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IMTRO~CTION 

,Cordilleran metamorphic c o r e  complexes i n  the 
soethwesternUuitel Sta~es are a r e a s  where middle 
to late Tertiary low-angle normal faulting has 
uncovered rocks that were at temperatures suffi- 
cient for mylonitization duri~ the early part of 
Tertiary extensional faultSn E. Large-dlsplace- 
~e~t Iow-a~le normal faults that separate upper- 
and lower-plaCe r o c k s  in metamorphic core com- 
plexes are termed detachment faults. The s i g n i f -  
i c a n c e  of Tertiary detachment fael~ing in ~he 
Basin and Range Produce has on ly  become apparent 
in the past 6-8 years, and ~he assoola~ion o f  
mineral deposits with ~etachment faults has only 
~een recognized in the past few years as wall. 

Crystalline rocks ~elow detachment faults have 
~yplcally underEome chloritic alteration and 
hrecclatlon o v e r  a distance of a few ~o a few 
,hundred meters below the fault surface (PIE, l). 
Chloriti¢ aiceratlon and brecclatlon overprinted 
mylonltic fabrics formed durin E earlier ductile 
shearing alone the down-dlp projection of detach- 
ment faults. ~ocks tha~ underwent pro-Tertiary 
ductile deformation and prograde metamorphism 

were subjected, £n rapid seccession~ to middle to 

late Tertlarymylouitlza=ion, brecciation aud 
~oriClcalcera=iou, microbrecciatlon i~mediate- 
ly ~djacent =o the faul=, and subaerlal exposure. 
Lower-place rocks thus experienced rapid decom- 
pression and cooling as a result of tectonic 
denudation a~d isostatio uplift (Wernicke, 1981; 
Davis, 1983; Davis et al.~ 1986). 

Upper-plate rocks typically consist of highly 
fracture~, faulted, and tilted pro-Tertiary rocks 
and their depositlonally ~verlylng cover o f  mid- 
dle ~O upper Tertiary volcanic and sedimentary 
rocks. N~rmal faults commonly str~ke perpendicu- 
lar =6 detachment-faul~-dlsp~acemen= d~rectlon 
end lower-plate mylomi=ic llnea~ion (Fig. I). 
DiS=ShilOh of upper-p~a=e rocks was accommodated 
downward by displacemen= on detachment faults, 
and ~hls displacement increased laterally down 
th~ regional d i p  ui the detachzen~ fault. 

• Two ~Istlnct para@euetlc mineral assemblages 
occur  in many mi~erallzed detachment-fault to=- 
tames+ Sulfide-=lob mlnerallza~ion reflecting 
low f(O 2) conditions generally occurred before 
mineralization reflecting more oxidizing condi- 
tions. Importam~ selflde mineral deposits are 
presen~ ~t  the Copper Basin deposit in ~he Whip- 
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F i g u r e  i .  B l o c k  d i a g r a m  s l o w i n g  e l e m e n t s  o f  
metamorph i¢  c o r e  complexes  and p r e -  
c ious--~eCal  m i n e r a l i z a t i o n  a s s o c i a ~ e d  
with i o w - a n g l e  fau~ti~. 
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AfiARCO Southwestern Exploration Division 

February 20, 1985 

To: J.D. Sell 

From: H.G. Kreis 

Field Trip 
Detachment Zones 
California-Arizona 

During the week of February 3rd Tony Dalla Vista and I attended the metamorphic 
core complex and detachment zone field trip led by Bill Rehrig. The itinerary 
of the field trip is summarized on the first two pages of the accompanying 
field trip book. 

The geology of nearly all the stops is well described in the accompanying book, 
but there are a few stops in need of additional description. In addition, 
some information of interest was obtained from field trip participants. All 
of this follows. 

Madre-Padre Mine: Newmont's discovery, the Madre-Padre Mine is hardly 
described in the accompanying book, and it was the best field trip example 
of gold mineralization associated with low angle faulting. 

The Madre-Padre is said to contain 300,000 ounces of gold in rock with an 
average grade of 0.05 to 0.07 oz./ton. This indicates a size of 5 million 
tons. Judging from the large area of drilling and what was said on the 
field trip, the gold mineralization is thin, possibly less than i00', excluding 
lenses of internal waste. 

The gold is disseminated in narrow lenses of very strong shear foliation and 
chloritization that are separated by less intensely sheared and chloritized 
waste rock. The lenses of gold mineralization and shear foliation dip gently 
to the west at less than 20 °. 

The host rock is a fine to medium-grained, gneissic biotite diorite. To the 
east and apparently beneath the gold bearing diorite is a coarse-grained 
granite with moderately chloritized mafic minerals. In the area examined, 
the contact between the two rock types was covered. Shearing and strong 
brecciation in the outcrops closest to the contact indicate it is a fault 
contact. Judging from the outcrops that I saw, the gold bearing, brecciated 
diorite was faulted over the granite by a low angle fault. 

Most of the mafic minerals in the diorite are chloritized, and locally epidote 
is found in the rock. In general, less than 5% quartz veining and less than 
1% pyrite is present in the diorite. Sericitization and 6" thick quartz 
veining occurs in the old stopes of the Madre-Padre Mine. 

• ~ • ~ ...... ~ ~, ~i~,~,~ ~ ~ 
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American Girl Mine: Newmont's American Girl Mine lies about one mile north 
of the Madre-Padre Mine. Although not visited, this deposit is said to be 
geologically similar to the Madre-Padre deposit, and it is at least 300,000 
ounces of gold in size. 

Mesquite Deposit (not visited): The only information given about Goldfield's 
Mesquite deposit is that the deposit is sandwiched between two low angle fault 
structures. 

Copperstone Deposit (not visited): AMOCO's Copperstone Deposit, near Parker, 
Arizona, consists of I0 million tons at 0.07 oz. gold per ton. Apparently, 
it has a silica zone and a hematite zone near some chlorite alteration. Its 
relationship to detachment faulting is not known, but it is above a detachment 
fault. However, it has a 50 million year old date which is much older than 
detachment faulting. 

I was shown some samples of mineralization that were taken on strike, one mile 
from Copperstone. These samples consisted of quartz breccia fragments in a 
hematite-specularite matrix with barite crystals. 

Clara Peak Prospect: The field trip visited the Clara Peak Prospect which is 
located just east of the Swansea Mine. Phelps Dodge staked on or about the 
prospect in October 1984. The prospect has gold mineralization in a 5' to 20' 
thick, shallow dipping fault zone. The gold values are very spotty and range 
up to 20 ppm. 

The footwall rock is chloritized, augem gneiss, possibly after Precambrian 
granite or a Jurassic intrusive. The hanging wall rocks are southwesterly 
dipping andesitic volcanics and intervolcanic sediments (mostly brown sand L 
stone). 

The mineralization and alteration in the fault zone is strongly hematite 
stained, bleached, clay-sericite altered breccia. The mineralization, prior 
to oxidation, consisted of up to 2% total sulfides. Copper oxide staining 
suggests most of the former sulfides were chalc0pyrite. Micro quartz 
veinlets are less than 2% of the mineralized breccia, and local barite is 
present. Weak specularite occurs in the chloritized footwall gneiss. 

Bill Rehrig suggested the altered breccia of the fault zone is actually a 
rhyolite dike that intruded the shallow dipping fault zone, but the evidence 
for a rhyolite dike was not convincing. 

Nickle Plate Prospect: The Nickle Plate prospect is in a Whipple ~untain 
wilderness study area, and its geology is almost identical to that of the 
Clara Peak prospect. A 5' to I0' thick, moderately dipping, fault 
zone contains up to 0.i oz. gold per ton. The mineralized fault is in 
chloritzed quartz monzonite just below andesitic volcanics. The mineral- 
ization is !i0% quartz veining and silicification in quartz monzonite that 
is clay-sericite altered. The rock is strongly hematite and copper oxide 
stained. 
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Copper Basin Deposit: The Copper Basin copper deposit, described in the 
accompanying book, was presented as an example of a detachment type, bulk 
tonnage mineral deposit (40 million tons of copper "ore"). Although no 
gold is associated with the copper mineralization, the large size of the 
deposit was used to justify the possibility of such tonnages of gold ore 
elsewhere in detachment structures. 

The few outcrops that I examined gave strong evidence of a typical porphyry 
copper sulfide system dissected by post mineral, low angle faulting. So, 
someday it would be worthwhile examining the core from this deposit to 
resolve such differing interpretations. 

Riverside Mountains: The west end of the Riverside Mountains hosts wide- 
spread siderite veining. Most of the siderite is oxidized to goethite. 
Locally, there are one foot thick quartz-siderite veins. We were told the 
siderite mineralization carries no precious metal values, and the significance 
of the siderite veining is not known. Texas Gulf Sulfur recently staked the 
entire area. 

McCoy Gold Deposit: I learned from a Tenneco geologist that their McCoy 
deposit contains 3 million tons at 0.09 oz. gold per ton. The McCoy deposit 
is located 20 miles from Duval's Copper Canyon deposit. 

The quoted reserve occurs in the oxidized equivalent of magnetite-pyrite- 
pyrrhotite mineralization. The oxide zone is enriched in gold, and the 
sulfide zone only contains 0.03 oz. gold per ton. The mineralization occurs 
in limestone at the contact of a quartzite bed where the contact is cut by 
a porphyry dike. The ore is I00' thick, and the 3 million tons is open pit 
mineable. 

Vulture Mine: The Vulture Mine at Kingman is said to be open. For various 
reasons, no serious exploration work has been performed on the property in 
recent years. This property is worth an Asarco evaluation for open pit 
mineable ore. 

American Mine: The American Mine in San Bernardino County, just east of the 
Chase Bagdad, is rumored to be an 80' thick zone and part of it has been 
downfaulted to a depth of about 200' The reserves are rumored to be a few 
hundred thousand tons at 0.I oz. gold per ton. This property should be 
evaluated by Asarco for open pit mineable ore. 

Crescent Peak Mine: The Crescent Peak Mine area, near Crescent Peak, was 
drilled by Tenneco. At Crescent Peak Mine area, gold mineralization is 
hosted by a low angle fault zone in granitic rocks. The gold mineralization 
is up to i00' in thickness and averages a rather uniform 0.01 oz. gold per 
ton. The best intercept was i00' at 0.04 oz. gold. 
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Sterling Mine: The Sterling Mine at Burro Mountain in Beatty, Nevada is 
said to have 700,000 tons at 0.2 to 0.25 oz. gold per ton. The gold values 
are very erratic, and are hosted in a flat, thrust type fault where it is 
intersected by basin-range faults. 

H. G. Kreis 
HGK:mek 
Accompaniment 
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TENTATIVE SCHEDULE 

Sunday, February 3 
Evening seminar introducing and overviewing the metamorphic core complex 
detachment f au l t ,  precious metals s t o r y -  D is t r ibu t ion  of handout material 
and general RAP session. 

Monday, February 4 
Drive from Tuscon north on 1-10 to the Red Rock ex i t .  Proceed north on 
frontage road t o  d i r t  road leading into the southeast end of the Picacho 
Mountains where we w i l l  carefu l ly  examine excellent exposures of a 
lower-middle- and upper plate detachment zone package. 

Return to In ters ta te  and proceed to the South Mountain core complex just  
south of Phoenix where we ' l l  b r i e f l y  look at lower plate myloni t ic  rocks 
derived from a composite mid-Tert iary bathol i th .  

Drive west from South Mountains to 1-10, then north on gravel road to 
Vulture Mountains where mul t ip le l i s t r i c  fau l ts  have rotated and repeated 
mid-Tert iary volcanic-volcanic last ic  rocks perhaps in upper plate 
configurations with respect to some subsurface detachment d iscont inu i ty .  

Intersect U.S. Highway 60 and drive east to Wickenburg - Rancho Grande 
Mot el .  .. 

i 

Tuesday, February 5 

Drive west to small town of Salome and into the Harquahala Mountains to 
check out the Hercules thrust f au l t ,  a major Laramide low-angle structure 
which w i l l  be compared with Ter t iary detachment f au l t s .  

Continue west through the Harcuvar metamorphic core complex to State 
Highway 72, northwest toward Bouse and then into the Granite Wash Mountains 
to the Yuma mine area to examine copper-gold mineral izat ion local ized by 
Mesozoic-Laramide st rat igraphic and structural  (thrust f au l t )  factors.  
Return to route 72, then to Bouse and proceed northeast to v i s i t  the 
Swansea and Clara mineral d i s t r i c t s  in the Buckskin Mountains. The Swansea 
hematite-copper deposit w i l l  be compared with the Clara copper-gold 
occurrence, both of which are local ized in the Buckskin detachment zone. 

Drive out of Buckskins ending up at Parker - El Rancho Motel. 

.Wednesday, February 6 
4-wheel drive traverse up Bowman Wash into the Whipple metamorphic core 
complex in Cal i forn ia to examine detachment set t ing of the Copper Basin 
copper (minor gold) bulk tonnage deposit. 

Drive south on U. S. 95 to the Riverside Mountains to inspect detachment 
fau l t  (?) not related to lower plate myloni t ic rocks. 

Proceed south on 95 to Bir th - Comfort Motel, 
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Thursday, February 7 
Drive south from Blvth on State Route 78 past the Mule and Palo Verde 
Mountains and then on dirt road into the Midway Mountains to check out the 
manganese mineralization localized in the so called Midway detachment 
fault. 

Proceed south on 78 to the Ogleby cut off and then into the Cargo Muchaco 
Mountains to consider the structural-stratigraphic setting of gold 
mineralization in that area. 

Drive to Yuma, Arizona, pass by the airport, and then onto Phoenix via 
Interstate 8. 
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TENTATIVE SCHEDULE 

Sunday, February 3 
Evening seminar introducing and overviewing the metamorphic core complex 
detachment f a u l t ,  precious metals story - D is t r ibut ion of handout material 
and general RAP session. 

Monday, February 4 
Drive from Tuscon north on 1-10 to the Red Rock ex i t .  Proceed north on 
frontage road to d i r t  road leading into the southeast end of the Picacho 
Mountains where we w i l l  carefu l ly  examine excellent exposures of a 
lower-middle- and upper plate detachment zone package. 

Return to Interstate and proceed to the South Mountain core complex just 
south of Phoenix where we'll briefly look at lower plate mylonitic rocks 
derived from a composite mid-Tertiary batholith. 

Drive west from South Mountains to 1-10, then north on gravel road to 
Vulture Mountains where mul t ip le l i s t r i c  fau l ts  have rotated and repeated 
mid-Tert iary volcanic-volcanic last ic  rocks perhaps in upper plate 
configurations with respect to some subsurface detachment d iscont inu i ty .  

Intersect U.S. Highway 60 and drive east to Wickenburg -Rancho Grande 
Mot el .  

Tuesday, February 5 

Drive west to small town of Salome and into the Harquahala Mountains to 
check out the Hercules thrust fault, a major Laramide low-angle structure 
which wil l  be compared with Tertiary detachment faults. 

Continue west through the Harcuvar metamorphic core complex to State 
Highway 72, northwest toward Bouse and then into the Granite Wash Mountains 
to  the Yuma mine area to examine copper-gold mineral izat ion local ized by 
Mesozoic-Laramide st rat igraphic  and structural  (thrust f au l t )  factors.  
Return to route 72, then to Bouse and proceed northeast to v i s i t  the 
Swansea and Clara mineral d i s t r i c t s  in the Buckskin Mountains. The Swansea 
hematite-copper deposit w i l l  be compared with the Clara copper-gold 
occurrence, both of which are localized in the Buckskin detachment zone. 

Drive out of Buckskins ending up at Parker - El Rancho Motel. 

Wednesday, February 6 
4-wheel drive traverse up Bowman Wash into the Whipple metamorphic core 
complex in Cal i forn ia  to examine detachment set t ing of the Copper Basin 
copper (minor gold) bulk tonnage deposit. 

Drive south on U. S. 95 to the Riverside Mountains to inspect detachment 
fau l t  (?) not related to lower plate mylonit ic rocks. 

Proceed south on 95 to  Blvth - Comfort Motel. 
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Thursday, February 7 
Drive south from BIyth on State Route 78 past the Mule and Palo Verde 
Mountains and then on dirt road into the Midway Mountains to check out the 
manganese mineralization localized in the so called Midway detachment 
fault. 

Proceed south on 78 to the Ogleby cut off and then into the Cargo Muchaco 
Mountains to consider the structural-stratigraphic setting of gold 
mineralization in that area. 

Drive to Yuma, Arizona, pass by the airport, and then onto Phoenix via 
Interstate 8. 
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TECTOHiC SfJTTI~!G OF TIiE 

iIETA~IORPHIC CORE COIiPLEXES 

The following is an abbreviate~ description of tecto~.ic 
events leadin~ up to ano z'ollowin~ Tertiary ~efor..,ation in the 
Hetamorpnlc Core Co~ple}.es of the Southwest. It ~ili allow you 
to see the co~ple xes within their Puanerozoic setti~o. The 
sequence below is fro~ oldest to you~est. 

PALEOZOIC 

- Foreland, ~.iogeoclinai sedimentation onto a oevei~ 
"base~.~ent" ~aade up of a relatively ruin sequence of late 
Precambrian Apache Group seoi,.en~s a n d  ~arli~.r 
crystal line/~,:e t a~orp nic rocks. Hi~tu~ o~." Fa±~.o~oic 
seui~enta~ion in the Silurian. 

Amagmatic wit,,out sitnificant tectonic activity. 

MESOZOIC 

Triassic : 

- .  Inception of volcanisn~., cohtinental seai,,.entatio~, (reuoeu~) 
in fault-boun~ea basins. 

- E;~tensional(?) tectonism, fauitine, upiifc, a,~u ~asic 
vol canis~;, concentrated ih soutueast Arizona. k'e~teru 
Arizona e xperiencin,~ volcahic activity aria thick 
accu,,ulations of coarse ~etritus in i,~tercontinentai ~asi~s. 
Few plutous known. 

Jurassic : 

HW-tren~ing, continental, volcanic 
Arizona resulting, in volcanic and 
accumulations. Numerous piutons 

alons with a porphyry copper ~eposit 
Arc-rela teg t ec toi~i s~. 

arc tnroubn sout~.~t 
continental se&iL e ~ t a r j  

of ' -160 ~,:.y. e~.:placeu 
or t~o. 

Cretaceous : 

Hain contribution or l~esozoic sedi~..entation i~.to t.~,e 

ceve!oping Sonoran em~ayr~,eht in SE Arizona ~ro~, ,~on,,~ari~.,e 

iow~r Cretaceous to ~arine upper Cretaceous. Ei~ ew:.ere, 
cohtin~ntal se~i~entation o r '  erratic t~.ic~ne~s~, ~ o~., e u,~ 
to 20,000 ft. 

Extensive calc-ai~aline piutonis~ 
Oroueny) from ,100 m.y. ir~ 
southeast~rnmost Arizona. Lain 
i iajor,aeep t~rustinE invoivin~ 
Arizona; Oa s~;~e nt-cor eu uplifts 
soutueasteru part . of stat~. 
crustal snortening. Areas 
~,:e t a~,,orpnism an~ transposed, 
Reactivation of strike-slip 
" iinea~ent" structures. 

and voic-nis,~ (Lar~:.iue 
we~t to 55 ,,.y. in 
~or~n~ry copper period;. 
base~,ent in so u C.~.:-~ s c 

E:.tre:_e co~,pression a~,c 

icw-ana, ie foliation. 
"L'J- ' "" • - 

• .ove~,,~.nts o n  ,, 5 r e . n u ~ . n ~  le..~ 
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~ERTIARY 

Paleocene-Eocene : 

- Continuation of Laramiae Orogeny, cul~inatino iu ~,e Eocene 
witu tae most intense c o:,i:,r esslon ( S~,/ .ana ~E-o~rect~c 

tnrustino) ~ base[.ent wec~e uplifts. (plus ba~in-fill). 
Deformation extenus farthest ea~twaro. As a result o~' 
~,a k i  ~,,uh encroachment rates oeDween Farallon an~ .~ortn 
A~erican plates anu extre~,~e iow-an~le su u~uctiof., 
calc-alkaiine arc ~abmatisu is shut off for Ariaona fro..: 
about 55 to 35 ~.y.B.P. instead, crustai-d~riv~u, 2 .... ica, 
~a,~li(?) graphites to quartz monzonites were e,.place~ 
co..,monly in sill-like foru, especially :;it:,in ~reas o~' 

low-anole ~,:etamorp~ic fabrics fro,~,~ aoout 55 to '!0 m.2.L.P. 

Oligocene: 

- So,.~eti,~e arounc 30-35 ~..y.B.P., converLence rates bet~,~een 
oceanic plates anu North A,,~eri ca u~crease~ cra~,aticali~. 
acco~:,panieu Oy the followino t~ctonic efi'ects. 

I. Change fro~, NE co~..pression to ~xtension. 
2. Ekt~nsion L,:arkea o y  wiaespreau Ni~L-L:U cite aau 
pluton alibn~.ents, uylo~,ite zone~, ~etacar.~=at ~urfaces 
a~d a ~,y riau of low-an~le listric nor~..ai ~'auitu. 
~[yloni t e-de t acha..e r: t zones (~tan.orpaic Core Co~pl~ ~e~ ) 
snow preferential develop~ent ia ar~as of" low-a~:cle, 
metauorpaic a isneous fabrics in~.'~ritec ~'r o;~. t~,e 
Larami~e Orogeny. 
3. [iajorit3 ~ of Tertiary horizontal ektension (locally 
over 100%) ih tae Easin-i]an~e Province occurre& ~uriu~; 
t ~ . i s  t i , -~ ,e  perioo. 

Extension was acco~.;paniee . oy wioeipreaa plutonis~ a~<L volcanic 
activity ( "isni~,.~ri te ~lare u~") aurin~ t.'~e per'iou 30-20 ~.~. 
Haiuas were generally cal c-al.~aliz~e, si~,ilar to t~os~ o~' t~.~ 
Lara~i~e Orogeny, out late staae ~i~fereatiates o z '  ~.id-Tertiar~ 

~a~::.atic centers ten~ec t o  b e  .~ore aikali-rica an~ associateu 
wit~' PD, Zn, ant precious ~,,etals rather t~an cop~er. A±onc %,it~ 
t~e uuiid-up of ~ :.~tensive volcanic ~'ielos ant ca±ueras, t ~ c~-. 
local accu~,ulations of arkosic rea begs, fan~io.,erate~, 
iacu~trine seui~,.ent s aug slope Crecci~s filieu iistric 
fault- oa~ins. 

Miocene : 

- Detacm~ent anc iistric ~'ault, 
calc-aikaline .~a~atism continue 
14 m.y. to present, tectoaics 
follows: 

I. Hi&n-angi~ 1~or~al rauitino 

extez~sional tec tonis~,; a~u 

to aoout 15 ~.~,.2..P. Fro~ 
anu ~.~aL.~:atis~,~ cnan, ~ a~ 

of ,~ore aortLeriy try:h,; 
typical o r  tue ~ysio~ra~ic B~sih ai:~ Y, aa~e. 

2. Switcll to basaltic or 0i-a~oca! oasait-ru~,olit~ 
uag:,ati~: .... Basalts are sterile ore u~osit~-wise, ou~ 
~iifcic roci~ are ~saociat~a ~it~ eitL~er llt~op~ilc 
eie,.,ent~ (Be, [~o, V, Li, F) o r "  pr~:cious .__etai ~epo~itc. 

! 
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Quaternary sedimentary rocks / ~ _ 

Tertiary volcanic rocks \ / 
resting on granitic gneiss ~ / /  v,_~.. 
on southeast flank of mountains ~ , , / =  

Porphyritic hornblende-biotite 
granodiorite. Oracle Granite 
0f Peters0n (1938), Precambrian Y ( ~  

Precambrian X granodiorite gneiss 

= 

ROCKS 

D 
N 
D 
/ 

f / "  

/ 

Precambrian X Pinal Schist 

OF METAMORPHIC CORE COMPLEX 

Coarsely crystalline por ,-~ 
phyritic gran0di0rite- 
quartz monzonite 

Schistose mylonitic rock 
derived from granitic rock 

Granitic gneiss and mylonitic 
gneiss ~' 

Contact 

Fault 

Foliation 

F01iations 

117 1-5-9.17% 

Lineations 

9 9-17-25% 

- : " T ~ J " ~  T. 8S. 4kin 

T 9 S ~ 1 ~ }  E. 

