i recti o n  o f  Tra nsport on Detachment  Fau l t s .  I n  
general , the s tr lke of the tllted m l d -Tert l a ry 
stra ta i s  �erpen d i cu l a r to the d i rec t i o n  of tec ton i c  
transport o n  the underl y i ng ' basa l ' detachment 
fau l  t .  Sl  i c kens l des  on tne de tachment  su rfaces a re 
genera l l y  pa ra l l e l to the d i p  d i rect i on of the 
overl yi ng , t i l  ted stra ta of mi d-Tert i a ry age . 
A l though the d i rect i on of d i p  of the t i l te(1 s t r;; ta 
i s  common l y para l l e l to tha t o f  the 1 i nea t i c n i n  t h f  
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myl on i t i c  rock s  of the l ower p l ate ,  i t  i s  not  a l ways 
p a ra l l e l . For examp l e ,  1 i nea t i on i n  the sou thern 
forerange of the Santa Catal  i na Moun ta i ns t�ends 
eas t-northeas t  to east-we s t , whereas the i nferred 
transport d i rect i on duri ng  Wh i pp l e  a s semb l age 
movement on  the Cata l i na fau l t  is thou g h t  to be SSOW 
( Oa v i s ,  1983 ) , a d i  fference of about 30 0. An  even 
more d i scordant  rel a ti onsh i p  is a pparent  i n  
Red i ngton �a ss  between the Santa Cata l i na a nd R i ncon 
mou n ta i ns where l i ne a t i o n  in  the l ower p l a te of  the 
Ca ta.l i na fau l t a na l og trends N20-S0W and  i s  c l ea r l y 
d i  scordan t  to the i nfi:rred , sC!' �thwes t-d i  rected , 
nonnal tra n s port a l ong the Catal  i na fau l  t system i n  
m i d -Tert i a ry t ime ( Dav i s ,  1983 ) . As the l i nea t i o n  i n  
the l ower p l a te myl o n i tes i s  not r i gorou s l y  p a ra l l e l 
to the tecton i c  transport of the overl y i ng p l a te ,  a 
causa l k i nema t i c  rel a t i onsh i p  between the l i ne a t i o n  
i n  the l ower p I a  t e  a n d  the transport of  t h e  upper 
p l a te is  not  1 i ke l y . 

. 

The s tri kes of the t i l ted b l ocks  i n  the upper 
p l a te comm o n l y  s tri ke between N20W a nd NSOW . Th i s  
' imp l  i e s  that  tecto n i c  transpo rt dur i  n g  detachment 
f .. u 1 t i ng i s  more or  l ess  pa ra l l el to a 

• northea s t - sou thwe s t  d i rect i o n .  Th i s  h€lS  COmmon l y 
been i nterpreted as an ax i s  of reg i o na l , c ru s t a l  
extens i o n  ( Da v i s ,  1983 ; Fro s t  and Ma rt i n ,  1 982 ) .  
However ,  except i ons to the northea s t o r  sou thwes t 
transport are fa i r l y  frequent  a nd i nc l ude north 
transport on the P l omosa deta chment  fau l t i n  the 
P l omosa Mounta i n s ,  imp l i ed north-northea s t  tra n s port 
of  Locomot i ve fangl omerate s tra ta in  the Ajo a rea , 
north to northwes t  tra nsport on the Aj o Road fau l  t 
( G a rdu l s k i , 1 980 ) ,  northwe s t  transport  on Helmet 
fang l omerate stra ta in  the S i erri ta Moun ta i ns , and 
· .. est-northwe s t  transport of · tne Hel v e t i a  k l  i ppe i n  
the northern Santa R i ta Mounta i n s .  These excep t i ons  
suggest that  the transport d i rec t i o n  above the 
l ow-ang l e  norma l fau l  ts may be a fun ct i on of  the 
geometry of  the underl y i n g ,  northwest-trend i ng wa rps 
ra ther than a phenomena of  reg i on a l  c ru s t a l  
extens i o n .  I n  t h i s  model t h e  detachmen t  fau l  ts  are 
sma l l er sca l e , near surface , denuda t i ona l  rea c t i ons  
to wha tever process c rea ted the  warps . For examp l e ,  
the prev i ou s l y  men t i oned anoma l ou s  d i re c t i o n s  cou l d  
b e  transports d i rected down the noses o f  the fol ds ; 
whe.reas  the more common northwe st-southea s t  
transport d i recti ons cou l d  b e  d i rected down t h e  more 
stat i s t i ca l l y  p reva l ent  fl anks  of the fol ds . 

Ma n i tude of Tra ns  ort on Deta c hment  Fau l ts .  
The best  cons  ra l ne a ta or t e amount  a tecto n l C  
transport that can b e  a s c r i bed t o  the detachment 
fdu l t  process i s  deri ved from ofT sets  a l ong 
synthet i c  nonna l fau l ts in  the upper p l a te .  Offsets 
across upper p l a te synthe t i c  fau l ts in the Wh i pp l e 
Mounta i n s  a re fa i rl y  \�e l l  known and ra nge from 0 . 3  
to 1 . 5  km across  the major synthe t i c  fau l ts ( Gros s  
and  H i l l emeye r ,  1982 ) .  I n  the Tort i l l a Mou n ta i ns 
d i s p l a ceme n ts a l ong the Supers t i t i on-Tort i l l a  
detachment  sys tem range from 1 to 2 . 5  km ( Lowel l ,  
1968 ) .  I f  the recons t ruc t i on of Cooper ( 1960 ) of the 
San Xa v i er fau l t  i n  the P ima m i n i ng d i s tr i c t ,  and 
the  beheaded porphyry copper depos i t  a t  Tw i n  Bu ttes 
wa s moved to Mi s s i on - P ima , then the tec ton i c  
tra nsport wi th respec t t o  a ba s a l  detachment fau l t  
may have been about 1 0  km to the north-no rthwe s t  
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a l ong t h e  San Xav i er detachment fau l t . I n  the 
northern Santa R i ta Mou n t" i ns .  d i sp l acement of  the 
He l ve t i a  skarn  in the He l ve t i a  kl i pPe rel a t i ve to a 
presumed corre l a t i ve s ka rn a s soc i a ted w i th the 
Broadwa ter p l u g  north of Gun s i ght ' Knob i s  about 2 to 
2 . 5  km to the wes t-northwe s t .  I n  summa ry ,  known 
d i s p l acements across  upper p l a te detachment fau l t  
s t ructures a re typ i ca l l y  1 to 3 km of  norma l s l  i p .  
Thus , where d i s p l a cements  are fi rm l y  known , n o  l a rge 
d i sp l a cements on a ny s i ng l e  fau l t  fea tu re have been 
proven to ex i s  t .  

Large amounts  of ' d i s p l acement have been 
s�ecu l a ted to ex i st based on the reg i on" l  d ime n s i ons  
of the detachment s t ructures themsel ves or from 
tenuou s matches of l i tho l og i es between the upper a nd 
l ower p l a tes . For examp l e ,  Dav i s  and others ( 1982)  
have specul a ted that  northwest- trend i ng d i ke swa r.ns. 
i n  the Mohave Mou nta i ns are offsets of a s i ng l e  a i ke 
swa rm 22 km to the northea st  of the Chambers Wel l 
d i ke swa rm i n  the Wh i pp l e  Mounta i ns .  Howeve r ,  they 
may s i m p l y  be two d i fferent d i ke swa rms of s im i l a r  
chem i ca l  compo s i t i on ,  ra ther than the same d i ke 
swa rm ,  as the wa l l  rock geol ogy d i ffers i n  each 
ca s e .  

Other k i nema t i c model s o f  detachment fau l  t i ng 
requ i re l i tt l e  net s l i p  on the �asa l  detachment 
fau l t .  For examp l e ,  much of the ant i the t i c  t i l t i ng 
a nd accompanyi ng  synthet i c  fau l t i ng i n  the upper 
p l a te cou l d  be accompan i ed by ant i thet i c fau l t i ng 
and synthet i c  t i l t i ng that  wou l d  compensate for the 
offset on the more obv i ous  synthet i c faul ts ( Gross  
and H i l l emeye r ,  1982 ) .  At Sava h i a  Pea k i n  the 
Wh i pp l e  Moun ta i ns ,  no more than 6 km of 
northea s twa rd s l  i p  on the Wh i pp l e  detachment fau l t  
wou l d  be requ i red to produce the observed upper 
p l a te offsets ( Gross  and  H i l l erreye r .  1982 l . In the i r  
model and ours , the upper p l a te i s  more or l es s ,  
d i rect i o na l l y  d i s tended , i n  s i tu ,  above the ba s a l  
detachment structure i n  dom i no - l i ke fa sh i o n .  

Northwe s t- trend i ng Fol ds and Arches .  The broad , 
northwest-trendl ng fords of the G� I l U ra a ssembl age 
cont i nued to deve l o p  duri ng Wh i pp l e a s semb l age 
t i me . However , newer , sma l l er-sca l e ,  more northerl y 
trend i ng fol ds were a l so devel oped a t  th i s  t i me 
( F i g .  5 ) . For examp l e ,  the Wh i pp l e  detachment fau l t  
wh i ch reu t i l i zed o l der Laram i de thru s t  fau l ts cou l d  
have i n i t i a ted between 22 and 1 8  Ma a s  a res po nse to 
a b roa d ,  Gal i u ro . a s semb l age , 
north-northwest-trend i ng warp w i th i ts ax i s  i n  the 
western Turt l e Moun ta i ns .  The pri nc i p l e  detachment 
a c t i v i ty on the Wh i pp l e  detachment fau l t  wou l d  have 
occurred between 18  a nd 15 Ma ( Dav i s  a nd o thers , 
1 982 ) . Between 1 5  and 1 3  Ma the sma l l er-sca l e  wa rp s ,  
such a s  the Wh i pp l e-Chemehuev i a n t i c l  i nc ,  devel oped 
on the sha l l ow ,  northea s t-d i pp i ng fl a n k  of  the 
Turt l e  Mou nta i ns warp and deformed the W h i ppl e 
l ow-ang l e  fau l t  comp l ex .  S i m i l a r  
north- northwest-trend i ng a n t i c l i na l  axes a re present 
in  Gal i uro a s semb l age p l utons  and vo l can i c s  in  the 
Santa Cata l  i na a nd Turtol i ta i�ounta i ns .  

The Spi ne sync 1 i ne documented by Wi l son ( 1 962 )  
sou thwest  Of Ray  i s  a fa i r l y  sharp , 
northwest-trend i ng sync l  i ne tnat deforms the 20 Ma 
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Apache Leap Tuff and  18- 1 5  Ma rhyo l i t i c  vo l can i c s .  
Immea i ate l y north- northea st  o f  Ray, a s im i l a r 
north- trend i ng sync l i ne deforms 18 to 1 5  Ma 
vol c a n i c s  a nd Wh i pp l e  assemb l age -:or g l omera tes eas t  
o f  the School  reverse fau l t  zone ( Cornwa l l  a nd 
others , 1 97 1 ;  Ke i th ,  1983b ) .  Broader fo l ds deform 
the Mesqu i te F l a t  Brecc i a ,  a Wh i pp l e a s semb l age 
qua rtz a l ka l i c  l a t i t i c  v o l c a n i c  rock , i n  the central  
Supers t i t i on Mou n t a i ns ( Sc a rborou g h , 1 98 1 ) .  A l so ,  
the Apsey Cong l omerate i s  fo l ded by a 
wes t-no rthwest- to northwes t- trend i ng sync l i ne i n  
the Apsey Creek a rea o f  the northwestern Ga l i u ro 
Moun ta i ns ( Ke i t h ,  1963b ) .  To the sou thea s t  i n  the 
K l ondyke a rea o f  the northeas t  Ga l i u ro Moun ta i ns ,  
the He l l  Ho l e  Congl omerate ( S imons , 1 9 6 4 )  i s  more 
s t rong l y  fo l ded around north-northwest-trend i ng 
a n t i c l  i na l  a nd syn c l  i na l  fo l d  axes . I n  the Oroco p i a  
Mou nta i n s  of  sou theastern Cal i forn i a , the D i l i genc i a  
Forma t i on ( 23 t o  1 9  Ma and a S S i gned here t o  the 
Gal i u ra Assemb l a ge ) has been fol ded by three maj or  
fo l ds that trend N 70W ( Sp i tt l er and Arth u r ,  1 982 ) . 