Figure ~. Generalized geologic map or the Picacho Mountains..Arizona (modified from Yeend. 19"/6), with 
lower-hemisphere equal-area net projections showing orientation of Foliation in the northern Picacho Mountains 
and foliation and lincation in the southern Piczcho Mountains (foliation and lineation data from Yeend. 1976). 
Contours are percent per one percent ares. 

From Banks (1980), 
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SOUTHERN PICACHO MOUNTAINS MCC 

The Picacho Mountains form a metamorphic core complex (MCC) with core rocks 

quite s imi lar to the Catalina-Rincon MCC near Tucson. Most of the range consists 

of a fo l ia ted and variably lineated basement of Precambrian schist,  gneiss and 

grani t ic  rocks (Oracle granite) which has been well intruded by Laramide and 

mid-Tert iary plutonic rocks. Commonly these plutons a re  2-mica, a l ka l i - r i ch  

granites and pegmatites believed to be of 40-50 m.y., late Laramide age. Our 

goal is to examine a par t i cu la r ly  well exposed detachment faul t  zone which is 

associated with the Picacho MCC at i t s  south end, Here the detachment separates 

a lower plate of mylonit ic Oracle granite and 24 m.y. granodiorite pluton from 

an upper plate of metasomatically altered 20-22 m.y. andesitic flow rocks. At 

the outcrop h i l l  which we w i l l  climb, a middle plate of non-mylonitic, 

brecciated and propvl i t ized Oracle granite(?) is sandwiched between upper and 

lower plates. The detachment sequence, intruded by high level fe ls ic  dikes and 

s i l l s ,  together with results of geochemical and isotopic research indicate ( i )  

that the ent ire duct i le to b r i t t l e  deformational package did not form at great 

depth and (2) that i t  developed ins i tu ,  

The Picacho stop wil l  acquaint f ield t r ip  participants with the basic elements 

of the metamorphic core complex-detachment environment, especially the middle 

plate which is the Site of economic mineralization to be seen later on the t r ip .  

A few figures, maps, etc. on the Picacho area are included in the following 

pages • 
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DETACHMENT 
OUTCROP AND SAMPLING 

LOCALITY 
(FIG. 2) 

~ UPPER PLATE 
20-22 M.Y. VOLCANIC 
AND CLASTIC ROCKS 

---~ DETACHMENT ZONE 
MULTIPLE FAULTS AND 
BRECCIAS 

~ LOWER PLATE 
MYLONITIC PRECAMBRIAN, 
LARAMIDE AND MID-TERTIARY 

tk CRYSTALLINE ROCKS . 
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"I LOWER PLATE DETACHMENT FAULTS 

wE~' - T  ,,~2 . . . . . .  _ _ " _ _ ' - ' - : ' = ~ =  = -,'-'-~-,- . . . .-  DETACHMT.  FLT. - tl.~,,,,~,~..~,,~ E A S T  

I o.? 
I  uro 2: Cross section of the Picacho detachment ~ETACRHMENT -- 

m zone, SE end of Picacho Mtns.:section is diagrammatic 
and not to exact scale. I = Equigranular, mylonitic, 

i quartz monzonite, 24.4 mly. age: deformation in- 
creasing upward, especially at contacts with f lat 
felsic si l ls and quartz veins. 2 = Dense, very 
fine grained to aphanitic (partially porphyrit ic) 
rhyolite to aplite si l ls or low-angle dikes. 

m Moderately to intensely mylonitized and micro- 
brecciated near the top of the thick unit. Flat 
quartz veining common. 3 = dark colored, mylonite 
to ultramylonite gneiss and schist; unit is extremely 
contorted with common structural discordances, shear- 

m ed out foliation and superimposed chloritic breccia- 
tion. Flat rhyolite dikes (mylonitic) are injected 
into the mylonite-breccia melange and have been torn 
apart by detachment faulting. 4 = chaotic mix of 

I contorted, rotated slices and blocks of mylonite and 
chlorite breccia; mylonitic Oracle "granite" recogniz- 
ed as dismembered pieces. 5 = Rhyodacite (?) flow 
breccia, strongly iron stained and replaced by cal- 
cite in veins and irregular bodies; part of the Pica- 

m cho Pk. upper-plate volcanic sequence. 6 = Approx. 
35 m of chlorite, epidote-rich, brecciated Oracle (?) 
"granite" without mylonitic texture. 7 = Dense, 
greenish gray ultramylonite with partially superim- 

m . posed microbrecciation. 8 = mylonitic Oracle 
"granite" with lenses of breccia and ultramylonite. 
9 = lineated, mylonitic Oracle "granite" becoming 
less mechanically deformed lower ih section, lO = 
rhyolite porphyry dikes and si l ls; moderately mylo- 

m nitic but intruding more intensely mylonite rocks; 
25.9 m.y. age. 
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PICACHO DETACHMENT LOCALITY 

2 

~ ,  ,,# 
.4 

v 
v ._~A 

CM~/E/V 7" 
~=~--4 FA  M C T Z " 

1B 

F A U L T  J[ 

LOHER PLATE: Hylonitic quartz ~,,onzoni te porphyry. 
Protolith is I .4 b.y. Oracle "~ranit e" ~uperi~posed 5y 
mylonitic (lineate~) ~efor.:ational fabric ~,icn becomes 
~.ore intense upward ~oward detachment fault I. 

Dikes and sills of syn-eefor:~ational rhyolite. Rhyolite 
has mylonitic texture but discorua~tly intrudes more 
intensely myloniti~ed Oracle ~ranite. ~lhole rock K-Ar date 
of 25.9 +/- 3.1 my. 

Dark, aense, 
nomlineated. 

aphanitic, chloritic microbreccia; 

Irregular, ill-defined patci~es of ~ediun-&rained sranite 
cuttinb r.ylonite a ultra:~ylonite. Granite is only ~-;eakly 
deforI.~ea but is altereG witL sercite aria chlorite. 

MIDDLE PLATE: Generally non-mylonitic (nomiineated) 
sequence of brecciatea, coarse-grainea granite (Oracle?) 
with rare, sL~all ~ones showin~ ~,.~yionitic Ce>.tures. Pla~e 
is p~rvasively ait~re~ (propylitic) al~d veined with quartz, 
chlorite, epiuote anu Kspar (auularia?), Sparce sulfides 
in irregular vci~,l~;ts, s,,ali c/o~s a~.~ ui=~se .ina~ions occur 
C~rou~hout ~.;it~ rare copper o;,ide : i,~,~-r~±izatioL, noted. 
Zone also contains trJin, ui~coI, tiLuous l e~ses of ~ar~, 
z'liL~ty ulbramjlonite or ~icrobreccia (cataciabite) as IP, 
be 1 ow. 
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UPPER PLATE: Volcanic rocks 
siliciflea detachment fault. 

resting on a polished, 

Autebrecciated rhyodacite to andesite flow correlatable 
with the volcanics of Picacno Peak, west of I-I0. Volcanic 
flows have suffered intense potash i~etasoi~atis~ ~ loss of 
sodium along witi~ ~e~ati~ation. 

Travertine - like lense of carbonate and carbonate breccia 
replacin&? and intruainL upper plate volcanic rocks at tile 
detach~lent surface, i~ay be a ~ot sprin~s proouct sir~ilar 
to what occurs ~:or'e ekten~ively in the Raw~ide - Buckskin 
i~tns of western Arizona. 
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SOUTH MOUNTAIN MCC 

The South Mountain area just south of metropolitan Phoenix is quite typical of a 

Cordilleran metamorphic core complex. It is of special interest because of the 

lower-plate involvement of a large mid-Tertiary pluton which is variably 

mylonitized and thus has proved that this intense and penatrative ductile 

deformation is quite young. High level, porphyritic dikes are also mylonitic and 

indicate that deformation occurred at relatively shallow levels. The object of 

our visit  wi l l  be to look at the deformational character of the lower plate and 

to see the intensity of NNW-trending diking which strikes perpendicular to the 

stretching lineation. Detachment fault-related chlorit ic breccia like that 

examined at Picacho occurs above the mylonitic rocks along the crest of the 

South Mountain ~;oliation arch and along its southeast flank. We wil l  examine 

these outcrops i f  time permits. The actual detachment fault is covered by 

overburden but is thought to wrap around the east end of the arch. The isolated 

Tertiary volcanic rocks of Tempe Butte and t i l ted  conglomerates of Papago Park 

in the Phoenix Valley are undoubtedly detached pieces of an upper plate to the 

complex. 

Excerpts from Reynolds and Rehrig (1980) and Reynolds (1981) follow. 

I 
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GEOLOGICAL OVERVIEW OF THE SOUTH MOUNTAINS, CENTRAL ARIZONA 

by Stephen J. Reynolds 

Introduction: 

The South Mountains are located immediately south of Phoenix in central 
Arizona. They are a northeast-trending range approximately 20 km long 
and 4 km wide with about 500 meters of topographic relief. The range 
is isolated from other bedrock exposures, being surrounded by a low- 
rel ief  surface underlain by late Tertiary-Quarternary surficial deposits. 

Although the South Mountains were briefly mentioned by several early 
geologists, they were f i rs t  reconnaissance mapped by Wilson (in Wilson 
and others, 1957; Wilson, 1969). Avedisian (1966) studied petrology 
of selected rocks in the western half of the range. The f i rs t  detailed 
map and discussion of the geology of the range was done by Reynolds 
and colleagues (Reynolds andothers, 1978; Reynolds and Rehrig, 1980; 
Reynolds, in progress). They recognized that the South Mountains have 
many characteristics similar to metamorphic core complexes (see Rey- 
nolds and Rehrig, 1980). The following discussion of geology of the 
area is extracted from published and ongoing studies of Reynolds and 
others . . . . . . .  

General Geology: (Refer to figures 1 and 2) 

Precambrian rocks exposed in the western half of the South Mountains 
consist of amphibolite-grade gneiss and schist with local intrusive 
masses. Almost the entire easternhalf of the range is underlain by 
mid-Tertiary granodiorite which generally displays a weakly to strongly- 
developed mylonitic foliation. In the center of the range a locally 
foliated mid-Tertiary granite intrudes between the Precambrian amphibolite 
gneiss and the granodiorite. !~nroughout most of the area, Precambrian 
rocks and the two mid-Tertiary plutons are intruded by numerous north-north- 
west-trending mid-Tertiary dikes which are, in many places, mylonitic- 
ally foliated. In the northeastern portion of the mountains~ the mylon- 
i t ic  granodiorite becomes progressively jointed, brecciated, chloritic, 
and hematitic up structural section until i t  is converted into chloritic 
breccia. In the southern foothills of the mountains, the chloritic 
breccia is overlain by a low-angle dislocation surface above which l ie 
Precambrian metamorphic rocks similar to those exposed further to the 
west. 

Structural Relationships: (Refer to figures 2 and 3) 

Most rocks in the range exhibit a gently dipping mylonitic foliation 
which contains a pervasive N6OE-trending lineation. The foliation is 
defined by planar mineral aggregates and thin bands of intensely granu- 
lated and recrystallized rock. Mylonitically foliated rocks contain 
joints, quartz-filled tension fractures, and "ductile normal faults" 
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Figure I. Generalized geologic map of the South Mountains, exclusive of the southern foothills. 
PG: Precambrian metamorphic and igneous rocks; GD: Oligocene granodiorite; G: 
Oligocene granite; A: Oligocene alaskite; M: mylonitic rocks; CB: chloritic 
breccia. 
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which mostly strike NNW, perpendicular to lineation. Inclusions in 
deformed plutonic rocks are elongated parallel to lineation and f la t -  
tened perpendicular to fol iat ion. Folds are rare in mylonitic plutonic 
rocks, but are more abundant in mylonit ically deformed Precambrian 
amphi boli te gneiss. 

Gently dipping mylonitic fol iat ion defines an asymmetrical northeast- 
trending, doubly-plunging arch or dome. The fol iat ion generally dips 
less than 20o where i t  is contained within plutonic rocks, but is more 
steeply dipping where i t  affects Precambrian amphibolite gneiss. The 
simple pattern of the arch is interrupted on its northeast end where 
southwest-dipping fol iat ion is present. This attitude of fol iat ion 
is restricted to structurally high rocks which are chlor i t ic ,  jointed, 
and brecciated. 

Excellent exposures in the range display the three dimensional dis- 
tribution of mylonitic fabric and variations in i ts intensity. Both 
the granite and granodiorite are undeformed in the core of the arch 
except for jointing and minor faulting. However, both plutons exhibit 
a gradual increase in intensity of mylonitic fabric toward the top and 
margins of the arch (up structural section). A similar distribution 
of mylonitic fabric is revealed where mylonitization affects Precambrian 
amphibolite gneiss. In the core of the range near the granite contact, 
the amphibolites possess a Precambrian fol iat ion which is generally 
nonmylonitic, northeast-striking, and steeply dipping. The intensity 
of mylon~tic deformation increases upward from the core to several 15 
m-thick zones of northeast-lineated, mylonitic gneiss that cut equally 
thick zones of much less mylonitic amphibolite. Importantly, the my- 
onit ic fabric also decreases in intensity u__pward from the main zones 
of mylonitic rock. At high structural levels in the western parts of 
the range, fol iat ion in the amphibolite gneiss is again nonmylonitic, 
generally east- to northeast-striking, and steeply dipping. 

NNW-striking dikes are likewise undeformed in the core of the arch. 
They are also generally undeformed where they intrude rocks with moder- 
ately well-developed mylonitic fabric. However, in structurally high 
parts of the range where adjacent rocks are intensely deformed, the 
dikes locally exhibit a gently'inclined mylonitic fol iat ion and ENE- 
trending lineation. Undeformed dikes are commonly near well-foliated 
dikes of similar lithology and strike. 

Another important l ithological and structural transition is exposed 
along the northeast end of the range where mylonitic granodiorite grades 
upward into chlor i t ic breccia. Structurally lowest exposures of the 
granodiorite in this area are noncholoritic and well foliated. Up 
section, chlorite and anastomosing, curvi-planar joints are present 
in the granodiorite. The rocks are progressively more jointed and 
brecciated higher in the section where they ultimately grade into 
chlori t ic breccia. Remnants of mylonitic fol iat ion in the granodiorite 
are preserved in the breccia. Relict mylonitic fol iat ion in the breccia 
generally dips to the southwest, indicating that total disorientation 
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and random rotation of the fol iation did not occur, except locally. 
Joints, breccia zones, and normal faults (northeast side down) have 
variable northwest strikes. Slicken sides in the breccia have scat- 
tered, but dominantly northeast trends. In the southern foothi l ls 
of the range, the chlor i t ic breccia is overlain by adislocation sur- 
face which dips gently to the northeast, Upper plate rocks above the 
dislocation surface are Precambrian metamorphic rocks which locally 
have a mylonitic fabric. 

Geological Evolution: 

Reynolds and Rehrig (1980) have discussed geological evolution of 
the South Mountains. Around 1.7 b.y. ago Precambrian sediments and 
volcanics were deposited and subsequently metamorphosed and deformed 
into a steep northeast-striking fol iation. Granitic rocks in the 
westernmost parts of the range may be representatives of the 1.65 b.y. 
old suite of granites which are common in Arizona. There are no Paleo- 
zoic or Mesozoic rocks in the range. Around 25 m.y. ago, the Pre- 
cambrian rocks were successivel~ intruded by the granodiorite and 
granite. At this time, the plutons and the Precambrian metamorphics 
were subjected to deformation which formed a low-angle mylonitic 
fol iat ion containing a northeast-trending lineation. NNW-striking 
dikes were intruded both during and after mylonitization. Strain 
indicators in the mylonitic rocks require that during mylonitization, 

the rocks were vert ical ly flattened and extended parallel to the linea- 
tion. After mylonitization, the chlori t ic breccia was formed in the 
response to northeast movement of rocks above the dislocation surface. 
Normal, dip-sl ip movement is suggested by structures in the upper plate 
rocks and underlying chlorite breccia. Arching of the mylonitic fo l ia-  
tion and chlor i t ic  breccia is probably one of the last events in the 
range. I t  was followed by the Basin and Range disturbance in which 
steep normal faults down-dropped the adjacent Phoenix basin around 14 
to 8 m.y. ago. Since 8 m.y., the area has been tectonically quiet 
and geological developments have been dominated by erosion and deposition. 

The main features of the geology of the South Mountains to the north 
can be seen from this vantage point. The range has a broad arch-like 
profi le with a prominent notch or saddle near the center of the range. 
West of the central notch are Precambrian metamorphic and igneous rocks. 
The rocks exhibit two dist inct foliations: a northeast-striking, steeply 
dipping Precambrian fol iat ion and a younger (middle-Tertiary) mylonitic 
fol iat ion which dips moderately to the west. 

The central notch is underlain by easily eroded, Oligocene granite. 
Along its western c~ntact, the granite intrudes the Precambrian meta- 
morphic gocks. Along i ts eastern contact, the granite grades into and 
locally intrudes an Oligocene granodiorite (25 m.y. old) which occupies 
most of the range east of the notch. The television andradio towers 
are bui l t  upon a subhorizontal tabular body of alaskite which overlies 
and intrudes the granodiorite. The pronounced gentle topographic profi le 
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Sugary: 

SUMMARY AND SOME SPECULATIONS ABOUT THE SOUTH MOUNTAINS CRYSTALLINE 
COMPLEX (from Reynol-ds and Rehrig, 1980). 

Some of the more important observations should be summarized 
before inferences and speculations can be discussed. 

(I) The complex is asymmetrical: gently dipping mylonitic granodiorite 
is overlain by chlorite breccia in the northeast half of the range, 
whereas no chlorite breccia is associated with moderately dipping 
my]onitic amphibolite gneiss on its southwest side. 

(2) Mylonitization in the amphibolite gneiss, plutons, and dikes 
increases in intensity upward from the nonmylonitic core of the 
arch. 

(3) Mylonitic fabric cuts a broad zone through the Precambrian 
amphibolite gneiss. Rocks above and below the zone are litho- 
logically identical, andmost retain their Precambrian structure. 

(4) Fabrics in all rock types indicate that mylonitization resulted from 
extension parallel to lineation and flattening .perpendicular 

to foliation. Lineation contained within the foliation trends 
N6OOE, orthogonal to dikes, joints, quartz veins, "ductile normal 
faults," and other extensional features in the mylonitic rocks. 
Dikes in particular are perpendicular to lineation, are essentially 
the same age as mylonitic deformation, and are almost totally con- 
fined to positions either within or below the zone of mylonitization. 
They presumably represent f i l l ings of tensional features that 
formed as rocks extended parallel to lineation. 

(5) The chlorite breccia deforms and postdates the mylonitic fabric. 
Mylonitization took place under conditions of biotite stabil ity. 
Myloni~ization resulted inrecrystall ization and flow of quartz 
and formed a well-defined foliation and lineation. The deformation 
that formed the breccia occurred under chlorite-stable conditions 
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(6) 

(7) 

and was accompanied by very minor recrystallization of quartz. 
I t  destroyed the earlier mylonitic fabric and generally formed 
no foliation. The chlorite breccia is not present everywhere 
that mylonitic rocks are. The two clearly are drastically dif-  
ferent in structural style and are at least partly different in 
relative age. 
Mylonitization is of mid-Tertiary (late Oligocene to early 
Miocene) age and is exposed in a range characterized by abundant 
evidence of mid-Tertiary plutonism, Mylonization is only slightly 
later in age than the plutonism and is not a protoclastic phenom- 
enon from the fact that the mylonitic fabric is superimposed 
acrosscooling joints, dikes, aplites, and quartz veins which 
postdate solidification of the plutons. 
Foliation in the Precambrian amphibolite gneiss was apparently 
l i t t l e  affected by Mesozoic and Laramide tectonics. I t  maintained 
its steep, northeast-striking orientation from its formation 1.7 

b .y .  ago until mid-Tertiary time, when the plutons were intruded 
discordantly across i t .  ": 

Speculations: 

Some speculations regarding origin of the complex can be made after 
considering the foregoing observations and inferences. The spatial 
and temporal association of mylonitization and the mid-Tertiary 
plutons implies a genetic relationship. However, because mylonitic 
fabric cuts through the amphibolite gneiss, the event is not str ict ly 
a case of "granite tectonics." Perhaps mylonitization was facilitated 
by heat that the pluton brought into upper levels of the crust. As 
the rocks were heated or while they were s t i l l  hot, they extended 
parallel to the east-northeast-trending lineation and were flattened 
perpendicular to the subhorizontal foliation. This was possibly in 
response to the regional mid-Tertiary stress field of.#" l (maximum 
compression) vertical, o-~ north-northwest, and O": (minimum compression) 
east-northeast that was proposed by Rehrig and He~drick (1976). Davis 
and others (1975) have documented similar orientations for strain-and 
possible stress axes for mylonitic rocks in the Tortolita Mountains 
near Tucson, Arizona. 

All evidence indicates that east-northeast-directed extension slightly 
predated, was synchronous with, and slightly postdated development of 
the mylonitic fabric. Hydrothermally altered and mineralized fractures 
in the mid-Tertiary plutons, when interpreted in the manner suggested 
by Rehrig and Heidrick (1972, 1976) indicate that o-R was east-northeast 
during late magmatic to postmagmatic cooling and fracturing of the 
plutons. North-northwest-trending dikes the sam___ee age as mylonitization 
indicate east-northeast-west-southwest extension. Mid-Tertiary dikes 
outside the complex also trend north-northwest and thus indicate that 

t h i s  is a regional extension (Rehrig and Heidrick, 1976) and not one 
related to local strains accompanying mylonitization! Dikes that post- 
date mylonitization in the complex also strike north-northwest and imply 
that east-northeast-west-southwest extension existed after mylonitization. 
In addition, fabrics in the chloritic breccia imply that some form of 
northeast-southwest extension continued after mylonitization ceased. 
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I t  is important to emphasize that the mylonitization is not believed 
to be a part of classic Basin and Range deformation. Mylonitic rocks 
evidently occur both in the present-day ranges and the bottoms of the 
basins. Mylonitization clearly predates essentially all faulting within 
the past 14 m.y. which formed thepresent basins and ranges (Eberly and 
Stanley, 1978; Peirce, 1976; Shafiquallah and others, 1976). Therefore, 
mylonitization is believed to be a manifestation of a poorly understood 
Oligocene to early Miocene flattening and extensional event that took 
place along low-angle surfaces and zones. Mylonitic fabric of this 
type and orientation in southern Arizona is unrelated to Laramide 
thrusting, as has been hypothesized by some workers. 

Exact temperatures of mylonit izat ion are not known, but several 
observations provide some constraints. Temperature and f lu id  content 
must have been suf f ic ient  so that, for the strain rates involved, 
quartz and some biot i te  could recrys ta l l i ze  while plagioclase and most 
K-feldspar deformed b r i t t l e l y .  Si l ica must have been mobile because 
quartz veins are more abundant where the rock is mylonit ic than in non- 
myloni t ic  rocks, 

Confining pressure during deformation cannot have been excessive. 
Plutons slightly predating mylonitization are not deep-level stocks 
but are instead hydrothermally altered and fractured in a fashion sug- 
gestive of fair ly low confining pressure. Dikes that arethe same age 
as mylonitization are generally aphanitic; again this situation indicates 
fast cooling at shallow depths. These dikes and plutons appear to be 
the only satisfactory way to convey sufficient heat to these high crustal 
levels. 

I f  the complex is analogous to similar complexes in southern a~d 
western Arizona, the chloritic breccia was formed in association with 
an overlying dislocation surface, above which would l i e  highly extended 
rocks as young as early to middle Miocene. In the South Mountains, 
slickensides, observed displacements of low-angle normal faults in the 
breccia, and antithetic rotation of mylonitic foliation in the grano- 
diorite all indicate relative transport related to the chlorit ic breccia 
as being dominantly to the nor, theast. The chloritic breccia and over- 
lying dislocation surface are well exposed in the southern foothills 
of the South Mountains. In this area, upper-plate rocks above the dis- 
location surface are faulted and brecciated amphibolite gneisses. Relict 
mylonitic foliation in the gneisses dips southwest and is cut by north- 
east-dipping normal faults. Additional possible upper-place rocks are 
brecciated mid-Tertiary volcanic units, t i l ted and faulted mid-Tertiary 
sedimentary and volcanic units, and deformed Precambrian {?) granites 
locally exposed near Tempe (3 to lO km northeast of the northeasternmost 
outcrops of mylonitic rocks in the South Mountains). The sedimentary 
and volcanic units dip moderately to the southwest; this is consistent 
with antithetic rotation that would have accompanied southwest-to-north- 
east transport along low-angle, l i s t r i c  normal faults. 
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THE VULTURE MOUNTAINS 

The Vulture Mountains is made up of a highly l i s t r i c  faulted terrane of 

mid-Tertiary volcanic rocks depositionally on top of a crystalline basement 

compose d of Precambrian mafic schist, quartzo-feldspathic gneisses and a major, 

NE-trending, Laramide granodioritic batholith. Volcanics and basement are 

severely t i l ted  on a series of NNW-striking, shallowly west-dipping l i s t r i c  

normal faults. There are no shallow-dipping mylonitic rocks noted in the Vulture 

Mtns. such as might be expected in such areas of t i l t i n g .  Such br i t t le ,  

rotational tectonism may however be accomodated by ductile rock behavior at 

depth in a mylonitic plate which is not exposed. 

Mineralization in the Vulture range is mainly associated with the Laramide 

batholith as numerous copper showings and prospects. The famous Vulture mine at 

the south end of the range appears related to bull quartz veins cutting mafic 

schists and gneisses, and may be of Precambrian age. There are however, numerous 

precious metals occurrences and prospects of small size which are found in 

individual fault or fissure veins and associated with argill ized areas in late 

Tertiary felsic intrusive bodies. The Vulture distr ict  produced 970,000 tons of 

ore recovering 350,000 oz. Au, 264,000 oz. Ag, 298,000 Ibs. Cu and 1,796,000 

I bs. Pb. 
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GEOLOGY GEOCHRONOLOGY AND LISTRiC NORMAL 
FAULTING OF THE VULTURE MOUNTAINS 

MARICOPA COUNTY, ARIZONA 

by William A. Rehrig, 
Muhammad Sahafiqullah andPaul E. Damon 

The Vulture Mountains, located near Wickenburg, about 50 miles northwest 
of Phoenix, consists principally of a faulted and t i l ted series of volcanic 
rocks surrounded and underlain by a plutonic and metamorphic basement. 
Intermittant geologic wor~ during the past 10 years supported by chemical, 
isotopic and radiometric age analyses has led to a new appreciation of 
Miocene-Oligene volcanism and a fascinating period of extensional 
tectonism earlier and more profound than the traditional basin and range 
disturbance. 

Regional Setting: 

The Vulture Mountains are located in the Basin and Range Desert 
province within a north-northwest, to northwest zone of severe normal 
faulting. Many of these faults are of the l i s t r i c  normal type. In 
the Vulture Mountains, t i l t i ng  on these faults is toward the northeast. 
These rotations extend with progressively less effect to the northeast 
into the Bradshaw Mountains. This broad, northeast-tilted zone represents 
a major structural transition between the Mountain and Desert sub- 
provinces. Rotational normal faulting surrounds the Vulture Mountains 

i 

C' 

i 

on other sides as well. 
of this fault system form an intriguing picture of northeast-directed 
crustal extension. 

Taken collectively, the geometry and displacements ~ 

Two dist inct  volcanic sequences are found in the Vulture Mountains: 
an earlier silicious sequence of flows and tuffs and a later series of 
basalts.. These same sequences crop out in surrounding mountain ranges 
across a broad, southwest-trending area from the Bradshaw Mountains 
to the Colorado River. 

Rock Types: 

Pre-Tertiary rocks in the Vulture Mountains consist of a Precambrian 
metamorphic-igneous basement intruded by a composite Laramide batholith. 
Tertiary roc,ks include hypabYS.Sal intrusive and extrusive rocks (Figure 1). 

Precambrian rock types exhibit a crude northeast-oriented outcrop : 
patternacross the range (Figure 1), To the north (and between Vulture 
and Caballeros Peaks) a-coarse-grained, porphyritic grani.te occurs 

. which resembles 1400 or 1700 m.y. granites in adjacent areas. A 2-3 mile 
. wide, northeast-striking zone of gneissic granite to granodioritewith 

-minor amphibolite and pegmatite is found south of the porphyritic granite. 
Mafic schist lies south of the gneiss belt partly in fault contact with ~• 
the gneiss (Figure 1) .  

Alarge, composite granodiorite pluton intrudes the core of the 
granitic gneiss belt. The pluton is dated at 68.4 m.y. I t  forms a 
highly elongate, dike-like mass extending well beyond the margins of the 
Vulture Quadrangle. The batholith is known as the Wickenburg batholith. 



I 
69 

I 
I 
I 
I 
I 
I 

Postbatholith rocks include s i l i c ic  and basic volcanic sequences--the 
former is t i l ted on l i s t r i c  faults. Above a reddish-colored basal 
conglomerate rest the s i l i c i c  volcanics consisting of rhyol i t ic  lava 
flows, welded ruffs and pyroclastic-volcaniclastic rocks interbedded with 
minor basaltic andesite to rhyodacitic lava flows. The basal volcanic 
unit is a buff toyellowish ash-flow which exhibits volcaniclastic and 
agglomeratic facies and commonly is intensely zeolitized. This unit is 
widespread in the Vulture Mountains and has been recognized (and dated) 
in the nearby Big Horn, Eagle Tail and Kofa Mountains. A biot i te age 
of 26 m.y. and whole rock age of 16 m.y. has been established for this 
interval. The basal unit dates (biotite at about 23 m.y. in other ranges. 

The s~licic volcanic rocks display rapid, short-distance changes in 
thickness and character suggestive of nearby source areas. For example, 
the section on Vulture Peak consists largely of proximal vent facies of 
very coarse, tuffaceous, pumice-rich, agglomerate and thick rhyolite 
flows, whereas, the section near Highway 60 is rich in basaltic andesite 
flowsand vitrophyres. 
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Chemically, the s i l i c i c  volcanics are characterized by ultrapotassic 
rhyolite with SiOp, Al20 ~ and K20>90%. The K20 content of these rocks 
is exceedingly high and for si.llcic samples averages 8.1 weight percent. 
Diagenetic or autoalteration potash metasomatism is suspected in part for 
the high K20 contents. Some of the units are peralkaline with a lkal i -  
Al203 molecular rations > I. Some more basic flow rocks sandwiched 
between the rhyolites have < 60% Si021, lower alkal i  contents and are 
basaltic andesites. 

In contrast to the s i l i c i c  sequence are the blocky basalt flows 
outcropping on Black Mountain and on Twin Peaks (Figure I) .  Chemically 
this flow sequence is distinguished by relatively low-alkal i  content 

(Na > K), high CaO, NaO and low potash ('1%). Olivine occurs in the 
basalts. A K-Ar date of 13.5 m.y. was secured from a sample on Black 
Mountain. 

Tectonic Considerations: 

Certain geologic features in the Vulture Mountains exemplify 
important ~e~tonic re la t i o~ ip~  in the so~t'h~estern U. S. These 
features are~-( I )  ~ structural Control of.Laramide pl~tohism,. 
(2) NNW control of mid-Tertiary plutonism, (3) l i s t r i c  normal faulting 
associated with mid-Tertiary silicic/potash-rich volcanicrocks, and 

(4 )  a fundamental change in tectonic style and volcanic petrology thai 
took place between about 16 and 14 m.y.B.P. 

Relationships (1) and (2) have been discussed by Rehrig and Heidrick 
(1976). In close association with the NNW aligned dike swarms of 
mid-Tertiary (-20.--30 m.y.B.P.) age is the period of intense l i s t r i c  
faulting which t i I ted shallow crustal rocks and extended them NE to E, 
in a direction approxCmately normal to the strike of the dike swarms. 
Si l ic ic  volcanics in the Vulture Mountains have been strongly affected by 
this style of deformation (Figure 1). The f la t - ly ing Black Mountain and 
related basalts post-date the deformation, thus, bracketing the l i s t r i c  
faulting event to the broad interval 26 to 13.5 m.y. Undeformed 
ultrapotassic rhyolite dikes intruding the f la t  l i s t r i c  faults and 
correlate with dated 16 m.y. dikes, further narrows the main extensional 
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faulting to the period from 26 to 16 m.y., or regionally from about 
20 to 16 m.y.B.P. 

From about 16 to 14 m.y.B.P, a fundamental tectonic change occurred 
which yielded the following results: (1) transition from low-angle to 
high-angle normal faulting (really a change from horizontal-to vert ical- 
directed tectonics), (2) a major petrologic change from s i l i c i c ,  calc- 
alkaline volcanism (Sr87/Sr86:0.708) to more primative basalt 
magmatism (Sr87/Sr86:0.705). These litho-tectonic changes show a 
similar timing regionally. 

The regional setting of the Vulture Mountains on the northeast 
~ank of a broad antiformal feature (Big Horm - Vulture Antiform) and 
presence of the adjacent Harcuvar Metamorphic Core Complex (see 
• Figure 2) suggest a causal relationship between antiform ( l i s t r i c  faulting) 
and core complex. The basic factor common to both is ductile or 
penetrative shallow crustal stretching below a relative thin, b r i t t l e ,  
surficial layer (Figure 3). Stretching in the ductile layer (mylonite 
formation?) and l i s t r i c  fault extension in the br i t t le  layer are colinear 
in an ENE-WSW direction. 

During the 16 to 14 m.y. litho-tectonic transition, magmatism waned 
and changed from calc-alkaline to basaltic. Tectonics became 
vert ical ly directed, faults penetrated deeper through a cooling and 
more r ig id crust and allowed relatively uncontaminated sub-crustal 
melts access to the surface. 
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Fig .  I .  GeneraLized geologic map a n d c r o s s  section of the Vu l tu re  Mountains.  Note a crude  • 
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part. Sillclc Tertiary rocks are intruded by a swarm of northerly trending dikes. Structural grain 
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wedges of sillcic volcanlc rocks. See explanation on faclng page. 
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cene-Miocene volcanic rocks (outlined areas) and their tilted attitudes. Double-bar dip symbols [ 
indicate ¢llps > 45 °. Sources for structural data•Include: Arizona county geologic maps; unpublished 
tectonic map (Cooley and others, n.d. ); Rehrig and Heidrick (~976. p. 218}; and first author's I 
more recent field observations, Information (map and section} on'Harcuvar metamorphic complex is 
from RehriqandReynolds (n.d.). Barbs al°ngeastern fr°nt°fHarcuvarc°mplexlndlcategeneral [~i 
trace of northeast-dipplng, Tertiary dislocation surface. Heavy-llned. antlcilnal symbols Indlcate 
axial position of regional antlform ( i .e . ,  Big Horn-Vulture antlform) of Tertiary tilting. Wavy-i%ned, 
northeast-trendlng lineament may displace antiformal axis as shown (Stewart. n.d. }. This trans- F 
form(?) boundary possib}yallowed differential northeast crustal expansion between the highly ex- 
tended Harcuvar metamorphic complex (upper Cross section} and the Blg Horn-Vulture antlform 

(lower section}. . ~. --~- Cross sections are highly schematic and not to scale. The Harcuvar section represents an idealized 
composite impression ~rom the Granite Wash Mountains on the west through the Harcuvar Mountalns. 
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~--~ HARCUVAR METAMORPHIC CORE COMPLEX 

Flg.~. Worklng hy~othesls for development of llstrlc faulting in the Big Horn-Vulture antiform 
(a) and r4arcuvar metamorphic core complex (b). Lar~/e black arrows represent lateral extensional 
stress toward the northeast or Southwest. Vertical dashed lines through plates I and 2 show 
extensional straln. 

(a) Active lateral crustal extension combined with north-northwest-northwest-trending, mid-Ter- 
tiary dike swarms (B) allow zone 2 to expand past zone I. This differential extensional strain is 
taken up by llstric normal faults Inclined In direction of greatest expansion below (C). Section (D) 
shows symmetrical bilateral development of stages (A) through (C) forming regional antiform. 

(b} More Intense intrusive activity (dikes, stocks, sills) and heat generation in active tensional 
stress field forms flattened and northeast-extended, mylonitic fabrics in subvolcanic, crystalline 
r~cks (C). Continued stretching and dilation in zones 2 and 3 result in ~Istrlc faulting and dlfferen- 
tial shear (dislocation Surface} between ductile plate 2 and rigid plate I (D) (E}. Severe thinning in 
plate 2 and tectonic removal of plate 1 initiate lsostatic uplift (F) and lead to present configuration 
of metamorphic core complex [G). Figure.~b is based on text and figure 8 of Rehrfg and Reynolds 
(n.d.}. 
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THE HARCUVAR MCC 

US Highway 60-70 passes through what has been called the Harcuvar metamorphic 

core complex (Rehrig and Reynolds, 1980) from just west of the town of Aguila to 

Salome. The complex is formed by a combination of low-angle structural and 

metamorphic events of compressional origin and late Messozoic age with equally 

shallow-dipping~ mylonitization and detachment structure caused by mid-Tertiary 

extension. The Tertiary deformation is found at the eastern end of the complex, 

where i t  overprints structure of Laramide age. Abbreviated descriptions, sketch 

maps and cross sections of the MCC appear in the following pages. 

We wi l l  start by quickly looking at the Eagle Eye Peak detachment locality south 

of Aguila. Both Tertiary mylonitic rocks and gold-bearing chlorit ic breccia can 

be seen just beneath a detachment fault zone and outcrops of badly altered, 

auto-brecciated, Tertiary volcanics of the upper plate. 

Farther into the complex we wi l l  examine an excellent exposure of the Hercules 

thrust fault, one of the major structures which has placed Precambrian 

metamorphic rocks on top of Mesozoic metasediments. This thrust as well a s  

others structurally above i t  have affected the localization of precious metals 

mineralization in this region and we wil l  compare details of the thrust zone 

with those in the Tertiary detachment zones. Later as we proceed toward Bouse on 

State Route 72, we wi l l  deviate to the east into the Granite Wash Mountains to 

see thrust-controlled mineralization at the Yuma mine. 

The Buckskin Mountains form the northwest portion of the Harcuvar MCC as i s  

suggested merely by the en echelon, ENE-trend to these ranges (paral lel  to the 

Harcuvar and Harquahala ranges). Lower-plate rocks of the Buckskins consist of 
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variably mylonitized metamorphic and plutonic rock thought to be an extemely 

complex, tectonized mass of Precambrian basement, Paleozoic and Mesozoic 

sedimentary rocks. Mesozoic thrust ing and strong metamorphic gradients have been 

superimposed by higher- level,  mid-Tert iary mylonit izat ion and detachment. The 

detachment faul t  zones which fr inge the edges of the NE-fol iat ion arches are the 

foci for  numerous hematite-copper-gold, copper and manganese occurrences (refer 

to fol lowing pages of data). We w i l l  examine the Swansea and Clara Park copper 

and copper-gold mines. 
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exhibit the smooth bulbous topographic profiles characteristic of metamorphic core complexes. These 
ranges are distinctive because of their northeasterly trend, which is anomalous amid the prevailing 
northwesterly trends of mountain chains in the Arizona Basin and Range province. The anomalous 
northeast trend is due to long, usually doubly plunging foliation arches in gently dipping quartzofelds- 
pathic gneisses (Figs. 5. 6). The broach arches are arranged in en echelon fashion and collectively give 
the entire metamorphic core complex a northwest elongation. 

Previously, the geology of the region had been interpreted to be largely Precambrian gneisses and 
schist intruded by Mesozoic and early Cenozoic plutons and fringed on the north and south bv 
allochthonous Paleozoic, Mesozoic, and. Cenozoic sedimentary rocks (Wilson. t962: Wilson and 
others, 1969). Our recent and more detailed work indicates that most of the ~aeissic "basement" is not 
due to Precambrian deformation, hut is the result of Mesozoic and Cenozoic plutonic, metamorphic. 
and tectonic events. The prototiths of the metamorphic rocks are believed to range in age from 
Precambrian to Tertiary. 

We will first present some important geologic aspects of each range and then summarize general 
characteristics of the complex. We will then suggest possible inferences that can be made from our 
observations. Geologic study in the complex is continuing, and additional discussions will be presented 
elsewhere at later dates. Davis and others (this volume) describe the geology of the Rawhide Moun- 
tains and adjoining area to the west of the Harcuvar complex. 
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Harquahala Mountains 

The main central and eastern mass of the Harquahala Mountains is composed of ~anit ic and 
high-grade metamorphic rocks flanked on the south and southeast by Paleozoic and Mesozoic rocks 
locally of low to moderate metamorphic grades (Fig. 6). Plutonic rocks in the central crystalline core 
are locally foliated and consist mostly of biotitic granodiorite, porphyritic granite, equigranular 
muscovite-garnet granite, and abundant small tabular bodies of leueocratic alaskite and pegmatite. 
Other parts of the crystalline core are composed of migmatite, amphibolite, and biotite-bearing 
quartzofeldspathie schist and gneiss. Foliation in the metamorphic and plutonic rocks is generally 
gently dipping and defines a broad arch whose east-northeast-trending axis parallels the eastern crest 
of the range (Fig. 5). At least two directions of lineations are present in the rocks. A variable north- to 
northwest-trending metamorphic lineation occurs in central and western parts of the range and a 
younger northeast-trending mylonitic lineation is extensively developed in structurally high parts 
toward the northeast end of the range (Fig. 5). The older(?) metamorphic fabric is cut by a northwest- 
trending swarm of microdiorite-andesite dikes that yield somewhat discordant K-Ar hornblende and 
biotite ages of 28.6 and 22.1 m.y., respectively (Table 1). '" 

South of the crystalline rocks, recognizable Paleozoic and Mesozoic sedimentary rocks are pre- 
served (Fig. 6). Along the southern flank of the range, interbedded feldspatNc sandstones and 
siltstones are exposed that are similar to Mesozoic strata in adjacent ranges (for example, Granite 
Wash). As these strata are traced northward toward the crystalline rocks, a pro~essive increase in 
metamorphism occurs until the two rock types ultimately merge. Farther to the east. metamorphosed 
calcareous sandstones and pure quartzites are overlain successively by siltstone-quartzite, marble, and 
interlayered pelitic schists and metasiltstones. This section, although metamorphosed and highly 
folded, may be in normal stratigraphic sequence and possibly represents parts of the upper Paleozoic 
Supai. Coconino. and Kaibab Formations and parts of the overlying impure Mesozoic arkose. Where 
adjacent to or overlain by granitic rocks which form the high crest of the range, the metamorphosed 
Mesozoic(?) rocks are locally gneissic and somewhat "granitic" in their appearance. 

In the southwestern part of the range, large folds in a less-metamorphosed section of Paleozoic rocks 
(including Coconino and Kaibab Formations) have been mapped by Varga (1976). In and adjacent to 
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I Varga's area. there are exposures of slightly metamorphosed impure clastic rocks of probable Mesozo- 
ic age. The contact between Paleozoic and Mesozoic rocks is locally complexly sheared, contorted, or 

i covered by aluvium. 
Recent mappinz bv S. B. Keith and S. J. Reynolds (1980. oral commun.) reveals that major rock 

units in this range are separated by multiple fiat thrust faults. The impact of these structures on the 
pre-Tertiary history of this reigon is profound. 

I The youngest rocks of the range are probablv those exposed at its extreme northeast end (Fig. 6). 
Here a sequence of dark. mid-Tertiary(?) volcanic breccia, cohglomerate, sandstone, and siltstone dips 
30°SW and is underlain bv a dislocation surface that dips gently eastward. Below the dislocation 

i surface are" chloride mylonitic gneisses that contain a pronounced N60°E-trending cataclastic 
lineation. 
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Figure 4. Geography and locations of samples used for dating, Harcuvar metamorphic core complex. Numbers 
refer to samples in Table I. 
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Little Harquahala-Granite Wash Mountains 

Southwest of the Harquahala Mountains lie the Little Harquahala Mountains. a range which 
although not a part of the metamorphic core complex per se, has some important geologic relation- 
ships that should be discussed. The folded Paleozoic section studied by Varga (1976) in the Harquahala 
Mountains continues southwest along strike into the Little Harquahala Mountains. As in Varga's area, 
the section is only slightly metamorphosed, but intensely faulted and folded (locally overturned); it 
partly consists of rocks tentatively correlated with the Cambrian Bolsa Quartzite. mid-Paleozoic 
carbonates (Martin and Redwall Formations)• and the upper Paleozoic Supai Formation. A chloritic, 
feldspar-megacrystic, porphyritic granite underlies these sedimentary, rocks in both the Little Harqua- 
hala and southwestern Harquahala Mountains. The contact between the Paleozoic rocks and the 

_ /  \ ~ ~ ~  .,,~ 
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Figure 5. Structure map. Harcuvar metamorphic core complex. Refer to Figure 6 for explanation ofsymboiogy. 
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variable, but generally dips about 30 ° to the southwest (Fig. 5). This orientation o.f foliation dictates 
that structurally lower rocks are exposed to the northeast. Indeed, toward the northeast, the granite is 
more intensely deformed (locally by flow-folding) and is involved in migmatization to a much larger 
extent. Near Cunningham Pass, the granite is extensively intruded by garnet-muscovite-bearing 
alaskite and pegmatite. Tile foliated ~anite and these later intrusions are all discordantly intruded by a 
swarm of northwest-trending Tertiary,(?) dikes of andesite, microdiorite, and coarse, hornblende- 

bearing diorite. 
Roof pendants in the granite and migmatites adjacent to the granite consist ofamphibolite, quartzo- 

feldspathic gneiss, micaceous schist, foliated granodiorite-~anite, and a variety of alaskite and 
pegmatite. These metamorphic rocks generally contain a northwest-trending metamorphic { nonmylon- 
itic) lineation that is at least locally parallel to axes of flexural-flow and passive-flow folds. This fabric 
is largely pre-Tertiary, as K-Ar apparent ages of 70.3 m.y. on hornblende and 51 m.y. on biotite have 
been obtained from rocks containing the northwest-trending lineation (Table 1). 

Near Cunningham Pass (Fig. ~t), the. northwest-trending folds and lineation are distinctly cut by 
low-angle structural surfaces exhibiting a southwest-trending mylonitic lineation. In addition, the 
northwest-trending folds and lineation are intruded discordantly by leucocratic pegmatites that are 
themselves cut by the mylonitic foliation and southwest-trending lineation. There is, therefore. 
evidence for two deformational-metamorphic events separated by the intrusion of teucocratic pegma- _ 
tites and alaskites. The earlier metamorphic event produced migmatites and ductile folds with 
northward- and. northwestward-trending lineation, whereas the second event was accompanied by the 
development of mylonitic foliation and conspicuous southwest-trending lineation. A K-Ar biotite 
apparent age of 25.3 m.y. (Table I) on the mylonitic gneisses indicates mid-Tertiary cooling and 
possibly an equally young age for the mylonitization. This assemblage of rocks and structures makes 
up most of the remainder of the range to the northeast of Cunningham Pass, where the northeast- 
trending lineation and mylonitic foliation are progressively better developed. This later mylonitic 
foliation is also evidently most intensely developed at structurally higher levels along the top and outer 
margins of the range: thus an arched carapace is formed. 