Northwes t-trend i ng Reverse Fau l ts . Fo l d s  o f  
Wh i pple Assemblage are commonly a s soc i a ted w i th 
reverse fau l  ts . Where i n  mutua l conta c t ;  the 
reverse fau l  ts cut the detachment fau l ts .  I n  
western Ari zona a broad northwest-trend i n g  zone o f  
reverse fau l  t s  extends from the Dead Mou nta i ns i n  
Ca l i forn i a  o n  the northwe s t  for some 1 20 km t o  the 
Harquaha l a  Mounta i ns on the southea s t .  Reverse 
fau l ts in th i s  wes tern bel t genera l l y  trend 
northwe s t  and  exh i b i t  sou thwest-di rected tecto n i c  
tran sport of  the upper p I a  t e  hangi  ng  wa 1 1  . The best  
examp l e  o f  these  reverse fau l ts is  the L i nc o l n Ranch  
fau l t  p i ctured in  W i l son ( 1 962 ) in  the south-centra l  
Rawh i de and  Bucks k i n  Mou n ta i n s .  Exposures o f  the 
L i nc o l n Ranch fau l t  in the Rawh i de Mou n ta i n s  were 
mapped i n  more deta i l  by Shackel ford ( 1 980 ) .  At 
l ea s t  600 m of  s tructura l  throw a re present where 
l ower p l a te meta s ed imentary and myl o n i t i C  g ne i s ses  
i n  the hang i ng wa l l  are juxtaposed over L i nco l n  
Ranch reabecs o f  the Wh i pp l e a ssemb l age , i n  the 
footwa l l .  The L i nco l n  Ranch fau l t  c l ea r l y  o ffsets  
the Rawh i de-Bu ck s k i n  detachr.1ent fau l t .  To the 
northea s t  i n  the Al amo Dam area a no ther ' 
sou thwest-d i rected , northwes t-str i k i ng reverse fau l t 
offsets the Rawh i de-Bucks k i n  fau l !: sys tem w i th at  
l ea s t  90 m of  reverse sep a ra t i on . 

I n  central  to southea s tern Ari zona ano'th e r  zon� 
o f  d i ffuse reverse fau l ti ng d i rect l y  cuts  
sed i menta ry rocks  o f  th�  Wh i p p l e  as semb l age  wi th 
movements  of  ha ng  i ng wa 1 1  to the northea s t .  O n  the 
wes t  s i de of  Came l back  Mounta i n  in the Phoen i x  
reg i o n ,  megabrecc i a  u n i ts and coarse a rkos i c  u n i ts 
i n  the Came l ba c k  Forma ti o n  are cu t by a reverse 
fau l t d i pp i ng 30 degrees wes t  that has  abou t 60 m of 
reverse s l i p .  I n  the Supers t i t i on Mounta i ns a 
wes t-northwes t-trend i ng zone o f  fo l dS and 
northea s t-d  i rec ted reverse fau  I ts cu ts the younges t 
u n i  ts o f  the Supers t i t i on vol ca n i cs da ted a t  about  
1 6 - 1 5  Ma  ( Sc a rborough , 198 1 ; Stu c k l ess  and Sheri da n ,  
19 7 1 ) .  Near Ray, the Schoo l reverse fau l t  zone cuts  
the 20 Ma Apache Lea p Tu ff and the overl y i n g  B i g  
Dome Congl omerate a n d  rhyo l i t i c  tuff  ( p robab l y  18- 1 5  
Ma ) and i nd i ca te s  u p  to 600 m o f  reverse s l i p  
( Cornwa l l  a n d  others , 197 1 ; Ke i th ,  1983b ) .  Fa rther 
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to the sou thea st  in  the Ga l i ruo Mounta i ns Kri eger 
( 1968 ) mapped a number of  WNW-str i k i ng ,  
sou thwest-d i !)p i ng reverse fau l ts that cut the Ho l y  
Joe Peak  member ( 26 Ma , Creasey and Kr iege r ,  1 9 78 )  
o f  the  Ga l i u ro Vol can i c s . 

An examp l e  of northea s t-di rec tp.� reverse fau l t s 
i n  sou thern Ari zona i nc l udes the Apache Pass  fau l  t 
i n  the northern Ch i r i cahua Moun ta i ns shown by Sab i ns 
( 1957 ) to deform m i dd l e Tert i a ry vo l can i c s .  Other 
examp l es of  poss i b l e  Wh i pp l e as semb l age' reverse 
fau l ts  a re p resent i n  Ca l  i forn i a .  In  the Oroc o p i a  
Moun ta i n s ,  more t i ght l y fo l ded upper u n i ts of  the 
D i l i genc i a  Forma t i on a re l oca l l y  b roken i nto 
northeast-d i rected reverse fau l ts ( Sp i tt l er a nd 
Arthur ,  1982 ) . I n  the Bars tow reg i o n  of the centra l 
Moj ave , the m i ddl e M i ocene Barstow Forma t i on north 
o f  Bars tow is cut  by a major , northeast-d i ppi ng , 
sou thwest-d i rected , reverse fau l t that juxtaposes 18  
Ma P i c khand l e  vo l ca n i c s  ( M i l l er  and Morton , 1980 ) 
over you nger l acustr i ne u n i ts of the Bars tow 
Forma t i on ,  wh i ch i s  l oc a l l y  spec tacu l a rl y fo l ded . 