At the northeast end of the range, the mylonitic rocks described above are chloritic, brecciated, and 
overlain by a dislocation surface whose gentle dip mimics that of the underlying gneisses. In isolated 
hills above the dislocation surface are allochthonous mid-Tertiary volcanic and sedimentary., strata. An 
additional interesting assemblage of upper-plate rocks apparently overlies the dislocation surface 
where the large northwest-trending ridge departs from the main range (Fig. 6). In this area. gneiss and 
schist of almost certain Precambrian age display a near-vertical, northeast-striking, nonmylonitic 
(crystalloblastic) foliation that is cut by a siliceous and brecciated dislocation surface underlain by 
gently east-dipping mylonitic gneisses containing a northeast-trending [ineation. Above the upper- 
plate metamorphic rocks in depositional contact is a section of basal arkosic conglomerates overlain by 
probable mid-Tertiary trachytic welded ash-flow tufts. The Tertiary section dips moderately to the 
southwest and is in part the same section exposed in the aforementioned allochthonous blocks. 
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Buckskin and Rawhide Mountains 

The following discussion is based both on the excellent study by S hacketford (1976) in the Rawhide 
Mountains and our own observations in both the Rawhide and Buckskin ranges. At least three large 
northeast-trending folation arches in metamorphic rocks govern the Structure and outcrop distribu- 
tion in the Buckskin and Rawhide Mountains (Figs. 5, 6). Gently inclined metamorphic and mytonitic 
rocks are exposed in the arches, and remnants of overlying, mostly nonmetamorphosed. Precambri- 
an(?) to Miocene dislocated rocks crop out in northeast-trending belts along the axis of the synforms. 
The metamorphic rocks in the "basement" arches consist of quartzofeldspathic gneiss, mica schist. 
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Stacked Overthrusts of Precambrian Crystalline Basement 
and Inverted Paleozoic Sections Emplaced over Mesozoic Strata, 
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THE WHIPPLE MTN. MCC 

Magnificently exposed just northwest Qf Parker, Arizona in California is the 

Whipple metamorphic core complex. What makes i t  special is i ts broad dome-like 

morphology and the klippen of upper-plate, Tertiary volcanic rocks s t i l l  

preserved high up on the foliation arch. An abundance of mineral occurences rim 

the complex and exhibit a close spatial coincidence with the Whipple detachment 

surface (Ridenour and others, 1982). Articles by Davis and others (1980) and 

Davis and others (1982) describe details of the complex. 

We wil l  4-wheel i t  up Bowman Wash into Copper Basin passing through the brick 

red to black outcrops of the 20 + to 16 m.y. old Copper Basin volcanic 

continental sequence (Correlates with the Chapin Wash Fm. seen yesterday in the 

Buckskin Mtns. of Arizona). These rocks are t i l ted  and fragmented in chaotic 

fashion on top the Whipple Mtn. detachment fault zone. The volcanics and 

fanglomerates are potassically altered as are upper-plate rocks seen in the 

Picacho and Harcuvar complexes. 

At the entrance to the Copper Basin we wil l  traverse the detachment contact 

between strongly propylitized and brecciated Crystalline rocks and the upper- 

plate Copper Basin rocks. Although previously mapped as lower plate, we wi l l  see 

that the crystalline metamorphic and granitic rocks are part of a nonmylonitic 

(in a Tertiary sense) middle plate. This chlorit ic brecciated plate was the site 

for rather extensive copper (minor gold) mineralization associated with a f la t ,  

intrusive body of dacite porphyry. We wi l l  walk into the western part of the 

copper deposit, checking out the detachment setting and s i l i c i f ied,  gossan 
J 

• outcrops formed by f l a t l y  dipping detachment fault zones. 

I 
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Figure 7. Diagrammatic cross-section across the Whipple Mountains, southeastern California, (see Fig. 3 
for approximate location), illustrating middle Miocene geologic relations prior to domal uplift and warping 
of the Whipple detachment fault (WDF). The cross-section illustrates evidence for two phases of rotational, 
normal fault displacement along the Whipple detachment surface. T 1 = older Tertiary (Gene Canyon) sedi- 
mentary and volcanic rocks~ T 2 .= younger Tertiary (Copper Basin 2) sedimentary and volcanic rocks 
deposited across the detachment fault prior to their involvement in renewed fault displacement. MF = 
mylonitic front, the abrupt non-faulted contact between undifferentiated lower-plate metamorphic and 
intrusive rocks (xln) and their largely mylonitic equivalents (mxln)~ br = breccias developed below the 
Whipple detachment surface. Horizontal scale is approximate, but head, or break-away zone, for 
detachment probably lies in the Mopah Range, 25 km to the west. Vertical dimensions are somewhat 
less accurate and are intended to be diagrammatic only. 
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}ENERAL OCCURRENCES IN THE I~IPPLE MOUNTAINS 
WILDERNESS STUDY AREA, SAN BERNARDINO COUNTY, CALIFORNIA 

James Ridenour, Phillip R. ~yle, and Spencee L. Willett 
U. S. Department of the Interior, Bureau of Mines 

Western Field Operations Center 
E. 360 Third Avenue 

Spokane, Washington 99202 

AB STRACT 

The Whipple Mountains Wilderness Study Area (WSA) 
encompasses approximately 85,100 acres in San 
Bernardino County, California. An examination of 
mines, prospects, and mineralized areas within and 
sear the study area was conducted during the spring 
"of 1980, by U. S. Bureau of lllnes personnel under the 
provisions of the Federal Land Policy and Management 

Ac~- 

U. S. Bureau of Mines statistical files indicate 
that about ~84,000 worth of copper-gold-silver ore 
was produced from mines in the Whipple mining 
district, exclusive of Copper Basin~ from 1906 to 
1969. Prospecting targets were the ubiquitous occur- 
rences of chrysocolla, malachite, and hematite in 
fracture zones both above and below the Whipple 
detachment fault, the dominant structural feature in 
the WSA. 

The predominant element assemblage consists of 
barium-manganese-iron-copper-gold-silver and is found 
is a wide variety of host rocks ranging in age from 
• Precambrian (?) to Miocene. Petrographic analyses of 
selected copper-gold-silver occurrences indicate 
these elements are constituents of mineral assem- 
blages largely composed of quartz, sericite, 
chlorite, and sulfides which have been altered to 
secondary copper and iron oxide minerals. These 
assemblages are indicative of an epithermal to 
perhaps lower mesothermal temperature range. 
Structural analysis of fractures associated with 
these occurrences indicates distinct populations 
above and below the detachment fault that are the 
result of crustal lengthening in the lower plate and 
dislocatlon of the upper plate. The younger age 
limit for these occurrences is believed to be the 
Osborne Wash Formation (mid-Miocene); the older age 
limit for Dhese occurrences is thought to be early in 
the dislocation process, or late Oligocene, as is 
suggested by a 24.5~0.7-m.y. K-At date of sericite 
from one of the localities. Collectively, these 
indicate a temporal relationship between minerali- 
zation and dislocation in the Whipple Mountains. 

The conceptual mineralization model suggested by 
these relationships is a low to moderate temperature 
hydrothermal system spatially related to the detach- 
ment fault and chlorite breccia zone immediately 
below it. Communication of fluids into the upper 
plate was provided by listric fault and antithetic 
fault conduits formed during dislocation of the 
allochthon. The sources of metallic elements for 
this model are though= to include pre-dislocation 
mineral deposits and syntectonic volcanic- 
metallogenic pulses. 

INTRODUCTION 

General Statement 

Under the provisions of the Federal Land Policy 
and l~nagement Act (Public Law 94-579, October 21, 

1976), U. S. Bureau of ~Rnes personnel conducted an 
examination of mines, prospects, and mineralized 
areas within and near the Whipple Mountains Wilder- 
ness Study Area (WSA). Field investigations were 
conducted from mid-March to mid-b~y 1980, with sub- 
sequent short visits to the area in September 1980 
and October 1981. During our investigations, 643 
hard rock samples and 39 petrographic samples were 
collected from the 49 mines and prospects shown on 
figure i. Analytical results of these samples, 
detailed descriptions of sample localties, maps of 
workings (where applicable), and background data 
regarding mineral potential of the study area, are 
contained in a report at the Bureau of Mines Western 
• ~ield Operations Center, Spokane, Washington. 

A synopsis of our work plus geological, geo- 
chemical, and geophysical investigations of the study 
area conducted by the U. S. Geological Survey will be 
published as a Summary Bulletin and MF-series maps in 
the near future. 

The purpose of this paper is to report our 
observations of the study area's mineral occurrences 
with emphasis on their geologic setting, and to 
comment on their time-space relationships to detach- 
ment faulting, probable origin, and mode of distribu- 
tion. 

Previous Investigations 

Library and file research revealed many 
references concerning geology and mineral resources 
within and near the WSA. Davis and others (1980) 
present their latest findings regarding structure, 
stratigraphy, petrology, geochronology, kinematics of 
detachment and listric faul~ing, and geologic history 
in the l~ipple ~untains. The reader is referred to 
this publication for a more detailed list of previous 
investigations dealing with these subjects. Recent 
published mapping includes Dickey and others (1980) 
in the southern part of the study area and a com- 
pilation of the Needles I ° X 2 = sheet by Stone and 
Howard (1979). Site specific geological studies in 
the vicinity of the study area have been conducted by 
Frost (1980) and Anderson and Frost (1981). Early 
mining activity in the area has been recorded by Root 
(1909), Bancroft (1911), and Jones (1920). Specific 
descriptions or notations of various mines, 
prospects, and mineralized areas in the region are 
given by Bailey (1902), Turner (1907), Aubury (1908), 
Graeff (1910), Stevens (1911), Wilson (1918), 
Cloudman and others (1919), Tucker (1921), Tucker and 
Sampson (1930, 1931), Noble (1931), Trask and others 
(1943), Tucker and Sampson ~1943), Eric (1948), Trask 
(1950), Wright and others (1953), Trengove (1960), 
and Fleury (1961). Several previous property examina- 
tions (unpublished) have been made by U. S. Bureau of 
~nes and California Division of Mines and Geology 
personnel. The tectonic history of the Vidal-Parker 
region has been presented by Cart (1981). A histori- 
cal overview of mining in the California desert has 
been written by Vredenburgh and others (1981). 
Studies on Cordilleran metamorphic core complexes, of 
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which the Whipple Mountains is but one, have been 
recently compiled by Crittenden and others (1980) and 
Coney and Reynolds (1980). Schuiling's work (1978) 
on the mineral assemblages of the Sacramento 
~ountsins was used as a comparison to the assemblages 
we observed in the ~ipple lZountains. 

Mining in the S~udy Area 

Bureau of Mines statistical files show ~hat 5,123 
tons of ore have been reported from 56 mines in the 
Whipple mining district beginning in 1906 and ending 
in 1969. Th e historic value of the ore is estimated 
~t about ~84,000; approximately 48 percent of the 
value came from gold and about 45 percent from 
copper, with silver, lead, and zinc constituting the 
re~aining seven percent of the ufo's value. In ad- 
dition to gold-copper ores, about 2,500 tons of 
manganese were produced from five mines between World 
War I and the 1950's. Much of the mining activity 
has been limited to intermittent extraction of rela- 
tively small, high-grade pockets of mineralized 
rock. Prospecting targets were the ubiquitous oc- 
currences of chrysocolla, malachite, and hematite in 
fracture zones. Underground mining was accomplished 
primarily hy sinking shafts and subsequent drifting 
along the mineralized zones. Production records 
indicate mining activity was most prevalent prior to 
World War I and from the depression years through 
World ~r If. 

MINERAL OCCURRENCES 

General Statement 

The investigation of mineral potential of the 
~hipple Mountains USA has given us a unique oppor- 
tunity to merge our observations regarding its 
mineral deposits with recent information on meta- 
morphic core complexes in general and the Whipple 
Mountains in particular. Because detailed studies of 
the origin, temperatures of formation, geochemistry, 
and age.of the deposits are beyond the scope of our 
investigation, we hope that our observations will 
stimulate more definitive studies of the economic 
mineral assemblages of this and other metamorphic 
core complexes. 

Geologic Setting 

The dominant structural feature of the study area 
is a low-angle detachment fault which juxtaposes 
contrasting lithologic terranes across its surface. 
As described by Davis and others (1980, p. 79), the 
fault 

• ..separates a lower-plate assemblage of 
Precambrlan to ~sozoic or lower.Cenozoic 
igneous and metamorphic rocks and their 
deeper, mylonltic equivalents from an 
allochthonous, lithologically varied upper 
plate. 

The allochthonous units (Davis and others, 1980, p. 
gO) 

• ..include Precambrlan to Mesozoic crystal- 
line rocks, Paleozoic and Mesozoic mete- 
sedimentary rocks, Mesozoic metavolcanic 
rocks, and Tertiary volcanic and sedimentary 
rocks. 

Immediately below t h e  Whipple detachment fault lies 
an altered and highly disturbed zone termed the 
chlorite breccia zone (Frost, 1980). This zone is 

capped by a 2-to 25-cm-6hick, resistant, flinty 
microbreccia (Davis and oLhers, 1980, p. 112); 
consistent striae directions of N 50+__i0 ° E h~ve 
been measured on its surface, indicating transport 
direction of the allochthon. 

Salient geologic history of the Whipple 
~untains, as documented by Davis and others (1980), 
includes Late Cretaceous and/or early Tertiary 
mylonitization and metamorphism accompanied by 
synkinematic intrusion of adamellite to tonalite 
sheets or sills, followed by Oligoeene (?) to middle 
~ocene dislocation of the allochthonous terrane. 
The ~ipple ~untains were asymmetrically domed after 
dislocation, and erosion has removed most of the 
upper plate terrane from the core area, leaving only 
a few isolated klippen of allochthonous rocks except 
in the east-central part of the study area. 

Description of Assemblages 

The commodity assemblages in the Whipple 
Mountains consist of barite-manganese-iron and 
copper-gold-silver. The barite-manganese-iron assem- 
blage is found, in significant amounts, almost 
exclusively in upper plate rocks. Copper-gold- 
silver-bearing occurrences, on the other hand, are 
found in a wide variety of host rocks i~ both lower 
and upper plate positions and are megascnpically 
indicated by the presence of chrysocolla, malachite, 
and iron oxides. Associated with these commodities 
is a pervasive chlorite-dominant propylitic altera- 
tion. The harite-manganese-iron-copper-gold-silver 
assemblage and its alteration products suggest epi- 
thermal temperatures associated with Tertiary volcan- 
ism (Park and ~cDiarmid, 1970, p. 344-345). Eight 
samples were selected for detailed petrographic de- 
scription from seven localities within and near the 
study area. Descriptions of these samples are 
summarized in Table i. We believe these samples to 
be representative of the ubiquitous copper-gold- 
silver-bearing occurrences we observed during our 
field investigations. 

Petrographically the mineral assemblages are 
composed largely of quartz, sericite, chlorite, and 
sulfides (now mostly altered to secondary copper and 
iron oxide minerals). Although not all constituents 
are always present in a given sample, where they do 
occur the sequence is fracturing and concomitant 
quartz-sericite-chlorite alteration followed by 
deposition of sulfides. 

Although there are some important differences 
between the assemblages described here and those 
investigated by Schuiling (1978), we believe his 
assemblage B (quartz+minor pyrite+hematite+ 
chrysocolla+barite)-most closely approximates the 
Whipple Mountain assemblages. Temperatures of 
formation of the Sacramento Mountains assemblages 
ranged from 120 ° C to more than 310 ° C (epithermal to 
lower mesothermal); paragenetic sequences indicate 
that certain constituents were deposited in stages 
within distinct ranges of temperature and salinities 
(Schuiling, 1978, p. 53), perhaps indicating multiple 
stages of deposition. Overall alteration and 
geologic setting of these assemblages appears 
correlative with the Whipple Mountain assemblages. 

Structural Patterns 

Structures that control the occurrences of the  
assemblages described here include tension gashes, 
shears, and faults. These occur throughout the study 
area in nearly all types of rock in both upper and 
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m ~  m m m U ~ m m i i  m n ~  , m  n ~  m u n  ~ m m 

Name S e t t i n g  Rock t y p e  

T a b l e  1.  P e t r o g r a p h i c  Summary 

A s s e m b l a g e s  ( m i n e r a l s  i n  d e c r e a s i n g  o r d e r  of  a b u n d a n c e  P a r a g e n e t t c  Suu~ary  

"4 

ghlpple , a s h  p r o s p e c t  

Crescent Group 

L o r t l e  Group 

N i c k e l  P l a t e  Hine  

Lucky Green Group 

g l u e  B i rd  Hine 

Ne~ American E a g l e  Hlne  

Neu "American E a g l e  Hine  

Louer  p l a t e  

Upper p l a t e  

Upper  p l a t e  

Upper  plate 

Lower p l a t e  

Lo~er plate 

Lo~er  p l a t e  

Louer  p l a t e  

C h l o r i t e  b r e c c i a  

Q u a r t z  v e i n  

B r e c c i a t e d  p o r p h y r i t i c  g r a n i t e  

° 

A d a m e l l i t e  m i c r o b r e c c i a  

G r a n i t i c  c a t a c l a s i t e  

G r a p h i c  g r a n i t e  b r e c c i a  

S o d l c  d o c i l e  p o r p h y r y  ( d i k e ? )  

S i l i c e o u s  v o l e a n l c  b r e c c i a  

q u a r t r - c h l o r i t e - s e r i c i t e - s u l f i d e s T l i m o n i t e - c l a y  

q u a r c z - c h r y s o c o l l a - l l m o n t t e - m a l a c h i t e - s e r i c i t e  

q u a r t z - c l a y - l i m o n i t e - c h r y s o c o l l a  

q u a r  t z - c  l a v - I  lmon l  t e - c h r y s o c o I  l a - s u l  f i d e a  

q u a r t z - s e r i c i t e - c h a l c o p y r i t e - l l ~ o n i t e - m a l s c h i t e  

q u a r  t z - s e  r l c l  t e - n o n t  r o n i t  e (?)-barite-chrysocolIa-chlorite-llmonite 

q u a r t z - c h l o r t t e - s u l f t d e s - s e r i c l t e - l i m o n l t e  

q u a r t s - l t m o n i t e - m a l a c h i t e - c l a y  

F r a c t u r i n g  f o l l o w e d  by s i m u l t a n e o u s  i n t r o d u c t i o n  o f  
s i l i c a ,  s e r i c i t e ,  c b l o r i t e - c l a y ~  and e u l t i d e s .  

F r a c t u r i n g  f o l l o u e d  by i n t r o d u c t i o n  o f  v e i n  q u a r t z  
and c b a l c o p y r l t e  a ccompan ied  by s l l i l i c a t l o n  and 
s e r i c i t i c  a l t e r a t i o n ;  f u r t h e r  f r a c t u r i n g  f o l l o u e d  
by o x i d a t i o n  o f  c h a l c o p y r l . t e  to  l i m o n i t e ,  c h r y s o -  
c o l l a ~  and m a l a c h i t e ,  a ccompan ied  by d e p o s i t i o n  Of 
c h a l c e d o n y .  

g r e c c l a t l o n  f o l l o ~ e d  by i n t r o d u c t i o n  of  c h a l c o p y r l t e  and 
i t s  a l t e r a t i o n  t o  i i m o n i t e  and c h r y s o c o l l a ;  a l t e r a t i o n  
of  p l a g t o c l a s e  t o  c l a y .  

t l i c r o b r e e c t a t i o n  i o l l o ~ e d  by i n t r o d u c t i o n  of  q u a r t z ,  
p y r i t e ,  c h a l e o p y r l t e ,  and s e r i c i t e .  L a t e r  a r g i l l l c  
a l t e r a t i o n  of  p l a g i o c I a s e .  

F r a c t u r i n g  f o l l o w e d  by q u a t t z - s e r i e t t e - s u l ~ i d e  m i n e r a l i -  
z a t i o n ;  s u p e r g e n e  ~ l t e r a t i o n  of  c h a l c o p y r i t e  t o  
l t m o n t t e  and m a l a c h i t e .  

g r e c c i a t i o n  f o l l o w e d  by i n t r o d u c t i o n  of  q u a r t z ,  n o n -  • 
t r n n i t e  ( ? ) ,  s e r l e i t e ;  b a r i t e ,  a n d  s u l f i d e s .  S u p e r -  
gene  a l t e r a t i o n  o f  s u l f i d e s  t o  l t m o n i C e  and c h r y s o c o n a .  

D e f o r m a t i o n  f o l l o w e d  by I n t r o d u c t i o n  of  q u a r t z ~  s u l f i d e s  . 
c h l o r i t e ,  and s e r i c l t e .  S u p e r g e n e  l l m o n t t l c  a l t e r a t i o n .  

B r e c c l a t i o n  f o U o w e d  by i n t r o d u c t i o n  of  q u a r t z  and s u l f i d e s .  
s u p e r g e n e  a l t e r a t i o n  of  i u l f i d e e  t o  l t m o n l t e ,  m a l a c h i t e ,  
and c l a y .  

• . . . . . . . . . . . . . . .  nl 



lower plate position; they have been identified 
within a zone approximately 1200 feet both above and 
belOW the detachment surface. Faults, particularly 
llstric normal ones, can be traced for several miles; 
shear zones and tension gashes can usually be traced 
along strike for only a few hundred feet. 

Two hundred and eighty-six attitude observations 
of mineralized structures were separated into lower 
and upper plate populations and analyzed by com- 
puter. The resulting Pi diagrams (figure 2) show a 
concentration of poles in the lower plate oriented 
N 260 W, 48 ° NE; upper plate structures show a 
dominant cluster at N 45 ° W, 28 ° NE, and a secondary 
cluster centered about N 46 ° W, 66 ° SW. Upper plate 
data confirm the suspected structural control of 
these occurrences by NE-dipping listric and 
sympathetic normal faults and S~dipping antithetic 
and bedding plane faults. The dominant lower plate 
structural grain is within limits predictable for 
tension fractures resulting from the N 50+_.10 ° E 
direction of crustal extension and direction of 
movement of the upper plate. 

DISCUSSION 

I 

I 
I 
I 

Our conclusions regarding the mineral potential 
of the Whipple Mountains WSA were based on the 
observation that the majority of the mineral occur- 
rences observed at the mines and prospects we mapped 
and sampled were spatially related to the detachment 
fault and the premise Chat they are temporally re- 
lated to the dislocation process. Because ground 
preparation is the dominant physical control on the 
mineral occurrences, a temporal link between the 
processes of &islocatlon and mineralization seems 
intuitive. As younger rocks, e.g., Osborne Wash 
Formation, have not been deformed by the dislocation 
process and are not known to contain occurrences of 
the type described here, a younger age limit of 
13.5+_l.0-m.y. (Kuniyoshi and Freeman, 1974) is 
placed on the mineralization and suggests that, if 
the processes were coeval, mineralization may have 
ceased with cessation of dislocation or shortly 
thereafter. We must also assume that if the 
mineralization process continued into Osborne Wash 
time, these rocks were unaffected. 

The older age limit of mineralization is harder 
to define. These occurrences are found in rocks that 
may be as old as Precambrian (Davis and others, 1980, 
p. 86) or as young as Hiocene (Davis and others, 
1980, p. 95). Paragenetic relationships at the Lucky 
Green Group indicate that mineralization resulte& 
during extensional fracturing discordant to earlier 
mylonitic fabric; those at the pro3pect in iower 
Whipple Wash indicate chat sulfides formed during or 
after formation of the chlorite breccia. Finally, a 
K-At date on serieite from the Nickel Plate ~[ine is 

formation of mineralization at this locality during 
early stages of dislocation. 

In summary, we interpret the mineral assemblages 
as having been transported in a low to moderate 

I temperature hydrothermal system, coeval with dis- 
location of the allochthon, and deposited in 
favorable physical and geochemical environments. As 
the dislocation process spanned some +__i0 million 

~ years and apparently was not a continuous process, as 

I 
indicated by local erosion into the chlorite breccia 
zone followed by renewed dislocation (Davis and 
others, 1980, p. 95), so must mineralization have 

a l ~ s o  been somewhat discontinuous, if the two proces- 

IL 
Ses were coeval. We believe the main conduit for 
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Figure 2. Pi diagrams of mineralized fractures in 
a. upper plate and b. lower plate rocks in the 
~ipple Mountains WSA. 

these fluids was the detachment fault and chlorite 
breccia zone, and that the feeder conduits into the 
upper plate were listric and antithetic faults. The 
structurally lower limit of mineralization, as indi- 
cated by the study area's barren core, may simply 
reveal the boundary beyond which confining pressures 
exceeded hydrostatic pressures of the hydrothermal 
system. 

Because this model requires either predislocation 
or syntectonic sources (or both) for the metallic 
elements such as copper, gold, and silver, we offer 
the following possibilities: 

1. The work of Anderson and Frost (1981) 
demonstrates that a Cretaceous adamellite, a 
significant piece of which is in Copper Basin, was 
cut by the detachment fault and transported by the 
dislocation process into the Whipple Mountains area. 
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While this suggests its mineralization may signifi- 
cantly predate dislocation and, therefore, may have 
been transported, at leas~ in part, to its present 
site, the hypogene minerals associated with this 
deposit, as described by Heidrick (1980, p. 20), 
indicate an epithermal, volcanic-derived assemblage, 
the constituents of which are also present throughout 
the Whipple ~untains and apparently temporally 
associated with dislocation. Therefore, the Copper 
Basin mineralization may be a consequence of 
dislocation rather than a contributor to the process. 

2. The extreme western part of the Study area is 
dominated by nonmylonitic rocks intruded by a 
northwest-trending dike swarm whose lithologies 
appear to range from rhyolite to andesite. A dacite 
(?) from this swarm has been dated at 41.9+_.6.7-m.y. 
(Eric Frost, personal communication). In apparent 
association with this dike swarm are podiform to 
lensoid and disseminated occurrences of sulfides at 
the D~ ~ne (AuhurY , 1908, p. 337) and New American 
Eagle Mine (Uilson, 1918, p. 4-6; Wright and others, 
1953, p. 65). Because the sulfides formed later than 
the host rock, as indicated by paragenetic relation- 
ships at the New American Eagle Min@, and the dike 
swarm is in the lower plate and thus truncated by the 
detachment fault, we infer that these occurrences may 
have been one possible source for remobilized 
metallic elements. 

3. Volcanic activity in the area both prior to 
and during dislocation has been documented by average 
dates of 27.8+_.2.8 and 17.7~0.6-m.y. for Gone 
Canyon and Copper Basin volcanic rocks, respectively 
(Anderson and Frost, 1981, p. 36). In addi=ion, Carr 
(1981, p. 18) cites evidence of intermediate t~ 
calo-alkaline volcanism ranging in age from about 22 
to 18 m.y., and basaltic volcanism beginning about 15 
m.y. ago in the ~4hipple Hountains and vicinity. Of 
particular importance to this system is any syntec- 
tonic volcanism that could have supplied metals to 
the transporting conduit. 

CONCLUDING COMmeNTS 

While we are relatively comfortable with the 
mineralization model presented here, we realize that 
much further work is necessary to define its para- 
meters and that its application to detachment 
terranes elsewhere may not be valid. Nevertheless, 
using this model, we have defined areas in ~he 
Whipple Mountains where we believe there is a greater 
likelihood of discovery of potentially significant 
mineral resources. Because of dominant structural 
control of the occurrences, we believe larger scale 
structures should be examined in detail and with 
modern exploration methods and tools. In addition, 
thicker sections of upper plate crystalline rocks may 
be likely hosts for entrapment of ascending hydro- 
thermal fluids generated during dislocation as well 
as favorable terrane in which to explore for signifi- 
cant remnants of predislocation mineral deposits. 
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THE RIVERSIDE MTNS. 

South of the Whipple MCC, on the California side of the Colorado River are the 

Riverside Mtns. which expose an extensive, low-angle fault structure correlated 

by Carr and Dickey (1980) with the Whipple detachment surface. This f la t  fault 

does not everywhere seperate mid-Tertiary rock on the upper plate froni 

crystalline lower plate lithologies, but commonly i t  is found within the 

pre-Tertiary rocks. Important differences between the Riverside fault and the 

Whipple detachment is that the former has no significant chlorit ic breccia and 

is not underlain by mylonitic rocks. Details on the overall geology of the range 

are contained in the attached article by Lyle (1982). 

We wil l  enter the range from the southeast, stopping f i rs t  to examine a 

mismapped contact originally interpreted to be the Riverside detachment fault. 

Farther into the range the actual detachment structure wi l l  be observed where i t  

cuts Mesozoic metamorphic rocks. Although exploration companies have recently 

staked a good portion of the detachment terrain in this range, there are not the 

quantity of known occurrences here as there are in the Whipple Mtns. 
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INTERRELATIONSHIP OF LATE HESOZOIC THRUST FAULTING AND 
MXD-TERTIARY DETAC}R~ENT FAULTING IN TIIE RIVERSIDE MOUNTAINS, 

SOUTHEASTERN CALIFORNIA 

JOHN 11. LYLE 
Depar tment  o f  G e o l o g i c a l  Sc i e nc e s  

San Diego S t a t e  U n i v e r s i t y  
San Diego, CA. 92182 

ABSTRACT 

The Riverside Mountains of southeastern, 
California are perhaps the clearest example of the 
superposition of Mesozoic compressional features with 
mid-Tertiary extensional phenomena in the lower 
Colorado River region. Hamilton (1964, 1971) describes 
isoclinally folded complexes of thrust sheets involv- 
ing Precambrian basement interlayered with Mesozoic and 
Paleozoic metasediments of the Grand Canyon sequence, 
which are overprinted by a Tertiary low-angle fault on 
the southern side of the Riversides. Cart and Dickey 
(1980) label the low-angle faOlt the Whlpple detach- 
ment fault and also show Mesozolc and Paleozoic thrust 
stacks on Precambrian units in the lower plate. 

The Riverside Mountains resemble a horse-shoe 
morphology open to  t he  n o r t h .  The e a s t e r n  R i v e r s i d e s  
define a major sout~west-plunging an tiform w i t h  several 
minor antiforms and synforms forming the rest of the 
range as a result of mld-Tertiary crustal warping. The 
detachment fault is locally exposed and flanks the 
southern margin of the Riversides conforming to the 
folded geometry of the range. The detachment fault 
separates a brittley distended upper plate consisting 
of Tertiary volcanics, fanglomerates, fluvial- 
lacustrine deposits and Precambrian schist and gneiss 
from a non-mylonitlc, relatively unaffected lower plate 
consisting of  interleaves of  upright and o v e r t u r n e d  
Paleozolc and Mesozoic sequences between Precambzian 
crystalline units that reflect deep-seated Mesozoic 
compressional deformation. Kinematic indicators suggest 
upper-plate transport to the northeast above a'Iower 
plate that shows partial K-Ar resetting to 38 myBP 
just below the fault. Lower plate metamorphic mineral 
assembleges suggest greenschist grade metamorphSsm 
and physical conditions of formation of 350-450 ° and 
2-Tkb. As a result, Paleozoic sequences display a 
highly ductile deformation fabric, yet remain relatlvely 
intact. 

The lower-plate Mesozoic deformatlonal history 
has been interpreted by palinspsstlcally removing the 
mld-Tertlary deformation. Two distinct episodes of 
Hesozolc folding and thrusrlng (fl, f2) have been recog- 
nized on the basis of superposed large-and small-scale 
folds and their associated structural elements. North- 
"ast-verglng folds (f2) are most conspicuous in all 

• lOwer-plate rocks as they refold prevlously formed fl 
h,]ds and t h r u s t s  and produce a locally developed 
m,rtheast-trendlng llneation. F 1 fo lds  are east to 
sm~theast vergent, generally recumbent and fold In- 
V~'rted thrust limbs. Although geochronologic data is 
Poorly constrained, the fl east-to southeast-vergent 
folds seemingly reflect elements of the late Mesozoic 
heVier foreland fold and thrust belt. 

The thick Precambrlan section and interleaved " 
metasedlmentary rocks appear to be structurally higher 
than rocks below the detachment fault in the adjacent 
Whipple and Buckskin Mountains. This may suggest that 
the coeval mylonitic fabric and northeast-trending 
lineation that are so widely exposed in ranges north- 
east and east of the Riversides is of simple-shear 
origin. I f  so, the origin of the northeast-trendlng 
lineation associated with northeast-vergent folds (f2) 
in the Riversides may be explained as a result of 
antlthetic overthrusting in conjunction with late 
Mesozoic synthetic underthrusting. This underthrust- 
ing appears to have produced the mylonitic horizons so 
widely exposed as tectonic windows throughout south- 
eastern California and western Arizona. These 
"tectonic windows are products of the mld-Tertlary 
crystal warping associated with the development of 
detachment-related antlf.orms and synforms. 

INTRODUCTION 

The S i g n i f i c a n c e  of .Mid-Tertlary Overprint 

Ernle Anderson's study (1971) of  low-angle fault- 
ing in the Eldorado Mountains, Nevada, i00 km north of 
Needles, Ca l i f o rn i a ,  was g e o l o g i c a l l y ,  a r evo lu t i ona ry  
breakthrough. His work was the first to attribute the 
low-angle faults of the Colorado River area to non- 
compresslonal tectonics. He described an area charac- 
terized by Miocene imbricate normal faults, which in- 
volved pronounced eastward rotation of Tertiary strata 
and interpreted these faults as flattening downward 
and merging with s subhorizontal basal fault surface 
below which extension by normal faulting had not 
occurred. 

Further south in the Whipple-Buckskin-Rawhide 
Mountains of  southeastern California and western 
Arizona, Davis and others (1979) studied a terrane wlth 
geological characteristics similar to those described 
by Anderson (1971) in the Eldorado Mountains, nearly 
200 km to the north. They described the low-angle 
faulting as being extensional in origin and as having 
formed at shallow depths ( < 5 km). They also pointed 
out that this low-angle normal fault, or detachment 
fault is a wave-llke surface folded into an antlformal- 
syn fo rma l  geometry that coincides roughly with the 
general morphology of the ranges and valleys covering 
tens of thousands of square kilometers. 

Recent studies by a number of workers (Frost, 
1981; Orion and Dokka, 1981; Frost and Cameron, 1981) 
~ndlcate that many ranges in southeastern California 
and southern and western Arizona probably owe their 
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morphology to  the  development of n o r t h w e s t - a n d / o r  
n o r t h e a s t - t r e n d l n g  a n t l f o r m a l - s y n f o r m a l  basement warps,  
which appear  to  be r e l a t e d  to  the  o r i g i n  of  r e g i o n a l  
detachment  f a u l t i n g .  The r e c o g n i t i o n  of  this Tertiary 
de fo rma t ions1  o v e r p r i n t  has  provided the  geomet r ic  and 
kinematic constraints to pallnspastlcally remove the 
penetrative Tertiary deformation from the exposed geo- 
logic record. In areas that involve Sevier and/or 
Laramtde r e l a t e d  f o l d i n g  and t h r u s t i n g ,  T e r t i a r y  
c r u s t a l  warping has exposed these  f e a t u r e s  a l lowing  
the  d e c i p h e r i n g  of p re -de tachment  s t r u c t u r a l  c o n f i g u r -  
a t i o n s  and k i n e m a t i c s .  I t  i s  ex t remely  impor tan t  
t h e r e f o r e ,  t h a t  low-angle  f a u l t s  be c o r r e c t l y  I d e n t i -  
f i e d  as elthermid-Tertlary "extensional" detachment 
faults or  "compresstonal "  Mesozoic t h r u s t  f a u l t s ,  in 
order to correctly interpret the geologic history of 
an a rea .  

This paper  d e s c r i b e s  the geo log ic  c h a r a c t e r i s t i c s  
and k inema t i c s  of  detachment f a u l t i n g  and the  e f f e c t s  
of t h e i r  s u p e r p o s i t i o n  on Mesozoic d e e p - s e a t e d  compres-  
s i o n a l  de fo rma t ions  t ha t  a re  recorded in  the  R i v e r s i d e  
Mountains of southeastern California. The Riversides 
are unique in that they are perhaps the clearest exam- 
ple of the mid-Tertlary extensional overprint on 
Mesozoic compressional features in the lower Colorado 
River region. 

Regional Mesozolc (Sevler-Laramide) Foldin~ and Thrustin~ 

Several works in the  recent literature d e s c r i b e  
t h r u s t  f a u l t s  r e l a t e d  to  compress iona l  t e c t o n i c s  i n  the  
lower Colorado River  r eg ion  and ad j acen t  a r e a s  ( F i g . l )  
B u r c h f i e l  and Davis (1971) d e s c r i b e  e a s t - d i r e c t e d  t h ru s t  
faulting and folding in the Clark Mountains, California 
as a continuum of  the Sevier (Mesozoic) f o r e l a n d  fo ld  
and thrust belt. In a later paper (1977) they extend 
the  t h r u s t  b e l t  f u r t h e r  south  to the  New York Mountains,  
C a l i f o r n i a .  Like the  Clark Mountains,  the  same sense  
of  e a s t w a r d - f o l d  vergenee  and t h r u s t i n g  p r e v a i l s  but 
wi th  a d i f f e r e n t  s t r u c t u r a l  s t y l e ,  which they a t t r i b u t e  
to  t h e  change in  t e c t o n i c  s e t t i n g  from a m i o g e o c l i n a l  
to a c r a t o n a l  environment. 

Howard, H i l l e r  and Stone (1980) and Howard (1981) 
d e s c r i b e  s o u t h e a s t - v e r g e n t  f o l d s  and a s s o c i a t e d  t h r u s t s  
in the L i t t l e  Piute Mountains, Old Woman Mountains and 
Ki lbeck H i l l s ,  and sugges t  the con t inuance  of  the  
f o r e l a n d  f o l d  and t h r u s t  f u r t h e r  to  the  sou th .  They 
note that deformation is highly ductile with local meta- 
morphism reaching sillimanite grade, which they attrib- 
ute to "deep-seated expressions of the Sevier orogenic 
belt exposed to the north." 

Thrust  faults exposed in the  Big Maria Mountains 
have been d e s c r i b e d  as be ing  both n o r t h e a s t  (Hamil ton,  
1971; t h i s  volume) and southv,est  vergence  ( E l l i s ,  1981; 
this volume) and southwest vergence (Ellis, 1981; this 
volume; E l l i s  and o t h e r s ,  1981). Sou thwes t - t o  s o u t h -  
v e r g e n t  f o l d s  and a s s o c i a t e d  t h r u s t  f au l t s ,  have a l s o  
been d e s c r i b e d  in  the  L i t t l e  Maria Mountains ( E m e r s o n , .  
1981),  Palen Mountains (Demaree, 1981),  and Ar ica  Moun- 
t a i n s  (Baltz, this volume) and seem to be associated 
with southwest-vergent ductile nappes, which Krummenad-er 
and o t h e r s  (1981) a t t r i b u t e  to  n o r t h e a s t - d i r e c t e d  u n d e r -  
t h r u s t i n g .  

In the  Chocolate  and P e t e r  Kane Mountains f u r t h e r  
south ,  Haxel and D i l l o n  ( ]978)  describe t h rus t  f a u l t s  
r e l a t e d  to  the V incent -Choco la te  Mountains t h rus t  sysmm. 
Cons iderab le  con t rove rsy  e x i s t s  about the k inemat ics  of  

t h i s  sys tem,  ~ i t h  both  n o r t h e a s t  u n d e r t h r u s t i n g ~  _ 
o v e r t h r u s t t n g  as p o s s i b i l i t i e s  (Haxel and D l l l o u ~ 7 | ;  
J acobson ,  1980). ,. 

Thrus t  f a u l t i n g  in  the  Plomosa Mountains,  A r t ~ ,  
has been d e s c r i b e d  by M i l l e r  (1970) and Mi l l e r  lad 
McKee (1971) a l though da ta  d e s c r i b i n g  ktnemat tcs  am4 
t iming  are  l o o s e l y  ~ o n s t r a i n e d .  Thrust  f a u l t s  dip~u~. 
ward s e p a r a t i n g  u p p e r - p l a t e  f o s s i l i f e r o u s  Paleozole 
s e c t i o n s  from l o w e r - p l a t e  deformed Pa l eozo i c  s e t t l e .  
They sugges t  t h a t  the  eas tward  d ip  and s p a t t a l  relatlm. 
ships of  P a l e o z o i c s e c t t o n s  t n w e s t e r n A r t z o n a  indicate 
t h a t  t he  upper p l a t e  moved westward r e l a t i v e  to the 
lower p l a t e .  

The Harquahala Mountains of  w e s t e r n  Arizona, ~ .  
r a i n  many t h r u s t s  t ha t  can he r e l a t e d  to  compresslo~l 
t e c t o n i c s  as d e s c r i b e d  by Reynolds ,  K e l t h ,  and Coney 
(1980).  In the  Harquaha las ,  s o u t h e a s t - v e r g e n t  folds 
are discordantly severed by a later episode of thrust. 
lug that Reynolds and others interpret as having oor~. 
e r l y  to northeast tectonic t r a n s p o r t .  

The t h r u s t  f a u l t s  in  ranges  d e s c r i b e d  above an d 
shown in Figure 1 are unequ i voca l l y  of compressioual 
origin. Several other ranges shown in Figure l may 
actually contain thrust faults as well, but Tertiary 
extensional deformation makes original genetic infereaa 
difficult. The ages of the thrust faults described 
above are not ~Ightly constrained, making it dlffltmh 
to correlate faults in one range to those In other rdmp, 

Regional  MidTTert iary Detachment Fau l t i n~  

Mid -Te r t i a ry  detachment  f a u l t s  in  the Colored0 
River  a rea  and a d j a c e n t  ranges  (F ig .  1) are  well do~- 
r~ented in  the  l l t e r a t u r e .  Where detachment faulting 
and a s s o c i a t e d  de fo rma t ion  are  superposed  on Hes0zoi¢ 
and T e r t i a r y  m y l o n i t i c  t e r r a n e s ,  the  term "metam0rphlr 
core  complexes" has been used (Davis and Coney, 1979: 
C r i t t e n d e n  and o t h e r s ,  1980). 

S h s c k e l f o r d  (1975, 1976a, 1976b, 1980) was the 
f i r s t  to  d e s c r i b e  t h i s  r e l a t i o n s h i p  in  the lower 
Colorado River  r eg ion  in  h i s  s t u d i e s  of  the Rawhide 
Mountains of  wes t e rn  Ar izona .  Davis and others  (1977, 
1979, 1980), Rehr ig  and Reynolds (1980),  Dickey and 
o t h e r s  (1980),  F ros t  and Ot ton (1981),  and Lucchittl 
and Suneson (1977, 1980) have a l s o  desc r ibed  extenllw 
areas of detachment faulting i n  the Whipple, Buck.skt~, 
Rawhide, Harcuvar, and Harquahala Mountains of wes(em 
Arizona and e a s t e r n  C a l i f o r n i a .  In t hese  ranges, ~id. 
T e r t i a , y  c l a s t t c  and v o l c a n i c  rocks  d ip  ra ther  untfn~b 
to  the southwest ,  suggest ing nor theastward transport 
above the r e g i o n a l l y  subho r i zon ta l  detachment fault. 
This detachment  f a u l t  I s  f o l d ed  i n t o  a s e r i e s  of mltt,  
a n t i f o r m a l - s y n f o r m a l  s t r u c t u r e s ,  which expose the l ~  
p l a t e  by c r e a t i n g  the  mountain ranges  in  t h l s  terr |ne 
(Davis and o t h e r s ,  1979, 1980).  

In the  R i v e r s i d e  Mountains a detachment fault II 
l o c a l l y  exposed a long  the  s o u t h e r n  margin of  the r ~  
This low-ang le  f a u l t  i s  fo lded  i n t o  an a n t i f o r m l - s ~ "  
formal geometry.  N o r t h e a s t - d i p p i n g  normal fau l t s  t l  
the  upper  plate r o t a t e  s t r a t a  to  the  southwest indict" 
ing  motion to  t he  n o r t h e a s t  (Car t  and Dickey, 1980; 
C a r t ,  1981). 

Detachment f a u l t s  are a l so  seen to the south t f  
the R ive rs ides  i n  western Ar izona in  the Trigos (Ga~ 
and o t h e r s ,  t h i s  vo lume) ,  Mohawks (Mue l le r  and ozhe--, 
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Figure i. Index map of the location of the Riverside Mountains, California and their relation to low-angle faults 
of compressional (thrusts) and extensional (detachment) origin In adjacent areas (for thrust faults, sawteeth 
are on the hanging wall, for detachment faults, prongs are on the upper plate). 
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this volume), Baker Peaks - Copper Mountains (Pr ldmore  
and Cra ig ,  t h i s  volume) ,  and C a s t l e  Dome Mounta ins  
(Gutmann; 1981, this volume; Logan and Hirsch, this 
volume). Detachment faults or detachment-related 
deformation is also present in California in the Big 
Maria Mountains (Hamilton, this volume; Ellis, 1981; 
this volume) and Midway Mountains (Berg and others~ 
this volume). 

Previous Studies In The Riverside Mountains 

Previous geologlcal studies of the Riverside 
Mountains of southeastern California are extremely 
limited. Gold was discovered in the Riversides in 
1898 and active mining continued In several under- 
ground mines until about 1920. Mining resumed in the 
1930's but  again faded, l e a v i n g  the extensive workings 
in the range in t o t a l  disuse. Several short para- 
graphs have been published (Merril, 1919, 1929; Tucker 
and Sampson, 1945) in California. Division of Mines and 
Geology's Report of the State Mlneralogist in r e f e r enee  
to the Bendigo or Riverside Mountains mining district. 
Most of these summaries describe the mining operations 
and conclude that ore bodies are replacement-type zones 
that occur along southwest-to northwest-dipping lime- 
stone-schist contacts. These tectonic contacts are 
host t o  gold, copper, s i l v e r  and manganese mineraliza- 
tion. Some of the ore deposits described are "as much 
as 15 feet  t h i ck ,  and extend to depths of 200 f e e t . "  
Brief mention is also made of extensive gypsum deposits, 
which a re  s p o r a d i c a l l y  located throughout the r a n g e .  

liamilton (1964, 1971) has described Isocllnally 
folded complexes of thrust sheets involving Pre- 
cambrian basement interleaved with Paleozoic meta- 
sedimentary rocks, which are overprinted by Tertiary 
low-angle faultlng in the southern portion of the 
range. Besides his 1964 map, which includes part 
of the southern Riversides, Hamilton has mapped the 
entire Riverside Mountains (Fig. 2) in reconnaissance 
fashion (unpublished mapping shown on the Needles 2 ° 
Geologic Sheet, Bishop, 1963). 

Cart and Dickey (1976, 1977, 1980) and Carr (1981) 
describe stacks of imbricate thrust faults of Mesozoic 
and Paleozoic rocks on Precambrlan basement in the 
Riverside Mountains. They label Hamilton's (1964) 
low-angle fault in the southern Riversides as the 
Whipple detachment fault. Cart (1981) and Carr and 
Dickey (1977, 1980) also suggest that Hamilton's 
interval of Cocouino Sandstone in ~e Paleozoic section 
may be equivalent to  the Queantoweap Sandstone of 
HcNair (1951). They also defined a number of Mesozoic 
(?) units in their efforts to unravel the complicated 
structure of the range. 

Recent work by S tone ,  Howard, and Hamil ton ( i n  
p r e s s )  i n  v a r i o u s  ranges  th roughou t  southeastern 
C a l i f o r n i a  suggests that  the metasedtmentary sec t ion  
exposed in the Rivers ide Mountains probably co r re la tes  
more a c c u r a t e l y  wi th  the c l a s s i c  P a l e o z o i c  Grand Canyon 
sequence .  Many of  the  u n i t s  de f i ned  by Car r  and Dickey 
(1980) a re  a s s i g n e d  Pa l eozo i c  fo rma t ion  names c o r r e l a -  
t i v e  w~th exposures  in  the  nearby  Big Maria  Mounta ins  
(Stone and others,  in p r e s s ) .  