D i ke Swa rm s . D i ke swa rms that are cogene t i c  
w i th qua rtz alka l i c  magmat i sm of  the Wh i ppl e 
a s sembl age a re l oc a l l y  presen t ,  but are not as  
exten s i ve as  the  d i ke swa rms of the Ga l i u ra 
a s sembl ag e .  Where present ,  the d i ke swa rms 
genera l l y  stri ke northwes t .  In the western Wh i p p l e  
Mounta i n s ,  l ate quartz a l ka l i c  d i kes that str i ke 
north-northwes t  cut the ca l c-a l ka l i c ,  Ga l i u ro 
a s  semb I age d i kes o f  the Chambers We 1 1  d i ke swa rm 
( Dav i s  a nd ethers , 1 982 ; L .  Anders l-r. , pers . 
commu n . , 1985 ) . I n  the , Vu l ture Mou n ta i ns of  
west-cen tra l  Ari zona , an  exten s i ve swarm of l a ti t i c  
a nd h i g h- K  rhyo l i t i c  d i kes of  quartz a l ka l i c 
cl lem i s try str i ke l lortliwe 3 t  and have yi el ded seve ra l 
K-Ar who l e  rock dates that  range fror.1 18 to 1 6  Ma 
( Rehr i g  and others , 1 980 ) . Some of these Wh i pp l e  
a ssemb l age d i kes a re cut  b y  l ow-ang l e  normal  fau l ts ,  
wherea s other d i kes appear to i ntrude the l ow-ang l e 
detachment fau l ts .  

Age o f  Wh i pp l e Assemb l a ge 

Age o f  Vo l can i sm .  Age dates on vol ca n i c s  i n  the 
Wh i pple as semblage ra nge from 28 to 13 Ma or from 
l ate 01 i g ocene to m i d-Mi ocene . As w i th the ea rl i er 
a ssemb l ages  o f  the Ga l i u ro orogeny, the rock s  a re 
o l der to the east  a nd younger to _"e wes t .  To the 
east i n  New Mex i co Wh i p p l e  assemb l age rocks such as 
the La J a ra Peak Andes i t� and i nterf i nger i ng Hel l ' s 
Mesa tuffs i n  the Socorro reg i on are about 2 7  to 24 
Ma ( Osbu rn and Chap i n ,  1 982 ) .  In eas tern Ari zona i n  
the central  Ch i ri cahua Mounta i ns ,  the Rhyo l  i te 
Canyon·  Forma t i on and a ssoc i a ted u nderl y ing  ,nonzon i te 
s tock  a re probab l y  part o f  the Wh i p p l e  as semb l age 
a nd have been da ted at about 25 to 23  Ma . Wh i p p l e  
a ssemb l age a l ka l i ne v o l c a n i c s  at  P i cacho Pea k and 
the Saman tego H i l l s  a re 22 to 15 Ma ( Sh a f i qu l l ah and 
others , 1 9 7 6 ; Eastwood , 1970 ), .  St i l l  farther west i n  

' the c l a s s i c  area o f  the '''h i pp I e  Mounta i ns of  
southea s t  Cal i forn i a  a nd in  the Rawh i ce Mounta i ns of  
western Ari zona , quartz a l ka l i c  vol can i cs w i th i n  the 
Copper Bas i n  Forma t i on and Chap i n  Wash Forma t i o n  
have y i e l ded nume rou s a g e  dates between 18 and 1 5  Ma 
( Mart i n  and others , 1982 ) . In northwestern Ari zona 



S.B. KEITH AND 1.e.  WILT 

in the northern B l ack  Range a nd El  Dorado Moun ta i ns 
of sou thern Nevada , rad i ometri c da tes on the PJ tsy 
Mi ne Vol can i cs range from about 18  to 14 Ma 
(Anderson and o thers , 1 9 72 ) . Thus , from sou thwestern 
New Mex i co to western Ari zona and southeasternmos t  
Ca � i forn i a ,  there appears t o  be a c l ea r  you ng i ng of  
Wh l pp l e  assembl a ge vol ca n i sm that ranges from 27  to  
23 Ma in  New Mex i co a nd from 18 to 15  Ma in  the 
c.a l orado R i ve r  reg i o n  between Ari zona and 
Cal  Horn i a . 

. Aqe of  Fau l t i ng. Many of the detachment fau l ts 
can be strat l g ra phl c a l l y bracketed w i th i n  the 
Wltipp l e  a ssemb l age vol can i sm and ;ed i menta t i o n .  
Detachmen t  fau l t i ng o f  the Wh i pp l e  as semb l age i s  
s l i ght l y younger from southeas t  ( 18 t o  1 5  M a  i n  
centra 1 Ari zona ) to north�les t ( 14 to 1 1  Ma i n  
northwestern Ar i zona . 

I n  the W h i pp l e  Mou l lta i ns o f  southea s tern 
Ca l Horn i a ,  Dav i s  a nd others ( 1 980 ; 1 982 ) and Teel 
and Frost  ( i <;82 ) have shown that the Copper 8a s i n  

' Fonna t i on ,  wl-, i c h  has  yi e l ded t. K-Ar dates between 
18 . 7  a nd 1 7 . 1  Ma , i s  a syntecto n i  c depos i t  wi th 
respect to the detachment :novement on the Wh i pp l e  
fau l  t .  A m i  n imum age f o r  the detachment fau l t  i s  
prov i ded b y  numerou s d� tes o n  �he Osborn Wa sh  
Forma t i o n , wh i c h  ra nges i i '  age  from about  9 to  1 5 . 9  
Ma ( Da v i s  a nd otilers , 1982 ) ; the Osbu rn Wa sh  
Fonna t i o n  i s  v i rtua l l y  f l at  l yi ng a nd angu l a rl y  
truncates the Copper Bas i n  Fonna t i o n .  Thus , 
detach�ent fau l t i ng i n  the Wh i pp l e  Moun ta i n s  
occurred ma i n l y  between 18 . 7  and 1 5 . 9  Ma . 