GEOLOGY OF THE RIVERSIDE ~UNTAINS 

Genera l  D e s c r i p t i o n  

The R i v e r s i d e  Mounta ins  a r e  l o c a t e d  approximately 
50 km n o r t h  o f  B l y t h e ,  C a l i f o r n i a  (F ig .  1 ) .  The r a ~  
i s  h o r s e - s h o e  shaped ,  w i t h  ~ t s  open end f a c i n g n o l ~ h .  
Th i s  d i s t i n c t  morphology i s  a p roduc t  of  mid-Tert iary 
d e f o r m a t i o n ,  and t he  deve lopment  of  l a r g e - s c a l e n o r ~ .  
e a s t - t r e n d i n g  a n t i f o r m s a n d  synforms (see  F igure  2, 
n o r t h e a s t - t r e n d i n g  f3- fold axes). A low-angle .nrlal 
f a u l t ,  o r  de tachment  f a u l t ,  d i v i d e s  t he  range  in to  t ~  
d i s t i n c t  s t r u c t u r a l  p r o v i n c e s :  an  upper  p l a t e  cbara¢~ 
e r i z e d  by b r i t t l e y  d i s t e n d e d  T e r t i a r y  v o l c a n i c  and 
e l a s t i c  r o c k s ,  F reeambr i an  basement ,  and minor occur- 
r e n c e s  o f  F a l e o z o i c  and Mesozoic metased~unents; and a 
lower  p l a t e  t h a t  r e f l e c t s  d e e p - c r u s t a l  d e f o r m a t i o ~  
w i t h  i n t e r l e a v e s  o f  u p r i g h t  and o v e r t u r n e d  Paleozoic 
and Mesozoic sequences  be tween  FrecamSrian c rys t a l l i ne  
u n i t s  (Fig. 2). 

S t r a t i g r a p h y  

The l l t h o l o g l c  u n i t s  w i t h i n  the  R ive r s ide  Moun- 
t a i n s  a re  d i v e r s e  and range  i n  age from Precambrlan 
c r y s t a l l l n e  rocks  to  r e c e n t  a l l u v i a l  d e p o s i t s  (Fig.)) .  

P recamhr lan  Metamorphic Rock~ 

Precambr lan  metamorphic  rocks  exposed in  the 
R i v e r s i d e  Mountains  c o n s i s t  o f ' q u a r t z o - f e l d s p a t h l c  
me t a sed lmen ta ry  rocks  and a v a r i e t y  of  g r a n l t l c m e t * *  
p l u t o n l c  u n i t s  s i m i l a r  to  t h o s e  d e s c r i b e d  i n  the 
Nh lpp le  Mountains  by Davis  and o t h e r s  (1979, 1980). 
These  u n i t s  a r e  h i g h l y  deformed,  i o c a l l y  m igma t i t £ca~  
a re  g e n e r a l l y  much c o a r s e r  t han  P a l e o z o l c  and Meses~¢ 
me ta sed lmen ta ry  u n i t s  found i n  the  range.  A large - 
body of  t he  1 . 4 - 1 . 5  byHP r a p a k l v l  g r a n i t e  (S l l ve r  and 
o t h e r s ,  1977; Anderson and o t h e r ,  1979) i s  p r e s e n t ~  
the  s o u t h w e s t e r n  s i d e  o f  t he  R i v e r s i d e s .  

p a l e o z o i c  Metased lmen ta ry  Rocks 

P a l e o z o l c  me t a sed lmen ta ry  rocks  a re  exposed pre- 
d o m i n a t e l y  i n  the  e a s t e r n  R i v e r s i d e s .  Although Imp~*- 
s l v e l y  deformed in  most l o c a l l t l e s ,  the  PaleozoXt see*. 
t l o n  remains  r e l a t l v e l y  i n t a c t  w i t h i n  i n d i v i d u a l ,  faCt- 
bounded s h e e t s .  On a l l t h o l o g l c  b a s i s ,  the  sequence 
c o r r e l a t e s  w i th  the  c l a s s i c  Grand Canyon sequence 
d e s c r i b e d  by McKee (1976) .  Hamil ton (1971) and Stone, 
Howard and Hamil ton ( i n  p r e s s )  sugges t  t h a t ,  a l thou~ 
t h e r e  a re  minor s t r a t l g r a p h l c  v a r i a t i o n s  in  Paleozoi¢ 
s e c t i o n s  exposed in  t h e  R i v e r s i d e ,  Big ~ r l a ,  IAt t le  
Mar ia ,  A r l c a  and P a l e n  Pass  a r e a s  In s o u t h e a s t e r n ,  
California, a remarkable llthostratlgraphlc correlJt~ 
exslsts wlth the Grand Canyon section. Ductile defor- 
mation and greensehlst-grade metamorphism have destt~ = 
yed n e a r l y  a l l  macro and micro  f o s s i l s  and make amy 
a c c u r a t e  e s t i m a t i o n  of  t h e  o r i g i n a l  d e p o s l t l o n a l t h ~ 1 -  
he s s  ve#y d i f f i c u l t .  The u n i t s  a r e  s t i l l  l i thological l~ 
d i s t i n c t  and t h e r e f o r e  a r e  o f  enormous a id  ~ndec iphsP  
i ug  t he  s t r u c t u r e  of  t h e  r a n g e .  

The ba se  of  the  P a l e o z o i c  s e c t i o n  in  the 
R i v e r s i d e s  i s  always i n  t e c t o n i c  con t ac t  wi th  e i t he r  
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Precambr lan  or Mesozoic metamorphic ~ocks.  Both the 
Tapeats  Sandstone and Br ight  Angel Shale were original- 
ly p r e s e n t ,  but  are  f a u l t e d  out of  the  P a l e o z o i c  s e c -  
t i o n s  in  most p a r t s  of the  R i v e r s i d e s .  Where they a re  
exposed, these units are relatively thin, well-follated 
mlcaceous quartzite and phyllite. They tend to be 
highly deformed with small-scale folding and are best 
recognized by t h e i r  stratlgraphic position between the 
Cambrian Muav Limestone and Precambrlan crystalline 
rocks .  

Overlying the Tapeats and Bright Angel is the 
metamorphosed Muav Limestone, which consists of mottled 
bluish-gray and yellow dolomitic and calcite marbles. 
Gradationally above thls unit is a relatively thick 
section of~masslve, orange-brown dolomitic marble. 
Stone and o t h e r s  ( in  p r e s s )  d e s c r i b e  t h i s  u n i t  and 
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p o i n t  out t h a t  is has  no r ecogn ized  nonmotamorphle' 
e q u i v a l e n t  i n  the  e a s t e r n  MoJave. Seve ra l  ~orkershaw 
suggested that these thick (50-200 m) dolomltlc~arbl~ 
may r e p r e s e n t  t he  Cambrian Bonanza King or  the Devoali= 
H a r t l n  Format ions .  

Overlying these massive dolomltlc marbles ts s 
sequence of Interbedded black-varnished quartzite~ d 
brown d o l o m l t i c  ma rb l e ,  which i s  c o r r e l a t e d  wltb the 
Temple But te  Limes tone .  The q u a r t z i t e  and marble 
i n t e r b e d s  a r e  c o n s l s t e n t l y  5 to  15 cm t h i c k ,  makln& 
t h i s  u n i t  q u i t e  d i s t i n c t i v e .  This  u n i t  has not bees 
recognized in n e i g h b o r i n g  ranges (Emerson, 1981; £11im, 
1981), but may have been removed along the unconloralh 
that typlcally bounds this unit (McKee, 1976), reJmv~' 
by f a u l t i n g ,  o r  s imply  not r e c o g n i z e d .  

. o ; ; % .  FANGLOMERATES, 
Q =e. 

° . . . , .  SANDSTONES, 

• = .'- .='* : VO LCANICS 

; '.,:e'e~.;f 3 
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" ~ - - \ ~ ' ~ ' ~  SCHIST AND GNEISS 
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Figure 3. Dia&ran~atlc s t r a t l g r a p h l c  c o l u ~  of  nonp lu to r~c  rocks  exposed in  t he  
R ive r s ide  Mountains a r e a .  Column does no t  n e c e s s a r i l y  s u g g es t  r e l a t i v e  
d e p o s l t i o n a l  t h i c k n e s s e s  as  exposures  r e f l e c t  T e r t i a r y  and ~es o zo i c  
deformation. Mesozoic metatuffs and metaarenltes are undifferentiated. 
Tertiary units are exclusively upper plate (with respect to the detachment 
fault) and are undifferentiated. 
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Massive white calcite marble overlies the unit 
that has been described as Temple Butte. This calcite 
marble is extremely variable in thickness (0-60 m) due 
to pronounced  attenuation by ductile flow, bu t  is very 
distinctive because of its pure white color and coarse 
grain size. This white marble is interpreted to be the 
equivalent of the Mississipplan Redwall Limestone of 
the Grand Canyon or the Escabrosa Limestone of. south- 
e a s t e r n  Ar i zo na .  

Overlying the massive calcite marble is a unit 
composed of resistant, dark bro~, massive, poorly 
bedded quartzite and c a l c - s i l i c a t e  layers. This unit 
is very diagnostic and typically forms steep, imposing 
cliffs. Of all the Paleozoic formations, this one 
maintains its thickness and identity the best. This 
formation is correlative with the Pennsylvanian and 
Lower Permian  Supai  Group of  the  Grand Canyon s e c t i o n .  

Above the Supal Group is a greenish-white, 
porcelaneous, chloritic schist, which can be correlated 
to the Hermit Shale of Permian age. This unit has a 
maximum thickness of 5 m, but is usually much thinner. 

A massive maroon and white orthoquartzite over- 
lies the porcelaneous schist and is interpreted as the 
~ctamorphic equivalent of the Coconino Sandstone. The 
Coconino is a non-resistant unit t ha t  usually forms 
ru b b ly  o u t c r o p s  due to  the  p e n e t r a t i v e  f r a c t u r e s  t h a t  
c h a r a c t e r i z e  t h i s  u n i t .  L a r g e - s c a l e  c r o s s  s t r a t i f i c a -  
t i o n  h a s  no t  been r e c o g n i z e d  in  the  Coconino,  p robab ly  
b e c a u s e  o f  the  metamorphism and. d e f o r m a t i o n a l  o v e r p r i n t  
on the  s e d i m e n t a r y  f a b r i c .  

Overlying the quartzite is a white to gray, mas- 
sive marble with local cherty and dolomitic horizons 
that can be r o u g h l y  c o r r e l a t e d  with the Kaibab Lime- 
s t o n e  of the Grand Canyon area. The uppermost horizon 
is locally gypsiferous but this may be in part due to 
thermal remobilizatlon of gypslferousmetasediments 
which directly o v e r l i e  this unit described be low.  

Hesozo i c  Rocks 

Mesozoic rocks exposed in the Riverside Mountains 
include a variety of metasedimentary metavolcanoclasti~ 
and metaplutonic rocks as well as plutonic units 
(Hamilton, 1964; Carr and DickeY, 1980; Stone and 
others, in press). 

Unlike the Paleozoic section, the Mesozoic sec- 
tion is not characterized by a "layer-cake" of diagnos- 
tic lithologies. Recent work by H~ller (1981) in the 
Big Haria Mountains and adjacent ranges suggests that 
tl~e Mesozoic section is extremely variable even on a 
local scale due to both original depositional patterns 
at~d later deformatlonal events. Except for a 
gypsiferous phyllite and sericitic quartzite (described 
as  Aztec Sands tone  by Meltzner, 1981, in t h e  Big Maria 
Mountains), which locally overlie the Paleozoic sec- 
tions, only a general .inference to the relative Mesozoic 
stratigraphy has been made in figure 3. The gypslferous 
phylllte is a very enigmatic uni~. In most areas, the 
gypsum does not appear deposltlonal, but rather seems 
to have been temobillzed or generated by later meta- 
morphism a n d / o r  hyd ro the rma l  activity associated with 
sulfide mineralization. Sericltlc quartzite (Aztec 
Sm~dstone?) t h a t  overlies the gypsiferous phylllte is 
locally present In Mesozoic sections. Above the 
locally present.Aztec Sandstone (?) are undifferentiated 
m e t a t u f f , m e t a a r e n i t e ,  t h i n  metadolomltlc calc-sillcate 
layers and thin ( l  meter) metaconglomerates. 

Quar tz  m o n z o d l o r l t e  t e c t o n l t e s  a re  found l o c a l l y  
between thrust sheets (Fig. 2). These Intruslves 
appear  to have  been  I n j e c t e d  s y n k i n e m a t l c a l l y  with 
t h r u s t i n g  and may have ,  i n  p a r t , - f a c l l l t a t e d  the  low- 
a n g l e  mot ion  a l o n g  f a u l t  s u r f a c e s .  Large (2-gmm) 
p o r p h y r o c l a s t s  a re  n e s t e d  in  a m a t r i x  of  b i o t i t e ,  
c h l o r i t e ,  o r t h o c l a s e  and smeared q u a r t z .  

R e l a t i v e l y  nontectonized Mesozolc granite and 
quartz monzonite dominate the western Riversides as 
descrlbed by Cart and Dickey (1980, 1981). A K-Ar date 
of 98.5~ 4.0 myBP on the granites of the Nest Riversides 
is reporced by Bishop (1963) on the Needles 2* Geologic 
Map. 

Tertiary Rocks 

The Tertiary rocks exposed in the Riverside Moun- 
tains consist of sedimentary breccia, fanglomerate, 
fluvlal-lucustrine sediments and a variety of bimodal 
volcanic rocks (Fig.3). (Cart and Dickey, 1980; 
Hamilton, 1964). Stratigraphic sections composed of 
these units range in age from latest Oligocene (?) to 
Miocene and are exclusively found in an upper-plate 
position with respect to the detachment fault (Fig.2). 
In the lower plate, olivine diabase dikes, similar to 
olivine tholeiitlc dikes described by Davis and others 
(1979) yield a X-Ar age of 26.3~0.8 myBP. A rhyolite 
intrusive plug also found in the lower plate intruding 
a thrust fault contact gave an age of 42.9~_1.3 myBP. 

Detachment F a u l t l n g  

Geometr~ 

The eastern Riversides are defined by a large, 
southwest-plunglng arch (Fig. 4) with several minor 
superposed northeast-trendlng antlforms and synforms 
(see Figure 2, f3 fold axes). This geometry is sup- 
ported by the folded nature and exposed expression of 
the detachment fault along the southern flank of the 
range and the arched nature of the Mesozolc tectonlte 
fabrics and thrusts. From geomorphic and structural 
data, the dominate fold axes trend N55°E. Small- 
scale (F 3) antlforms and synfoa~s have wavelengths on 
the order of 2 to 4 km and amplltudes of 200 m. The 
large-scale folds likely have wavelengths and ampli- 
tudes an order of magnitude larger. Fold limbs dip 
variably from 0 to 40* depending on the relative dis- 
tance from the axis of the central arch. The relative 
structural position of any feature on the major arch 
is quite important, therefore, for pallnspastically 
removing the mid-Tertiary deformation. Northwest- 
trending folds in the Riversides are not pronounced so 
that they were not included in the palinspastic correc- 
tions. 

U p p e r - P l a t e  Kinematics 

Upper-plate kinematics in detachment terranes of 
adjoining ranges all indicate that upper-plate dis- 
tension is facilitated by northeast-dlpplng synthetic 
normal faults and accompanying southwest-dipplng anti- 
thetlc normal faults which effectively rotate units to 
the southwest while translating them to the northeast 
(Davis and others. 1979; Shackelford, 1979, 1980; 

Rehrlg and Reynolds, 1980). 
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Very similar structural characteristics are com- 
mon In the upper-plate terrane of the Riversides. 
S t r i a t i o n s  on s e v e r a l  n o r t h e a s t - d l p p l n g  normal  f a u l t s  
F ig .  5) t h a t  cu t  s o u t h w e s t - d l p p l n g  T e r t i a r y  s t r a t a  
were measured and a l l  (Fig .  6) i n d i c a t e  t h a t  the  h a n g -  
i n g  walls moved to the northeast. In some localities 
where'southwest-dlpplng upper-plate strata ~re truncat- 
ed by the detachment fault, drag folds are present and 
suggest northeast translatlon of the upper plate (Fig. 
7, 8). 

Although u p p e r - p l a t e  normal  f a u l t s  have no t  been 
t r a c e d  a c r o s s  the  e n t i r e  u p p e r - p l a t e  t e r r a n e  b e c a u s e  o f  
r e c e n t  a l l u v i a l  cove r ,  they  must  e x i s t  or  t he  T e r t i a r y  
section would be on the order of 5000 m thick. 

Collectively, the kinematic indicators i n  the 
a11ochthonous upper-plate terrane (northwest-strlklng 

normal faults, northeast-trending striae on normal 
faults, southwestward rotation of hanglng-wall strata, 
sense of northeast drag on s~rata against the detach- 
ment fault) consistently indicate that displacements 
along the detachment fault and coeval extension ~n the 
upper plate were to the northeast (N 25-65 E, ave. N 
50 E). 

N 

n=11 

Figure 6. Equal-area stereographlc projection (lower 
hemisphere) of upper-plate normal faults (great 
circles) with striations (diamonds) indicating 
hanging-wall kinematics to the northeast. Range 
of down-plunge striae strike are N25-65E with an 
average being NSOEo 

Figure 5. Typical upper plate normal fault surface displacing a siliclfled volcanic breccia. 
S11ckenslded mullions are parallel to striae (orientation of rock hammer) on northeast 
dipping synthetic normal fault, typical of those measured (Figure 6). 
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Figure 7. Tilted upper-plate Tertiary strata hydrothermally altered and discor- 
dantly £n tectonic contact with a sub-horizontal detachment fault (Figure 8). 
Local drag folding of Tertiary strata against the detachment surface 
(deflected t o  the right) suggests upper plate translation to the left 
Cnortheast). Note l~rk Adams for scale. 

Figure 8. Exhumed detachment fault showing the polished and ledge-llke detachment 
surface. The background just above the fault shows the hydrothermally 
altered fault-breccia and illusrrates the intense shearing commonly 
associated with detachment faulting (note scale on the foot wall). 
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T. imin~ and K-Ar Rese t t i nE  

The t iming of  detachment f a u l t i n g  in t he  Whipple ,  
Buckskin and Rawhide Mountains ¢mmedlately north of the 
Riversides (Fig. i) is known from ex tens i ve  K-At dating 
o f u p p e r - a n d  l o w e r - p l a t e  rocks Mar t in  and o the rs ,  1980; 
Davis and others~ t h i s  volume). U p p e r - p l a t e  u n i t s  t h a t  
a re  involved  in growth-fault motion in the  Nhipples 
i n d i c a t e  that detachment faulting was well. under way 
by 18 myBP and t ha t  i t  ceased about 13 mygP. The time 
of initiation of detachment faulting is not known, but  
is inferred to extend back at least to earliest Miocene- 
latest Ollgocene time, 

Tertiary units In the Riversides are 
llthologically similar to  those described by Davis and 
others (1979, 1980) and suggest the same timing for 
detachment faulting in the Riversides as determined for 
the Nhipples. One of the u n i t s  involved in the upper- 
p l a t e  rotation has been dated at 23.5+1.0 myBF I n d i -  
c a t i n g  that faulting was active a f t e r  t h i s  time. The 
presence of the Peach Springs tuff in the Riversides 
Car t ,  1981; Young, 1981), in a t i l t e d ,  u p p e r - p l a t e  
p o s i t i o n  f u r t h e r  i n d i c a t e s  tha t  detachment f a u l t i n g  
cont inued u n t i l  a f t e r  the 17-18 myBP age of the Peach 
Spr ings  t u f f .  The o l d e s t  un i t  not involved in d e t a c h -  
ment f a u l t i n g  i s  the l a t e s t  Miocene-P l iocene  Bvuse 
Formation (Metzger, 1968; Smith, 1970; Carr and Dickey,  
1980), i n d i c a t i n g  tha t  f a u l t i n g  was over  p r i o r  to  Bouse 
time. 

The timing of the formation of the antiforms and 
synforms can be inferred based on the Tertiary 
stratigraphic sections in the same way as the timing 
of detachment faults. In  the Whipple Mounta ins,  the 
older Tertiary units are preserved in the synclines 
with the younger units deposited across the already 
partially developed antiforms and synforms. The 
growth of the l a r g e - s c a l e  an t i fo rms  and synforms 
appears to have occurred at the same time as detach- 
m~nt faulting, during at least most of Hiocene time 
( F r o s t ,  1981; Otton and Dokka, 1981; F ros t  and O t t o n ,  
1981). 

This same timing is inferrdd for the Riversides, 
where the preserved T e r t i a r y  section i s .  much smaller. 
]n addition, the culmination of crustal warping is 
i n t e r p r e t e d  to have post-dated the last recorded 
movement of the detachment fault. This is suspected 
because of the lack of evidence supporting any 
divergent radial movement of upper-plate rocks about 
lhe developing antiform. Therefore, it seems unlikely 
lhat the maximum amplitude of the presently exposed 
;mt i fo rm could have been reached dur ing  detachment 
f a u ] t i n g .  

The use of K-At dat ing  on detachment faulting has 
proven to be a powerful  t oo l  for analyzing the  presence 
or absence of the mid-Tertiary extensional deformation. 
Recent work by Krummenacher and Martin (Martin and 
others, 1980; 1981 a,b, and c) in the  Nhipple-Buckskin 
Hountains and several other ranges in the lower 
Colorado River region has shown that pronounced 
isotopic resettlng appears to  be characteristic of 
detachment faulting. Dates of samples taken in the 
lower p l a t e  show a progressive younging toward the  
detachment f a u l t ,  i n d i c a t i n g  that isotopic resetting is 
,ssociated with the faulting. Where adjacent lower- 
p la te  rocks are mylonitic, r e s e t t i n g  y i e l d s  ages as 
youn~ as mld-Hiocene on a regional basis. Nhere the 
rocks are nonmylonitic, resetting appears to be. t o  a 

lesser degree and gi~es early to  mid-Tertlary and older 
ages. The degree of resetting appears related to  
several factors that include thickness of the zone of 
brecclatlon along the fault and the degree of hydro- 
thermal activity along the fault (Martin, pers. comm; 
1981). 

In the Riverside Mountains, nonmylonitlc rocks 
Just below the detachment fault with near absence of 
any brecciation give ages of 36-38 mygP, while rocks 
further away from the detachment fault (up to I00 m) 
give ages of 60-120 myBP (Martin and o the rs ,  1981; 
t h i s  volume).  These ages sugges t  tha t  only p a r t i a l  
K-Ar r e s e t t i n g  has occurred  in  the R i v e r s i d e s .  This  
is  consistent ~Ith the geologic characteristics 
(nonmylon l t i c  na tu re  and absence of  major b r e c c l a t l o n )  
of  the  R i v e r s i d e  detachment f a u l t  and i s  s i m i l a r  to  
t h a t  seen in o the r  ranges with nonmylonitic lower 
plates (Martin and others, 1981, this volume). 

Pre-Detachment Thrust Faulting and Folding 

General  Statement 

Lower-plate units in the eastern Riversides 
record multiple episodes of deep-crustal compressional 
deformation. Calcite-epidote-tremolite-quartz to 
albite-epidote-actinolite mineral assemblages in the 
talc-silicates are common in the Paleozoic section. 
These assemblages indicate middle greenschist grade 
metamorphism at physlcal conditions of 350-450°C and 
P values from 2-7 Kb as suggested by Wlnkler (1978). 
H20 

These parameters suggest minimal depths of meta- 
morphism at 7-12 km. The ductile behavior of the 
Paleozoic strata and the formation of metamorphic 
t e c t o n i t e s  suggest t ha t  metamorphism accompanied defoT- 
marion. 

The lower-plate Mesozoic deformational history 
can largely be divided into two distinct episodes of 
folding (see Figure 2: fl' f2 fold axes) and thrust- 
ing on the basis of superposed large-and small-scale 
folds and other structural elements, and the deforma- 
tional characteristics of the superposed tectonlte 
fabrics. These studies include us ing  kinematic indi- 
cators such as fold axesp fold asymmetries, axial sur- 
faces, and synkinematlc lineations, all associated w i t h  
the thrust faults. Pallnspastically removing the mid- 
Tertiary synforms and antlforms is of tremendous assist- 
ance in interpreting t he se  Hesozoic kinematic elements. 

F] Fo lds  and Assoc ia ted  S t r u c t u r a l  Fea t u r e s  

M u l t i p l e  f o l d i n g  and t h r u s t i n g  ev en t s  have made 
structural relationships very complex in the Riverside 
Mountains. Northeast-verging folds (f2) are most 
conspicuous in Mesozoic, Paleozoic and Precambrian 
rocks but detailed mapping and structural data indicate 
that these folds refolded and thrust earlier-formed 
( f l )  f o l ds  (F igs.  2 ,9 ,10 ,12 ) .  

Large-sca le  f l  f o l ds  are gene ra l l y  recumbent 
except  where a x i a l  sur faces d ip  to  the west assoc ia ted  
w i t h  west-dipplng thrusts (Fig. 10). Most of the 
north-northeast striking thrusts shown on Figure 2 are 
related to  fl-thrustlng. This can also be inferred 
because the orientations of north-east trending 
s t r u c t u r e s  are  relatively u n a f f e c t e d  by mid-Tertiary 
related folds since they also trend northeast. 
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THE MIbWAY MTNS 

This range consists mainly of Precambrian (?) metamorphic rocks faulted against 

mid to late Tertiary volcanic and volcaniclastic rocks of the Palo Verde 

sequence. The fault has been interpreted as a detachment fault in the attached 

article by Berg and others, (1982). We wi l l  c r i t i ca l ly  examine the 

characteristics of this fault zone in the light of our past observations. The 

structure controls the localization of manganese mineralization along i t  and in 

cross fractures. The objective of this stop is to show that care must be taken 

in interpreting detachment structures both in the f ie ld and from the l i terature. 
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MID-TERTIARY DETACI~IENT FAULTING AND 14ANGA~ESE MINERALIZATION 
IN TilE HIDWAY HOIR|TAINS, IMPERIAL COUNTY, CALIFORI]IA 

Lindee  Berg,  Gregory Leveille, Pattie Gels 
Department  o f  Geological Sciences 

San Diego State University 
San Diego, CA 92182 

ABSTRACT INTRODUCTION 

Detachment faulting of late Ollgocene to middle 
Miocene age has been recognized as a significant 
h.ature of the Cenozoic geology of western Arizona, • 
~o-theastern California, and Nevada. Field studies 
have now shown t h a t  a de tachment  f a u l t  i s  p r e s e n t  i n  
the Midway Mountains of southeasternmost California. 
The Midway detachment fault separates the rocks of 
the Hidway Mountains  into an allochthonous upper 
plate, and autochthonous lower plate. ~le two upper 
plate rock units in the l|idways are an andesltic mem- 
ber of the Ollgocene to Miocene Palo Verde volcanic 
sequence and the  Miocene Tolbard fanglomerate. The 
upper plate bas been extended along northwest-strik- 
ing, northeast-dipping normal f a u l t s  t h a t  transported 
upper-plate fault blocks to the northeast. Regional 
solding of the fault surface has warped the Midway, 
,I,,tacl~ment fault into its present domal f o r m . .  The 
::idway detachment fault can be correlated to similar 
zaults exposed to the northeast in the Trigo 
:fountains of western Arizona, and to the west in the 
t'hocolate Mountains of California. In the Midway 
.%,untains, deposits of manganese ox£.des are localized 
along the detachment fault as well as along normal 
faults within the upper plate. Psilomelane, pyrolu- 
• .ire, and manganite are the most common manganese 
mim.rals p r e s e n t .  

The tfidway l~untalns are located in the-north- 
eastern corner of Imperial County, California, 
approximately 50 km east of Brawley and 35 km south 
of Blythe. Neighboring mountain ranges in California 
include the Palo Verde Mountains to the north and 
Chocolate Hountalns to the west with the Trigo 
Mountains of Arizona to ~he east of the Midways. The 
easiest access to the range is along a jeep trail off 
California Highway 78 between mile marker 67 and 68. 
This jeep trail extends for I0 km back into the range 
(Fig. I), and connects with numerous other, more 
primitive roads. 

The first geologic studies in the Iiidwav 
Mountains were done by Jarvis B. lladley (1942), a 
Survey geologist interested in the manganese deposits 
of the Paymaster mining district. Subsequent work 
was completed in 1960 by Southern Pacific Lan@ 
Company geologists l}anely, Gamble, and Gardner in 
t h e i r  m i n e r a l  e v a l u a t i o n  o f  the  a rea  (Gardner  and 
o t h e r s ,  1960).  The purpose  of  t h e i r  s t u d y  was to  
d e t e r m i n e  i f  any p o t e n t i a l l y  economic d e p o s i t s  were 
p r e s e n t  on the  Southern  P a c i f i c  l and  h o l d i n g s .  ~ tey  
d id  no t  a t t e m p t  any s t r u c t U r a l  o r  r e g i o n a l  i n t e r p r e -  
t a t i o n s  of  the  g e o l o g i c  f e a t u r e s  o f  the  r a n g e .  In  
t i ze i r  r e c o n n a i s s a n c e  mapping of  the  a r e a ,  t hey  con-  
s i d e r e d  t he  de tachment  f a u l t  o f  t h i s  s t u d y  to  be a 

. . . . .  m~ 

Milpites Wosh 

Polo Verde Mine. 

STUDY 

Chocolote 
Mtns. 

/ SMI 
I ' , K .  ' I 

Peter Kone Mine. 

Figure i. Major geographic features of the area adjacent 
to tile Midway Hbt~ntalns. 
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normal f au l t  or  an unconformi ty .  Most r e c e n t l y ,  t h e  
P i o n e e r  mine of  the  l~idway Mountains  was d i s c u s s e d  by 
Morton (1977) who d e s c r i b e d  the  h i s t o r y  o f  t he  m i n i n g  
o p e r a t i o n s .  

Detailed study of the  rock units and structure 
of the nearby Chocolate, Peter Kane, and Cargo 
~chacho Mountains has been done by Dillon (1976), 
liaxel (1977), and Haxel and Dillon (1978). They 
defined the overall structural relationships of the 
Pelona-Orocopia schist and its overlying Precambrian 
crystalline complex. They have also mapped the con- 
tact between the two assemblages as the Orocopia- 
Chocolate Mountain thrust of Mesozoic age. 

Study of the Tertiary volcanic stratigraphy was 
done in the adjoining Palo Verde Mountains by Crowe 
and others (1979). They described the volcanic rocks 
of t h i s  a r ea  as  c o n s i s t i n g  of  s e v e r a l  major  packages  
of differing lithologies and varying in age from 
Oligocene to mid-Miocene. The exact correlation of 
the Tertiary section in the Palo Verde Mountains to 
the Midway Mountains is not as yet known. 

Ifuch work has been done in the past ten years 
(1971-1981) to define the structure and extent of 
detachment faulting in western Arizona, southeastern 
California, and southern Nevada (Anderson, 1971, 
1977, 1978; Schackelford, 1976, 1980; Davis and 
others, 1979, 1980; Rehrig and Reynolds, 1980; Frost 
and Martin, 1982). These workers have found that 
(i) the detachment fault appears to be of late Oligo- 
cene to middle Miocene age, (2) it is a tensional 
feature resulting from northeast-southwest crustal 
extension, (3) regional folding of the detachment 
fault occurred, producing antiformal ranges sur- 
rounded by. synformal basins, and (4) the detachment 
fault separates the geology of this region into two 
separate structural units, a lower plate and an upper 
plate with an unknown amount of offset between the 
tWO. 

The c l o s e s t ,  p r e v i o u s l y  d e s c r i b e d ,  e x p o s u r e s  o f  
detachment faulting to  this part of California are in 
the Eagle Tail (130 km away, Rehrig and others, 
1980), Harquahala (140 km away, Rehrig and Reynolds, 
1980) and Riverside Mountains (90 kra away, Carr and 
Dickey, 1980). Recently discovered exposures of  the 
regional detachment f a u l t  a re  described i n  t h i s  v o l -  
ume by Garner and others in the a d j a c e n t  T r l g o  
Mountains, Logan and Hirsch in the Castle Dome 
Mountains, Pridmore and Craig in the Baker Peaks, and 
Hueller and others in the Mohawk Mountains. The Mid- 
way Mountains, t h u s ,  appear  to  be p a r t  of  t he  
regional continuation of the detachment terrane into 
southwestern Arizona and southeasternmost California. 
As such, they also appear to have been affected by 
the same manganese mineralizatldn as other pares of 
the detachment terrane, and as the k~ipple Mountains 
(Ridenour and others, this volume). 

LITHOLOGIC UNITS 

Lower-Plate Rock Units 

~le rock units in the Midway Mountains can ~e 
d iv ided  into l o w e r - p l a t e  units, upper-plate units, 
and younger u n i t s  that p o s t d a t e  de t achmen t  faulting. 

T h e  o l d e s t  l i t h n l o g i c  u n i t  exposed in  the  Midway 
Mountains is the Chuckwalla complex, of  Morton 
(1966), which is  a Precamhrian metamorphic s u i t e ,  
that is probably about 1.7 b i l l i o n  years o ld .  This 
metamorphic-igneous complex consis ts  of q u a r t z d i o r i t e  

g n e i s s ,  f o ~ l a t e d  hybr id  g r a n i t i c  rock ,  s c h i s t ,  
f i n e - g r a i n e d  g r a n i t i c  rocks ,  a l l  of  which have  b e ~  
i n t e n s e l y  fo lded  and f a u l t e d .  A c c e n t u a t i n g  t he  ~ 
f o l d e d  appearance  of this unit are metamorphic  s ~ e% 
g a t l o n s  o f  q u a r t z ,  f e l d s p a r s ,  micas ,  and hornb lende  .... 
i n t o  d i s t i n c t  mine ra l  bands .  The metamorphic  rocks ~ 
grade  w i t h o u t  appa ren t  i n t r u s i v e  c o n t a c t s  i n t o  the  
g r a n i t e  g n e i s s  and i n t o  l o c a l l y  s t r u c t u r e l e s s ,  g r a ~ "  
b l o t l t e  g r a n i t e .  V a r i a b l y  developed l l n e a t i o n s  w/~b- 
i n  t h i s  u n i t  t r e n d  n o r t h e a s t  (Cardner  and o t h e r s ,  
1960), but are not associated wlth a mylonltlc fab~ 
No mylonitlc rocks appear to crop out in the lower 
plate of the Midway Mountains, although they are ,_ 
exposed in nearby mountain ranges (Crowell. 1981). ~. 

In t he  Midway Mountains p e g m a t i t e  d i k e s  of  ~ 
t a ceous  age (?) cu t  t he  l o w e r - p l a t e ,  metamorphic-  " 
igneous  complex. The pegraa t i t e  d i k e s  have no t  be~, . 
f o l i a t e d  and p lace  an upper  l i m i t  on t he  deformat f i~  
p r e s e n t  i n  the  rocks  of the  lower p l a t e .  S imi l a r  
types  of  p e g m a t l t i c  d ikes  pervade  nea rby  ranges  such 
as the Big Maria Mountains (Hamilton, this volume; 
Martin and others, this volume) and Trigo Mountains 
(Weaver, 1982). In both these ranges the pegmstlt~ 
a r e  l a t e  Mesozoic i n  age ,  and s u g g e s t  t h a t  the  peg- 
m a t i t e s  in  the  Hidways may be of  the  same age.  

Upper Plate Rock Units 

The oldest upper-plate rock unit in the Midway 
Mountains is an andesitic member of the Palo Verde 
volcanic sequence (of Morton, 1977). The rocks of 
t h i s  u n i t  a re  r e d - b l a c k  in  c o l o r  and a r e  s t a i n e d  b~ 
manganese ox ides  in  p l a c e s .  These v o l c a n i c  rocks 
formed "an a u t o b r e c c i a  d u r i n g  t h e i r  d e p o s i t i o n .  ~l~ 
autobrecciated n a t u r e  was further a c c e n t u a t e d  by 
later deformation and appears to' have played an _ 
important role in controlling the passage of mineta~= 
izing fluids. The rocks of this unit exhibit a pa~ 
phyritlc texture wi th  elongated l a t h s  of plagiocls~e 
in an aphanitic groundmass. The thickness of the 
Palo Verde volcanic sequence is estimated to be "400 
to 500 mete r s  i n  the  Midway Mounta ins .  In  nearby 
mountain ranges this unit contains p y r o c l a s t l c  vol- 
canic rocks along with tuff-breccia and mudflow-brst~- 
cia, none of which are found in the Midway Mountailm. 
The volcanic rocks in the Midway Mountains are  prob- 
ably Ollgocene to Miocene in age on the basis nftim 
regional occurrence of similar units (Crowe and 
others, 1979;'Dillon, 1976; Keith, 1978). K-At a p  
determination of the Midway volcanic rocks is under 
way. 

Overlying 'the volcanic rocks in the upper plats 
is a younger sedimentary unit, the Tolbard Fanglom- 
erate, which is Miocene to Pliocene in age (Danehy 
and others, 1960). It is well indurated, red-brmm 
to tan in color, and is locally stained by manganeH 
oxide deposits. This unit forms steep Irregular 
slopes with massive, rounded summits. It is compo~ 
largely of subrounded to angular clasts ranging in 
size up to 60 centimeters. These clasts are se~i~ 
fine-pebble to coarse-sand matrix. The ratio of wm~ 
to clasts is roughly 1.0 to 1.5 with volcanic rockJ 
accounting for seventy percent of the clast and cry~ 
talllne rocks making up the remaining thirty perclmC. 
Lenses  of  c o a r s e ,  c rossbedded  s a n d s t o n e ,  I0  to 50 
centimeters t h i c k ,  a r e  Common t h roughou t  the  forum ° 
t i o n .  The Tolbard  Fanglomera te  i s  cemented by s t l ~  
and hematite, wi th  some secondary calcite Cemen~ o 
tlon. Paleocurrent indicators within this unit sue~ 
as channeling, trough crossbedding, and imbrlcat~ 
cobbles suggest transport toward the northwest. ~lw 
high degree of variation from the mean of N30N may 
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a function of the alluvial fan deposltlonal environ- 
ment and may be the result of flow dispersion across 
the former fan s u r f a c e .  A d e t a i l e d  s tudy  o f  t he  s e d -  
imentology of this unit is presented in the following 
paper by Jorgensen and others (this volume). 

Younger Rock Units 

Deposited unconformably upon all older rock 
units is the Pliocene-Pleistocene(?) Barren Mountains 
(;roup (Danehy, 1960). The two members of the Barren 
~l,,untains Group present in the Midway Mountains are 
the Arroyo $eco and the Vinagre Formation. The 
Barren Mountains Group is generally an undeformed, 
flat-lying fanglomerate containing clasts of  volcanic 
nnd metamorphic rocks, some of which may'be reworked 
r]asts from the Tolbard Fanglomerate. In places, the 
Barren ~untain Group has been cut by northeast- 
striking, high-angle faults juxtaposing it against 
older rock units. 

The Arroyo Seco Formation is a poorly consoli- 
dated fanglomerate, which contains crossbedded sand 
lenses w~th gravel to boulder-size clasts in a "sandy 
matrix. This u n i t  contains predominantly volcanic- 
rock c!asts in most areas. Locally it contains over 
50;: metamorphic-igneous complex rocks, which give the 
unit a light gray color (Gardner, 1960). 

The Vinagre Formation consists of subangular to 
subrounded, gravel to boulder-size clasts. The clast 
composition of the unit is 65~ volcanic rocks, 25Z 
gneissic and crystalline rocks, and lOZ pegmatitic 
rocks. Small sand lenses also occur, with faint but 
~airly common crossbedding. These beds are usually 
flat-lying or dip very gently away from the range. 

The younges~ d e p o s l t  s a re  of  Quaternary age and 
have been subdiv ided  i n t o  an o l d e r  and younger a l l u -  
v l a l  g rave l  d e p o s i t .  These two u n i t s  l l e  unconform- 
ably  on a l l  o l d e r  rock u n i t s  and l a r g e l y  obscure  the  
co n t ac t  between the upper and lower p l a t e  around much 
of  the range.  No f a u l t s  a r e  known to  cut  t h e s e  
younger alluvial deposits. 

STRUCTURAL GEOLOGY 

The Midway detachment  f a u l t  s e p a r a t e s  the  rock 
u n i t s  of  the Hidway Mountains i n t o  u p p e r - p l a t e  and 
l o w e r - p l a t e  assemblages .  The Midway detachment  f a u l t  
is well exposed along the northern flank of the range, 
but elsewhere is either eroded away or covered by 
younger sediments (Fig. 2)'. Its present outcrop pat- 
tern and the domal form of the range suggest that the 
Midway detachment fault was once continuous over the 
range but has since been removed by erosion. 

Lower-Plate 

Developed within the lower-plate rocks of the 
• Midway Mountains is a chlorite breccia zone. This 
zone has a gradatlonal lower boundary with a sharp, 
upper surface, which is the detachment fault. Rocks 
within this zone, which is up to ten meters thick, 
have been brecciated on both a microscopic and a 
macroscopic scale. The brecciation of the crystalline 
rock appears to have allowed for the transmission of 
large volumes of fluids through this zone, which 
leached and altered the rocks. Movement alon~ the 
detachment fault seems to be responsible for the 
brecciation of these rocks. The combination of the 
leaching and chloritization of the lower-plate rocks 
near the detachment fault gives these rocks their 

Figure 2. Oblique aerial view of the northern flank of the Midway 
l~untains. Lower-plate rocks of the Chuckwalla complex form the meta- 
morphlc core complex of the range. The upper-plate rocks (foreground) 
are the andesitlc ~ember of the Pale Verde w~Icanlc sequence. Mining 
operations have exhumed portions of the detachment fault surface and 
removed over 50,000 cubic meters of materlal from the-main ore body 
in the Pale Verde volcanic sequence. 
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distinctive coloration with greens and dark reds 
dominating, l~here the upper plate has been removed 
by erosion, the more resistant lower-plate rocks.form 
what is referred to as the detachment ramps. By 
tracing the outcrop area of the ramp one can infer 
the trace of the detachment fault even though the 
fault surface has been removed by erosion (Fig. 3). 
The ramp appears to f l a t t e n  near the top o f  the range 
and is  steeper at the base. The unusually Steep d ip  
of the detachment f a u l t  (from 30 ° to 60 °) as exposed 
near the base of the range, may thus not be charac- 
t e r i s t i c  of the o v e r a l l  a t t i t u d e  o f  the f a u l t  
sur face.  

Foliation within the lower-plate rocks is trun- 
cated by the detachment f a u l t  as are Cretaceous (?) 
pegmatite d ikes.  The dikes do not share any of the 
foliation, indicating that the foliation-forming 
event was pre-pegmatitic and therefore pre-detachment 
faulting. The foliated fabric within the lower plate 
appears to have no genetic connection to detachment 
faulting and is probably Precambrian in age. Lower- 
plate extension in the Midways cannot be equated to 
the presence of a mylonitic fabric, since none is 
present. 

Although the foliation is not mylonitLc, it 
appears to define a pronounced domal form, much llke 
that in ranges with mylonitic fabrics. This arched 
form is best seen in morning light looking west into 
the range. The development of the domal form of the 
Midway f a u l t  may be re la ted  to the development o f  
l a r g e - s c a l e  f o l d s  during mid-Tertlary c r u s t a l  e x t e n -  
s i o n  (Orion and Dokka, 1981; Cameron and F r o s t ,  
1981) as descr ibed in be t te r  known po r t i ons  of  the 
detachment terrane. Superpositlon of two f o l d  sets, 
one t rending northeast and the o ther  nor thwest ,  may 
have produced the mid -Ter t ia ry  u p l i f t  of the Midway 
Mountains. 
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Figure  3. A view of 
the  lower p l a t e  where the 
de tachment  f a u l t  has  been 
removed by e r o s i o n ,  show. 
Ing t he  ramp s u r f a c e  as 
developed in  the  Midway 
] b u n t a i n s .  The l l n e  d r a ~  
in  the  photograph  para l l e l ,  
the  ramp s u r f a c e .  

F igure  4. (Belov) ~0~ 
of  many u p p e r - p l a t e  nor~  I 
f a u l t s  in  the  Tolbard fan- 
g l o m e r a t e .  The upper-plate 
normal f a u l t s  genera l ly  dip 
to the nor theast .  
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I Upper P l a t e  Within  the  s tudy a r e a ,  f a u l t i n g  in  the  uppe r -  
p l a t e  has jux taposed  the a n d e s l t e  of the Pale  Verde 

The dominant s t r u c t u r a l  e lement  of  t he  upper  v o l c a n i c  sequence wi th  the Tolbard fanglomera te  near  
i p l a t e  in  the Midway Mountains i s  a s e r i e s  o f  n o r t h -  the  Midw . . . . . . . . . . . . .  

. ay aecacnmenc xau~t ~ l g ,  ~) The andes~ te  west-striking, northeast-dipplng, high-angle norma± ~-s . . . . .  " 
o na one geometry o~ a tectonlc slice between the fnults, with dips from 54 to 60 (Fig. 4) Striae on fan-lomer . . . . . . . .  

" M ace ano one metaseulmencary rocks (Fig. 5). the fault surface indicate many different movement ~*e . . . . . .  
cec~onzc sllce Is present near the binge of the 

directions, suggesting complex motion of the fault antlformal bend in the . . . . . . .  
blocks  dur ing  t r a n s p o r t .  On the  whole ,  however,  s h a t t e r l n  o . . . . . . .  
• " e and mull" u " " g x one vo lcan lc  un i t  has a p p a r e n t l y  

of c ; l ; ; - ; o d ; ; e  mot$on a long the  detachment f a u l t .  

Id~h-angle  f a u l t s  p rov ide  ano the r  k inema t i c  i n d i c a t o r  
i for  the d i r e c t i o n  of  t r a n s p o r t ,  and s u g g e s t  down-dlp 

motion on the normal faults. Back rotation of the MANGANESE MINERALIZATION 
,ppcr-plate into the detachment surface also suggests 
the same northeast (NTOE) transport. Some upper- 
plate faults indicate other directions of transport History of Mining Operations 

I but do not seem to have major offset across them. 
Hining operations ¢o recover mangnaese in the 

Motion along upper-plate faults was probably Midway Mountains first began in 1917 and continued 
coeval with motion along the detachment fault, as it through 1918. During this period ore was recovered 
is in other ranges (Davis and others, 1980) where the from hhe main ore body in the andesitlc member of 

I tLpper-plate structure is better exposed. The amount the Pale Verde volcanic sequence and had an average 
of offset across the detachment fault is unknown manganese oxide content of 46~ by weight. Production 
bL.cause the same units have not yet been identified resumed in 1941, continued throughout most of World 
fro~, ~he two plates. If the upper-plate volcanic Nar II and ended in 1944. The most recent mining 

i ~n4 sedimentary rocks reflect the full amount of operations in the Midway Mountains were undertaken as 
v×tension, then the amount of extension does not part of a federal stockpiling program, which was 
u,pear great. Because the rocks of the Midways were active between the years 1952 and 1959. More than 
transported relatively to the northeast, a great 22,000 tons of ore were taken from the workings and 
amount of transport does not seem possible because averaged 43~ manganese oxides by weight. During 

I rocks in the Trite Mountains moved to the southwest, field work in the Midway Mountains in the fall of 
These rocks in the Triton lie along the direction of 1981, several clalmmarkers da~ing from 1980 were 
tectonic transport for the Midways and thus make it observed, suggesting renewed interest in the manta- 
difficult to postulate large offsets during mid- nese deposits, 
Tertiary extensional t e c t o n i c s .  
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Figure 5. A generalized cross section of the Midway detachment fault separatlng the rocks into upper-plate 
".its (Ttfg and Tpvu) and lower-plate units (Mlcu). Normal faults cut the upper-plate unit and sole into the 
,!, l.-'Imlent fault surface. Transport of upper-plate fault blocks is to the northeast. 
"~ ."~tiform over the range. 