I n  the E1 Dorado and northern B1 ack  Mou n ta i ns  
of southern Nevada and  northwestern Ari  zona , 
detachment-re l a ted tecto n i c s  ma i n l y  occu rred between 
14 and 1 1  Ma . A pre-detachment vol can i c  u n i t  named 
the Patsy Mi ne Vo l ca n i c s  has y i e l ded several K-Ar 
dates between about 18  and 14 Ma . The Patsy M i ne 
Vol can i c s  i s  rota ted and i s  angu l a rl y  overl a i n  by 
the Dav i s  ·" ·, . .  , ' ta i n  V o l c a n i c s  wh i c h  rest above the 
Bri oge Spr i , , �  Tuff da tum . The Da v i s  Moun ta i n  
Vo l ca n i c s  hi.: ve  y i e l ded severa l  K-Ar dates between 1 3  
and 1 1  Ma ( Anderson and others , 197 2 )  and a re cut  i n  
many p l aces b y  l ow-a ng l e  nonnal  fau l ts that a re 
proba b l y  detachmen t  rel a ted . The Dav i s  Mounta i n  
Vo l ca n i c s ,  wh i ch a re commo n l y  s teep l y  t i l ted , a re i n  
turn overl a i n  by nearl y fl a t  l yi ng Muddy Creek 
Fonna t i on wh i ch has  y ie l ded K-Ar da tes as o l d a s  1 1  
M a  ( Anderson and others , 1 9 72 ) .  

Detachment-re l a ted tecton i cs i n  wes t-central  
Ari zona occu r red approx imate l y  between 18  and 16 Ma . 
I n  the Vu l tu re Mou n ta i ns .  s teep l y  t i l ted , rhyol i t i c  
vo l ca n i c s  are c u t  by detachment- rel a ted , l ow-ang l e  
nonna l fau l ts a nd have y ie l ded K-Ar dates between 1 6  
and 1 7  M a  ( Rehri g  and others , 1980 ) .  The l ow-angl e 
nonna l fau l t s are , . i n  p l aces , i ntruded by 
u l tra-pota s s l c ,  rhyol l te porphyry d i kes tha t a re 
undefo nn�d . , One of these d i kes  has y i e l ded a K-Ar 
age on b l o t l te of 18 Ma . Further con f i nna t i on of the 
18 to 15 Ma age of fau l t i ng i s  p rov i ded by K-Ar 
who l e  rock da tes of 1 3 . 5  Ma on essent i a l l y  ur. t i l ted , 
pos t-detachme n t ,  p roba b l e  Ba s i n  and Range ba sa l  ts 
that , angu l arl y tru ncate tne t i l ted rhyo l i t i c  
vo l ca n l C S  1 n  the Vu l ture Mounta i n s .  
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I n  t h e  Su per i o r  reg i on i n  the Teapot Mounta i n  
quadrang l e ,  detachment re l a ted 1 0w-�ng l e  fau l t s may 
be t i ghtl y bracketed between about 1 8  and 15 Ma . 
Here , l ow-a ngl e nonnal  fau l ts c u t  rhyo l i t i c  
vo l can i cs a s  young as  1 8  t o  16  M a  and are overl a i n  
depos i t i ona l 1 y  by rhyo l i t i c  tuffs ( Kei th , 1983 b )  
that corre l a te wi th rhyol i t i c  tu ffs i n  the adjacent 
M i nera l Mounta i n  quadra n g l e that are da ted at  16  to '  
15 Ma ( Theodore and others , 1 9 78 ) . Farther to the 
southeas t  in the northern Torti l l a  Mounta i n s , 
rhyol i t i c  tu ffs i n  the R i psey Wa sh  sequence of  
Schm i dt ( 19 7 1 ) have  been  da ted at  about  18  Ma . The 
R i psey Wash  sequence occurs i n  the upper p l a te of 
the R i psey Wash detachment fau l t and , because  it i s  
cut  by the R i psey Wash  detachment fau l t ,  the 
detachment fau l t  mus t  be you nger tha n 18 Ma . 

Tenn i na t i on of Gal  i u ra Orogeny 

Tenn i na t i o n  of  Gal i u ro orogeny in the Bas i n  and 
Range Prov i nce o f  Ar i  zona i s  represented i n  genera 1 
by a reg i on a l  unconfo nn i ty that i s  common l y  angul d r  
a nd i s  o f  1 a te m i  d-Mi  ocene ( 1 5 - 1 1  Ma ) .  Above the 
unconfo nn i ty a re ba s i n-f i l l  sed i ments i n  tile sense 
of  Sca rborough and Pe i rce \ 19 78 )  and W i l t  a nd 
Sca rborough ( 1981 )  or sed i ments of Un i t  I I  of Ebe r l y  
a nd Sta n l ey ( 19 78 ) . Bel ow the unconfo nn i ty a re the 
sed i ments  and vol c a n i c s  of  cu l m i na n t  Ga l i u ra 
orogeny, wh i ch i nc l ude U n i t  I of Etll�rl y a nd Stanl ey 
( 1 9 7 8 )  or pos t - i gn i mbri te sediments of  W i l t  a nd 
Sca rborough ( 1 981 ) .  The unconfonn i ty a t  the end o f  
t h e  Gal i u ro orogeny i s  gQnera l l y  better d i sp l ayed i n  
horst  b l oc ks and i s  l ess  obv i ous  i n  the b� s i n  
b l ocks . 

One of the best i nd i ca t i ons  of the :enn i na t i on 
of Gal i u ro orogeny i s  the drama t i c  cha nge i n  the 
chem i ca l  nature of  the ma gma t i sln from the cu l m i na n t  
Ga 1 i u ro orogeny t o  tha t of the succeed i ng S a n  
,\ndrea s orogeny . T h e  chem i s try of  the overl yi ng Sal ,  
Andreas magma t i sm i s  of  s i m i l a r a l ka l i n i t i es to the 
Gal i u ro orogeny , bu t is d i s t i nc t l y  more 
l I ieta l um i nous .  A l so ,  magma t i sm of the San Andrea s 
oroqeny i s  d i s t i nct l y more i ron-ri ch , drama t i ca l l y  
more anhydrous "  l es s  ox i d i zed ,  an '" not i ceabl y l es s  
s i l i ceous than earl i er Cretaceou s-Cenoz o i c  
magmat i sm .  T h e  anhydrous nature of S a n  Andrea s 
magma t i sm i s  dramat i ca l l y  i l l u s t ra ted by the genera l 
l ac k  of hydrous m i nera l s  such  as amph i bo l e  or m i ca , 
whereas  Gal i u ro orogen i c  magma t i sm genera l l y  
conta i ns not i cea b l e hyd rou s m i nera l s ( g reater tha n 
1 . 5  vo l ume percen t ) . Stront i um i n i t i a l  ra t i os for 
cu 1 m i na n t  Ga 1 i u ro magma t i sm range from 0 . 706 to 
0 . 70 10 , whereas stront i um i n i t i a l  ra t i o s  for San 
Andreas  basa l t i c  magma t i sm a re genera l l y  l ess  tha n  
0 . 705  and may b e  a s  l ow as  0 . 7022 ( Ke i th and 
D i c k i nson , 1 9 79 ) .  Ga l  i u ro orogeny magma t i sm fea tures 
l a rge vol umes of si 1 i ceous i g n imbri  tes hav i ng s i l  i ca 
cvntents grea ter than 65 we i gh t  percent , wherea s San 
A�dreas magma t i sm fea tures l a rge vol ume S of basa l t  
w i th s i l i ca contents be tween 4 2  t o  5 0 - 5 2 , we i g h t  
percent . 

The chem i ca l  and m i nera l og i ca l  swi tchover from 
Ga l i u ro to San Andreas magma t i sm occurred between 
about 13 to 1 2  Ma in the Ba s i n  and Range Pro v i nce 
sou th of K i ngman a nd from a bo u t  11  to  9 :-1 a i n  
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northwestern Ari zona between K i ngman and Las Vega s .  
Thu s , magma chem i  stry i nd i c a  tes the sw i tchover from 
Ga l i uro to San  Andrea s orogeny i n  Ari zona and 
v i c i n i ty occu p i ed a very narrow t ime i nterval  of 
abou t <: m i l l i o n  years . The c l oa / geover is not 
rep resen ted by a b road trans i t iona l  i nterval , such 
as.  the ' m i d-Tert i a ry trans i t i on '  of Sha f i qu l l ah and 
o,thers ( 1980 ) o r  the Stage 2 trans i t i on of Damon and 
o,thers ( 1984 ) . 

SAN ANDREAS OROGENY 

The present phys i ography of the Bas i n  a nd Range 
Pro v i nce and of  the Transverse Ranges was p roduced 
by the mos t recent orogen i c event i n  the reg i on . 
Th,e event i s  here i n  named the San Andrea s orogeny 
for very s im i l ar ,  modern day tecto n i c s  rel a ted to 
the Sa n Andreas transfonn system in Cal  i forn i a , 
southwes ternmost  Ari zona , a nd th'e Gu l f  of Ca l i forn i a ·  
reg i o n .  As used i n  th i s  paper , the terr.. San  Andrea s 
orogeny j s  s im i l ar to the Ba s i n  a nd Range 
nome nc l a ture w i d e l y  used i n  the l i terature , for 
eXampl e ,  the Bas i n  a nd Range d i s tu rbance of  
Scarborough and  Pei rce ( 1978 ) . However , the tenn 
Bas i n  a nd Range is not broad enough to inc l ude 
transverse phys i ograph i c  components tha t ' p roba b l y 
devel oped a t  the same t ime as most of the Bas i n  a nd 
Range phys i og raphy,  for examp l e ,  the spectacu l a r  
Tra nsverse Ranges o f  sou thern Ca l i forn i a  and 
s im i l a r ,  transverse , phys i ograph i c mounta i n  ranges 
i n  wes t-central  Ar i zona . The tenn San Andrea s 
oroce n v  i s  here i n  co i ned tc i nc l ude both 
phys i ograph i c  el ement s .  Consequen t l y ,  San  Andrea s 
o rogeny can be subd i v i ded i nto two orogen i c  phases , 
wh i c h  a re a l so  as sembl ages : the Transverse 
a s semb l age and the d a s i n  and Range as semb l age ( Tab l e  
4 ) . 

Tra nsverse Assemb l age 

The Tra ns verse Assemb l age i s  phys i ograph i ca l l y  
marked by moun ta i n  ranges that trend eas t-we s t  to 
ea s t-northea s t--wes t-sou thwes t .  These trends are 
perpend i cu l ar to the trend of most of the ranges i n  
the Bas i n  a nd Range Prov i nc e .  The anoma l ou s  
phys i ograp h i c  trend co i nc i des  wi th 
east-northea s t - trend i ng fo l ds in Ari zona and fol ds  
and thru s ts in  Ca l i forn i a . 

Sed i menta ry roc ks  of the Tra n sverse ass emb l age 
con s i st of coa rse c l a s t i c s  nea r  the mounta i n  fronts 
tha t  arade to b ra i dp l a i ns and coa s ta l  p l a i ns away 

ASSEMBLAGE SEDIMENTAT I ON MAGMA T I SM 

8as i n & Range c l a s t i c s  & evapori tes a 1 ka 1 i ne anhydrous 
in grabens meta 1 umi nous 

ba sa l t i c  vo l cani sm 

Transverse c l as t i cs nerE or rjlll rt 

from the range fronts a nd towa rds the center of the 
va l l eys . The fac i e s  changes are l ess abru p t  t h a n  i n  
the Ba s i n  and Ra nge as semb l age . I gneous rocks  d re 
9J!nera l l y  absen t ,  out when present con s i st ma i n l y  ,j f 
t.asa l t wi th l oc a l  rhyo l i te s .  I n  Ar i zona one of  the 
best candi dates for Tra nsverse as sembl age strata i s  
the Osborne �ash  Fonna t i on northeast v f  Pa r�cr , 
wh i ch res t s  i n  a northeast- trend i ng sync l i na l  trough 
and th i ns away from the ax i s  of the t rOJg :1 .  
Predomi nantl y c l a s t i c  sedimentary roc ks  j r ; the 
But l er a nq McMu l l en v a l l eys southeas t  or Parker a re 
a l so a s s i gned to the Tra ns verse Assembl Jge . 

I n  Ar i zona s t ructures of the Transverse 
assemb l a '"e cons i st ma i n l y  of  r.onhea st-trep·  i n� ,  
b road to open a n t i c l i nes  a nd sync l i nes , commonl y 
a rranged i n  en echel on  patterns ( F i g .  6 ) . �here 
exposed , the fo l ds typ i ca l l y  have wa vel engths of 4 
to 1 2  km ana ampl i tudes of 100 to 600 m " Spencer , 
1 982 ) . , These sha rp l y  contra s t  to earl i e r  Ga l i u ro 
orogeny fol ds , wh i ch have wavel engths of 50 to 1 C O  
k m  a nd amp l  i tudes of 6 t o  1 0  km . S tructures 
a s s i gned to the Transverse as sembl Jge i nc l ude the 
zone of  en eche l o n  fol ds  from the Ha rquaha l a  to 
Parker reg i o n  i n  wes t-central  Ari zona , South 
Moun ta i n ' south of  Phoen i x , ' and wes t-sou thwest­
p l u ng i ng fo l ds in  the  R i ncon Mounta i ns sou thwe s t  of 
Tucs�n . Another transverse s tructural e l ement i s  
northwest-trend i ng fau l ts wi th r ight  s l i p  movement  
i n  a reas  of  northea st- sou thwest- trend i ng fol d i ng .  
Exam p l es  o f  such fau l ts  are wi despread i n  the 
Harquaha l a  to Parker reg i o n ,  where some of  these 
fau l  ts  cut  the 15 to 9 Ma Osborne �a sh Fonna t i o n .  
A I so , th roughou t th i s reg, i on , the 
northea s t-southwest- tren d i ng fo l ds consp i cuou s l y  
defonn the 1S  t o  1 5  Ma detacnr.)ent fau l t s  and thus 
a re at l east  as  young as  15 Ma . 

Bas i n  and Ra nge As semb l age 

The 8a s i n  and Range assembl age i s  
phys i ograph i ca l l y  marked by mounta i n  ranges that 
trend north- south to north- northwes t .  I n  
non-ped i mented a rea s ,  the mounta i n  ranges a re 
bounded by s teep , northwest- to north- trendi ng 
nonna I fau I ts .  

Sed imentary roc ks  o f  the Ba s i n  and Range 
a s sembl age i nc l ude coarse c l a s t i c s  at  the edges of 
the s teep mounta i n  fronts  wi th l ocal  megabrecc i a s  
near the range front fau l ts .  The co"rse c l a s t i c s  
undergo rap i d  fac i e s  c,hanges t o  f i ne-gra i ned a nd 

STRUCTURAL FEATURES M I N E RAL RESOURCES AGE ( Ma )  

N-S trend horsts & grabens sand and gravel U- 1 3  
bounded b y  genera 1 1  y sa 1 t ,  zeo l i tes 
s teep norma 1 fau 1 ts c i  nders , gypsum 

NE-SW-trend i ng fo l j s ,  petre 1 eum, ga s 0- 1 :  
NW-str i k i n g ,  ri g h t - s l  i p  

fau 1 ts 

Tab l e  4 .  Summary of a s semb l ages of the San Andrea s orogeny i n  Ari zona . 
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F i gure 6 .  Map o f  structural fea tu res o f  th:  San Andr�a s oroyeny i n  Ar i zona and v i c i n i ty .  

evapori t i c  fac i  es  i n  the bas i n centers . Numerou s 
sec. imenta ry accumu l a ti ons  i n  Ari zona have been 
documented by Pe i rce ( 19 76 ) ,  Ebe r l y  a nd Stan l ey 
( 1 9 78 ) , Sca rborouyh and Pei rce ( 19 78 ) , W i l t  and 
Sca rborough ( 1 981 ) ,  Na ti ons  and others ( 1 982 ) , and  
Pe i rce ( 1 984 ) . Present ba s i ns i nc l ude the P i cacho  

430 

Bas i n  i n  P i na l  County, the Red Lake Ba s i n  I n  :-1ohave 
Cou n ty ,  th� Sa fford Ba s i n  in Green l ee Cou n ty ,  the 
W i l co x  p l aya of Coch i se Cou nty,  and the Tucson 
Bas i n .  Sed i mi: n ta ry fonna t i ons a s s i gned to the Ba s i n  
and  Range 3 s sem b l age i nc l ude the St . Dav i d  a nd 
Qu i bu r i s forma t i on i n  the upper and l ower San  Pedro 
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I F i gu re 7 .  Map of vol can i sm of the San  Andrea s o rogeny i n  Ari zona . Jll I�O 109 

v a l l ey of sou thea st  Ari zona , the Verde Fonna t i o n  i n  
the Verde Va l l ey o f  centra l Ar i zona , Bouse 
Fonna t i on ,  a nd the Muddy Creek Fonna t i on i n  
northwes tern Ari zona . 

I n  contra s t  to the Transverse a ssemb l age , 
basa l t i c  vo l can i sm i s  wi despread i n  the Ba s i n  and  
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Range a s semb l age . Examp l e s  of the ma i n  vo l ca n i c  
f i e l ds i nc l ude the Sa n Franc i sco Pea ks  near 
F l agsta f f ,  the Wh i te Mounta i ns vol can i c  f i e l d  i n  
ea s te rn A r i zona , the San Bernard i no Vol c a n i c  f i e l d 
i n  southeas ternmos t Ari zona , the P i nacate vo l ca n i c  
f i e l d o f  southern Yuma and P ima Count i es , the 
Sen t i ne l  vol can i c  fi e l d  sou th  a nd west of G i l a  Bp.nd , 
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the H i c key basa l ts of northwes tern Ari zona and the 
Hop i Bu ttes v o l c a n i c  f ie l d of northeas tern Ari zona 
( F i g .  7 ) .  B asa l  tic v o l c a n i sm cons i s ten t l y  m i gra ted 
tuwa rd the Col orado P l a teau from 1 3  to 0 Ma ( Best  
und B r imha l l ,  1 9 7 4 ; Luedke a nd Sm i th ,  1978 ;  W i l t  and 
Scarborough ,  1981 ) .  The earl i es t  vo l ca n i c s  i n  the 
Bas i n  a nd Range a ssem b l a ge a re the H i c key basa l ts i n  
the central  part o f  the s ta te ; they date from 1 3  to 
9 Ma ( Sh a f i qu l l ah a nd others , 1980 ) . Vol can i sm from 
9 to 4 Ma occurred i n  the sou thern parts of the 
Wh i te Mounta i n  f i e l d  ( Ra tte a nd o thers , 1969 ) , the 
San Franc i sco f i el d ( Damon ana others , 1974 ) , and 
the Cottonwood Basa l t ;  vo l can i sm dur i ng th i s  t ime 
s traddl ed the bounda ry between the Co l orado P l a teau 
and oas i n  and Range prov i nces . Vo l ca n i sm from 3 to 
G Ma occurred i n  the northern parts of the Whi te 
Mou nta i n  f i e l d  and San Franc i sco fi e l d  north o f  the 
Col orado P l a teau boundary ; vol can i sm a l so occu rred 
i n  the San Bernard i no va l l ey i n  sou thea s ternmos t  
Ar i zona ( Lynch , 1978 ) , the Sent i nel vO ·l ca n i c  f i e l d 
o f  south central  Ari zona , a nd the P i naca te vo l ca n i c  
f i e l d  ( Gu tmann a nd Sher i da n ,  1 978 )  i n  southwestern 
Ari zona . Chem i s try o f  i gneous rocks  o f  the Bas i n  and 
Range a s semb l age a re marked l y  d i fferent from 
preced i n g  Cre taceou s-Cenozo i c  magma t i sm , · a s  
p rev i ou s l y  d i scus sed . 

Structures o f  the Bas i n  a nd Range assemb l age 
a re shown i n  F i gure 6.  These s tructures genera l l y  
cons i st of  north-south to north - northwe s t  trend i ng 
grabens that  a re e i ther symmet r i c  or a symmetr i c .  
Many o f  the grabens exh i b i t  pu l l - >par� geometr i e s  
wi th s teep normal  fau l ts on the i r wes t  a n d  east  
ma rg i ns and northwest- to wes t- no rthwest- trend i ng 
fau l ts w i th probab l e  r i g h t  s l i p  mot i on on the i r  
north a n d  sou th ma rg i ns rem i n i scent o f  Dea th Val l ey.  
S t ructura l  rel i e f  deve l oped in  Ba s i n  and Range 
ba s i ns wa s l oca l l y  imp res s i ve .  For examp l e ,  
Scarborough and Pei rce ( 1 978 )  e s t ima ted a s  much as  
2 . 5  to 3 . 7  km es t i ma ted stra t i graph i c  separa t i o n  for 
,) i c;ht  ba s i ns w i th d r i l l  hol e contro l . The dura t i on 
of Bas i n  and  Range fau l t i ng i n  any g i ven area i s  
l ess  than 5 m i l l i on yea rs . I n  the Desert prov i nce 
of  Ari zona , Ba s i n  and Range fau l t i ng probab l y  
i n i t i a ted about  1 3  M a  a nd term i na ted about 8 Ma ; 
\;"c reas· i n  ·cile mounta i n  prov i nce , i t  p robab l y 
i r. i t i a ted about  5 to 6 Ma a nd drama t i ca l l y  s l owed 
abou t 2 Ma and cont i nues at a much s l ower rate to 
the presen t .  

CONCLUS ION  

App l  i ca t i on of  the s trato- tec to n i c  approach to 
l ate Cretaceou s ana Ceno z o i c  oroge n i c  devel opment i n  
Ar i  zona h a  s resu l ted i n  tlvO f u  ndamenta 1 , new 
i n s i ghts . F i rs t l y ,  a maj o r , ' new , l a te Laram i de ,  
stra t i g ra p h i c  and tec to n i c  even t ,  prev i ou s l y  
unrecogn i zed i n  Ari zona wa s establ i shed . That i s ,  
the presence of  i ntracru s ta 1 , pera l "'1 i nous magma t i sm 
i s  accompa n i ed by s i g n i f i ca n t  and pos s i b l y  worl d 
c l a s s , go l d  m i nera l i za t i on ( Mesqu i te ,  Ca l i forni a )  
that deve l oped i r  the presence o f  maj o r ,  
southw"est-d i rected thru s t i ng and c ru s ta l  shorten i ng 
of unprecedented magn i tude . Second l y ,  s tructural  
devel opment dUri ng Ga l i u ro orogeny may wel l have 
been re la ted to reg i onal , cru s ta l -sca l e  wa rp i ng tha t 
wa s accomp l i shed by 2 to 4 percent cru s ta l  
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shorten l ng rather than cru sta l  extens ion ,  i n  
contra s t  t o  i nterpreta t i ons  'N i d e 1  y advoca ted i n  the 
1 i tera ture . 

Th i rd l y ,  i t  i s  impo s s i b 1 �  to overempha s i ze the 
importance of the s tra to-tec ton i c a pproach i n  
understand i ng  resource devel opment  and potent i a l . 
I n  pa rt i cu l a r ,  Ar i zona may have , , , L Och better go l d  
poten t i a l  than prev i ou s l y  thought ,  i f  the 
pera l um i nous magmat i sm a nd i ts re l a ted go l d  
meta l l ogeny i s  fu l l y exp l o red . Al s o ,  because 
thru s t i ng i s  of  l a te Laram i de age and i s  d i rec ted 
southwes terl y rather than northea s te r l y  as  
p rev i ou s l y  advoca ted i n  the  l i teratu re , petro l eum 
p l ays based on northea s t-di rected thru s t  moae1 s 
shou l d  be reeva l ua ted . 
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