The detachment  fault forms 
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General Description of Manganese Deposits 

l~nganese mineralization in the Midway Mountains 
occurs as open-space filling o f  f r a c t u r e s  and p o r e  

s p a c e s ,  and as replacement mineralization th roughout  
the b r e c c i a t e d  rock  ad jacen t  to  the detachment f a u l t .  
Mineralization is confined t o  t h e  u p p e r - p l a t e  units 
of the detachment terrane and is c o n c e n t r a t e d  in the 
f a u l t  zone directly above the detachment sur face .  
Primary manganese mineralization does not occur in 
the Barren llountains Group or younger alluvial 
deposits. The principal manganese minerals present 
in the Ifidway ~untains are ps t lome lane , ,  pyrolusite 
and manganite with lesser amounts of braunite and 
ramsdellite (liadley, 1942). 

The main manganese o r e  body is located adjacent 
to the detachment fault in the upper-plate andesite 
(Fig. 6) and contains mostly psilomelane, pyroluslte 
and braunite. Manganese minerals are concentrated in 
veins that occur as hydrothermal fracture fillings 
within normal faults and associated stress fractures. 
Individual veins range in width up to 1.5 meters and 
extend for lengths of over i00 meters. 

Two cuts ],ave been extensively mined within t i le  
o r e  body ,  e x p o s i n g  e x c e l l e n t  c r o s s  s e c t i o n s  o f  t h e  
i n t e n s e l y  f r a c t u r e d  a n d e s i t e .  T h e s e  c u t s  a r e  14 to  

18 m d t e r s  w ide , .  100 m e t e r s  l o n g ,  and were  worked ~ 
depth o f  20 meters so t h a t  32,000 cub ic  meters o f  - : . !  
material was removed from each cut (Morton, 1977). 
L a r g e  f r a g m e n t s  o f  u n b r o k e n  a n d e s i t e  a r e  found  w i t h ~  
t h e  more  e x t e n s i v e  v e i n s .  The d e g r e e  o f  s h a t t e r i n g  
i n  the a n d e s i t e ,  thus,  appears to be d i r e c t l y  propor- 
t i o n a l  to the d e g r e e  o f  mineralization. 

.In the Tolbard fanglomerate, veins containing 
manganese mineralization follow both normal faults 
and fracture surfaces and comonly occur in ~l- 
lary or botryoidal structures on the fault surface. 
~zese faults have well-defined footwalls and breccia- 
ted hanging walls, the latter of which are consider- 
ably mineralized (Fig. 7). The veins range in width 
up to 2 meters and are up to I00 maters long. Min- 
ing operations within the Tolbard Fanglomerate con- 
slsted of working a series of drifts and raises with 
up to 20 meters of vertical section and 90 m e t e r s  
of horizontal section removed from individual veins 
in this manner. Within several of the larger stapes, 
this mining has exposed well-defined mullion struc- 
tures on the footwall (Fig. 8). ]~nganese deposits 
are also present along small fractures that pinch out 
upward within the fanglomerate, liydrothernml solu- 
tions responsible for the manganese mineralization 
thus appear to ]lave radiated upward through the unit 
along zones of high porosity and permeability. The 
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I , Manganese .mineralizalion along 

fault surfaces 

I ,..... • "'" Main manganese ore body 
Figure 6. Geologic map of the northeastern flank of the Midway 

i Mountalns showing areas of manganese concentrations. Also indicated 
is the trace of the detachment fault, 
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Figure 7. Northeast 
t r end ing  veins of mangan- 
,.se show well defined 
l ootwalls and gradational 
hanging walls. 

Figure 8. (Below) 
Hu l l i on  structures appar- 
ent along upper-plate 
fault surfaces indicate 
normal movement. 
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brecciated fault zones and associated fractures 
appa ren t l y  l o c a l i z e d  the passage of  the hyd ro the r~a l  
fluids and suggest a through going plumbing system 
between most of the vein deposits. 

Origin and Chemistry of Mineralization 

Hanganese oxide deposits in the Midway Mountains 
are thought to be hypogene fault deposits formed by 
hydrother~al processes (Fig. 9). Present-day hot 
springs are known to deposit manganese oxides and 
thus suggest t h a t  t he  Midway Mountain deposits are a 
p roduc t  of the flow o f  hot  s p r i n g s  through s t r u c t u r -  
a l l y  controlled vein systems. The hot springs origin 
of these manganese deposits is suggested by both 
mineralogy and chemistry. Coarse grained white 
calcite, finely divided carbonates and chalcedony are 
the principal gangue minerals. This calcite forms a 
thin layer above the manganese.and shows retrograde 
solubility, l~gnetite is found in small veins with- 
in the main ore body as well formed crystals l~hich 
commonly weather to  hematite. 

Chemical factors such as pH, Eh and the concen- 
tration of dissolved manganese are important factors 
controlling the precipitation of manganese. Many 
meteoric waters plot in the acidic area of the Eh-pH 
field where iron oxides have a low solubility and 
manganese oxides have a high solubility. ~anganese 
deposits are, therefore, common in volcanic associa- 
tions because the metal is readily dissolved out of 
the rock by dilute acids. Where dilute acids are 
present, manganese will be dissolved, transported, 
and after passing t he  critical Eh-pH conditions 
necessary for the deposition of manganese, redepos- 
ited (Fig. I0 ). Although no fluid inclusion studies 
are yet available for the Midway Mountains, the pR of 
the transporting s o l u t i o n  is inferred to have been in 
the  a c i d i c  range .  

The o r i g i n  o f  manganese d e p o s i t s  in t he  Hidway 
Mountains was influenced by several factors including 
the temperature of the hydrothermal solution that 
transported the manganese, the mineral composition of 
the rock unit from which the manganese was derived 



I \ ,  

MANGANESE OnES The age o£ mineralization is i~dicated by the~, 
structural control of the ore deposits. Hydrothe~ 

I [ ] ~ I fluids were moving along the brecciated zones, ; , 
i wam~Hzau~ sEm~rHw t~. TZ~UaE ~T~-,aC msouaL requiring that mineralization is either coeval withi ~ ~Posns DIsPorts aUC~TE ANO ~US- ~POSITS ACCUNULaT~S 

J MA~IT( DEPOSITS ~TE~T(S or post faulting. The widespread development of 
I ~SSOO~D WiTH I ~ Ftows s l i c k e n s i d e d  and s t r i a t e d  s u r f a c e s  t h a t  have i n v o l ~  

mineralized rock further require that mlneralizatlo~ 
I [ ] occur red  b e fo r e  a t  l e a s t  some of  the  deformat ion ,  

I ~pos~Ts m~PZaO£NT O~ ~POStTS aSSO~O ~POS~S aSSOCS~tD Mineralization, thus, appears to have bee6 at least 
v0~,a~ ~'~v~v wa. T~FS arid w~ ~o~ FOa~aT~S in  par t  contemporaneous wi th  e x t e n s i o n a l  f a u l t i n g  

~ T I C  ~DIMENTS OF 
• VOLCANIC ~FILI~ION rise o f  t h e  |lidway t l o u n t a i n s .  

Figure 9. Genet ic  c l a s s i f i c a t i o n  o f  manganese REGIONAL CORRELATION • 
I o re  d e p o s i t s .  Deposi t s  in the ]lidway Mountains a re  

h y d r o t h e r ~ a l  in  o r i g i n  ( a f t e r  Park,  1956). The Midway detachment  f a u l t  appea r s  t o  be an l~ -  
tared exposure of a much more extensive detachment 
fault, which extends over western Arizona, s o u t h -  

I easternmost California, and Nevada. ~,is wavelike 
and the behavior of manganese in solution. The depth fault surface is exposed on the flanks of several 
of the detachment fault in Ollgocene to middle Plio- ranges in this region. In the Trigo Mountains of 
cene time could not have been greater than a few western Arizona, 18 km northwest of the Midways, a 

i kilometers as determined by reconstruction of upp~r- well de~eloped detachment fault is exposed (Garner a~ 
plate structures. At such depth the temperature of others, this volume; Kitchen, pets. commun., 1981). 
the meteoric water, which is the proposed transport- The detachment fault is exposed as an antiform in the 
ing agent of the ~anganese, would have been only tO0 Tr~gos with a gentle svnform between the  Trigo and 
to 200©C. l:hile hvdrothermal solubilltv data is not llidwav Mountains (Fir. II). 

,~ yet available for this element, manganese oxides are 

| relatively soluble at 25"C and should become even 
• more soluble with a tendency toward increasingly more 
complex ion formation at higher temperatures (Crerar 
and others, 1980). 

One possible source rock for the manganese is a I ' ~ ~  
maflc volcanic member of the Palo Verde volcanic 

1.2 sequence. As a generalization more-mafic, higher- 
I temperature igneous rocks a~e decomposed at a greater 

rate by chemical weathering than their more-felsic, l.O 
lower temperature counterparts. Manganese is gener- 
ally more concentrated in marie igneous rocks than MnO 2 

manganese is leached relatively rapidly from marie 0.8 
~ocks, and because it is also more concentrated in 
such rocks, these rocks may provide an important 
supply of  t he  e lement .  ~ ~ 6  

! , 
Manganese mineralization and the development of 

ore bodies in the Midway Mountains were controlled by M.~*" 

i "°"t the  s t r u c t u r a l  f e a t u r e s  of the  range ,  i n c l u d i n g  both" 
the  detachment  f a u l t  and u p p e r - p l a t e  f a u l t s ,  g r e c c i -  
a r i a n  a s s o c i a t e d  wi th  the detachment f a u l t  and upper -  
p l a t e  f a u l t s  appears  to  have c r e a t e d  porous and p e r -  0.0 -- 

i meable conduits for the  hvdrothermal solutions rising 
from below. I n t e n s e  s h a t t e r i n g  w i t h i n  t i l e  a n d e s i t e  
i s  probably  l a r g e l y  r e s p o n s i b l e  fo r  the  c o n c e n t r a t i o n  -O.~ 
of  m i n e r a l i z a t i o n  w i th in  the  u n i t .  The p r e f e r e n t i a l  
s h a t t e r i n g  of  the a n d e s i t e  i s  probably  a r e s u l t  of  

I both the b r i t t l e  c h a r a c t e r  of  the  un i t  and i t s  s t r u c -  -O.4 
tural position adjacent to the detachment fault. 

perhaps less obvlous, structural con-  -O.G Another, 
t r o l  fo r  t he  mineralization is the  a n t i f o r m a l  shape 

I 0 2 4 6 8 IO 12 14 . 
o f  the detachment  f a u l t .  Where the  main ore bodies 
are located in the Midway Mountains is in proximity 
to the  h inge  of the detachment-related antiform. If pM " 

I 

I 

the minerallzlng fluids were rising from below along 
the structurally controlled conduit of the detachment 
fault, they would have been concentrated near the 
crest of the fold, Flow of hot-spring waters would 
titus be concentrated from over tim entire limbs of 
the folds to tile hinge area. Precipitation of the 
mineralization is inferred to have taken place, in 
t h i s  genera l  h inge  a rea .  

Figure tO. " Eh-pll diagram showing stability ~.% 
fields of conmon manganese minerals. Assumed "" 
concentrations are: total dissolved carbonate, IM; 
total dissolved aulfer, 20-6M (after Krauskopf)o , 
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Figure 12. Southwestern vlewdepictlng that the detachment fault has been warped into antiforms in the 
Trlgo Mountains ( foreground)  and the  Midway Mountains (background) .  Between the  two ranges  i s  a cor responding  
synform in which the Colorado River  c u r r e n t l y  f l o w s .  
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The t r a n s p o r t  d i r e c t i o n  o f  t h e  u p p e r  p l a t e  in 
t h e  T r l g o s  i s  to  t h e  s o u t h w e s t ,  o p p o s i t e  t h a t  o f  t h e  
u p p e r  p l a t e  i n  t h e  Midways.  T h e s e  o p p o s i n g  u p p e r -  
p l a t e  movement  d i r e c t i o n s  a l o n g  t h e  d i r e c t l o n  o f  t e c -  
t o n i c  transport may indicate that the upper plate has 
not been transported long distances. It may also 
indicate that individual fault blocks were essential- 
ly rotated in place d u r i n g  regional crustal extension. 

In the Chocolate Mountains, approximately I0 km 
southwest of the Midways, an exposure of the detach- 
ment fault has been reported (Richens and Smith, per- 
sonal communication, 1981). ~,is contact was well 
mapped by Dillon (1976) as a normal fault that trun- 
cates tilted Tertiary volcanic rocks from underlying 
crystalline rocks. Correlating this normal fault in 
the Chocolates to the regionally developed, wavelike 
normal fault system would then indicate t h a t  the 
Chocolates have undergone detachment related defor- 
mation in mid-Tertiary time. Transport above this 
normal fault has been rather uniformly to the north- 
east as judged from the northwest strike and south- 
west dips of large packages of volcanic and crystal- 
line rocks in this area (Morton, 1966; Dillon, 1976). 

As defined by the mapping o f  Dillon (1976) and 
Hor ton  (1966), the fault t ha t  may be the detachment  
f a u l t  i s  f o l d e d  i n t o  s e v e r a l  doub ly  p l u n g i n g ,  n o r t h -  
eus~-trending antiforms and synforms. Also folded in 
this geometry is the Orocopia-Chocolate Mountains 
Thrust, which separates gneissic rocks from the under- 
lying Pelona-Orocopia schist (Dillon. 1976; Morton, 
1966, 1977). Correlation of these fold structures 
and the attendant detachment fault from t h e  Choco-  
l a t e s  to the Midways to the T r i g o s  is d e p i c t e d  on a 
diagrammatic cross section in Figure Ii. If this 
correlation is correct, then the Mesozoic Pelona 
schist and the V i n c e n t  thrust would also show this 
folding (Fig. ii). 

CONCLUSIONS 

Field studies in the PLidway Mountains have 
defined the existence of Oligocene (?) to Miocene 
e x t e n s i o n a l  d e f o r m a t i o n  that a p p e a r s  to c o r r e l a t e  w i t h  
~imilar normal  f a u l t i n g  seen on a r e g i o n a l  scale. 
The ma jo r  f a u l t  i n  the Midways appears  t o  be a d e t a c h -  
ment fault, separating upper-plate volcanic and sedi- 
mentary rocks from lower-plate metasedimentary units. 
l he domal farm of the range exposes the fault, which 
is also well developed just across the Colorado River 
in the Trigo Mountains of Arizona. The folded char- 
,eter of the fault is similar to that seen elsewhere 
in the detachment terrane and suggests that correla- 
live detachment faults may be present in the adjoin- 
ing Chocolate and Peter Kane Mountains to the west 
and south, 

Motion of the upper-plate volcanic and sedi- 
mentary rocks has been to the northeast along north- 
West-striking, northeast-dipping normal faults. Off- 
set between i n d i v i d u a l  u p p e r - p l a t e  f a u l t s  d o e s  no t  
a p p e a r  g r e a t .  Offset on t h e  d e t a c h m e n t  f a u l t  i s  
unknown because of the mismatch of upper- and lower- 
plate units, the low relief, and the restricted area 
-t this study. Because upper-plate units i n  t h e  
T r i g o s  moved to  t h e  s o u t h w e s t ,  o p p o s i t e  and  on  l i n e  
with the movement in the Midways, major offset across 
th, .  Midway fault is p r o b a b l y  not present(Fig. 12). 

Manganese mineralization in the Midway Mountains 
was influenced by the presence of the detachment fault 
a,d upper-plate normal faults. Manganese-bearing 
~olutions used the faults as conduits and precipitated 
~nganese oxides a l o n g  them. Psilomelane, pyrolusite 

and  mangani te  a re  t h e  p r l n c l p a l  o r e  m i n e r a l s  i n  t h e  
major manganese deposits within the Midways. Most 
m i n e r a l i z a t i o n  o c c u r s  a s  e i t h e r  o p e n - s p a c e  f i l l i n g  o f  
fractures or as replacement mineralization within the 
brecclated f a u l t  z o n e s .  Mineralizing fluids appear  
to have been controlled by the geometry of the 
detachment surface and reflect the paleohydrology of 
these hot spring type fluids. 
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THE CARGO MUCHACO MOUNTAINS 

These rugged mountains consist of Jurrasic granitic plutons intruded into an 

unusual assemblage of metamorphic rocks. The plutons vary from diorite to 

granite. Most are deformed or foliated to varying degrees and some have 

interacted chemically with their wall rocks. Pegmatite dikes are abundant 

possibly as late phases of the main plutonic cycles. The metamorphic host rocks 

include the Tumco and Vitr i fax Formations which mainly occur along the southern 

flank of the range and dip shallowly southward. Foliation in metamorphics and 

plutons is roughly conformable and indicates deformation or metamorphism 

post-dated intrusion. 

The Tumco Formation is a thick.sequence of meta-arkosites or graywackes which 

after metamorphism resembles a fa i r ly  uniform, foliated granodioritic looking 

rock. The Vitr i fax formation consists of a meta-aluminous series of quartz 

muscovite schists which contain an exotic mineral assemblage of kyanite, 

dumortierite, tourmaline and in places, sulfides. The protolith for this 

formation is d i f f icu l t  to determine. I t  may have either been a highly pel i t ic 

sandstone or tuffaceous unit which has suffered hydrothermal alteration or 

leaching prior to metamorphism. 

The entire igneous-metamorphic assemblage is  cut by a series of low-angle t.hrust 

faul ts which occur s t ruc tura l l y  above the major Vincent-Chocolate Mtns. 

overthrust. In the Cargo Muchaco's one thrust places Jurrasic plutonic rocks 

upon V i t r i f a x  Fm along the American Gir l  Fault and numerous thrusts can be 

mapped within the Tumco Formation. 

I 
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Three major gold deposits occur in the Cargo Muchaco Mtns. The Tumco distr ict  at 

the west end contains gold, copper and minor tungsten mineralization in certain 

stratigraphic zones within the .Tumco formation and along thrust zones. The 

American Girl and Padre Madre gold deposits are also tungsten bearing with 

relatively high base metal geochemistry. They are apparently controlled by the 

thrust zones such as the American Girl fault and to the south, the Padre Madre 

fault zones. We wil l  examine the Padre Madre structures ~ich generally seperate 

foliated dior i t ic  rocks of the upper plate from bioti te granite of the lower 

plate. Some have interpretedthese structures as Tertiary detachment faults. 

Time permitting, we wi l l  head north into the Chocolate Mtns. over Indian Pass to 

see an exposure of the Vincent thrust and lower plate Orocopia schist. There may 

be a superimposed relationship of detachment faulting in Gavilan Wash as well 

which we wi l l  want to evaluate. 
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P H Y S I O G R A P H Y  

The processes and the land forms l)rodm'ed by weathering and 
erosion under  arid conditions have been analyzed ill detail by Lawson, 
Bryan, and others. 

Approxinlately a mile to the south of the range lies a compact 
group of hills which are completely traversed by valleys draining to 
time south. In  a similar manner, at least one sniali valley cuts nortli- 
eastward through the lower hills which lie to the northeast of the main 
range. These valleys nmst have been either superintposed or atttc- 
eedent. Coupled with tlds phenomenon is the fact that  in the southern 
portion of tile range the valleys which d r a i ,  to the north may be 
observed to be long, of gentle gradie , t ,  alld relatively open in contrast  

t o  the short preeipitous steep-walled canyons draining southward. 
Furthermore,  the ohler types of alluvium stand as much as 75 feet 
above the present alluvial surface. ()verlyiug this ohler alluvium are 
remnants of what may once have been a single tlow of basalt. 

All of tliese •facts may be coot'din.ted l)y hypothesizing tliat the 
streams tlowing away from ],he I 'a.ge ~aiued' their  Cmll'Ses o .  a cover 
surface o f  old alluvium o r  lmerhaps even on the basa l t ,  attd maintained 
these same courses as the subjacent rock was exposed. 

G E O L O G I C  A G E  A N D  C O R R E L A T I O N  

No means are at h a n d  for  determining the exa(,t geologic age of 
the rocks of the Cargo Muchaeho district. The lithologie units  are 
silnilar in nature  to the rocks o f  adjacent areas whicll I , v e  been 
described, e.g., Eagle Mountains, California, 80 miles to the northwest, 2~ 
various mountaitm of southern Yuma County, Arizona. 2" T i . a j a s  Alias, 
Tule, and O'Neil r a . g e s "  50 miles and more to the southeast, and 

, S. 11. o r  Kofa Mountains ~4 60 miles to the norl:heast. 
In each case time author  cited admits that his dating of the rocks 

is b~ e d  upon similarity of rock I.ype and degree of metamorphism t~) 
corresponding features i .  rocks of know. date of ol,lier areas, h t  no 
e ~ e  was it  possible to date by paleontological evidence or by direct 
continuity of outcrop. 

The same lack of adequate evidence as to geologic age prewfils iLL 
the Cargo Muchacho district. Accordingly t h e  following tabulation 
of geological events is accompanied by hypothetical age assigmnents. 

G E O L O G I C  H I S T O R Y  

l. A great tlfickness of quarts  sandstone attd arkosie sandstone 
was deposited, either preceded or followed by the formation of lime- 
stone beds and silty quartz sandstone strata. Probably pre-Mesozoie. 

2. A series of granitoid rocks intruded the area, commetw.ing with 
quartz diorite i ,  the south and terminating with leueogranite, aplite, 
and pegmatite in the north. Probably Mesozoic. 

Harder E. C. lro.-ore deposits of tim Eagle Mountains, California. U . S .  
Geological Survey" Bull. 503. 1912. 

is Wilson, Eldred D. Geology and mineral deposits of soutlmrn Yuma County, 
Arizona. Univ. of Ariz., Ariz. IJur. of Mines Bull. 134. 1933. 

n Bryan, ](irk. 'rite Papago Country, Arizona. U.S.  Geological Survey, Water 
Supply Paper 499, pp. 58-59. 1926. 

: e3no~t~I.~l']6~ yl Jr.620 A, ree~miialP.~auee155. 19t5. in .tim ,IGJfa Mountains, Arizona. U . S .  
Geolo I ~u p. 
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3. l lydrothermal  solutions accompanying the intrusions reerys- 
tallized the sediments, locally developing metalnorphie minerals. 

4. Short ly af ter  the intrusion, tile area was faulted by thrusts  
from the south. Solutions rose along the faults and mineralized par t  
of the area. 

5. Minor andes]tie intrusion. Probably Tert iary.  
6. Erosion ahnost to the present stage. 
7. l)eposition of old coarse boulder alluvium. 
8. Deposition of fine rounded jasper and quartzite pebble alluvium. 
9. Basalt tlow. Probably Quaternary.  

. 10. Erosion to the  present  stage and development of outwtmh 
alluvial deposits., 

E C O N O M I C  G E O L O G Y ~ M E T A L S  

. G E N E R A L  C H A R A C T E R  OF R E S O U R C E 6  

Gold is the most important  single resource of the region. In the 
past several large gohl mines have been worked. At  present all activity 
is restricted to a number of sluall-seale operations. Copper was pro- 
duced along with time gold at the American Girl mine. Other mineral 
products of the district  are sericite and kyanite. 

. S T R U C T U R E  O F  T H E  G O L D  V E I N S  A N D  L O D E S  

• The gold deposits of tile Cargo Muehaeho distriet are all confined 
to the western side of tile range. Although some mines are located i n  
tile f a r  north and others ill the fa r  south, those ill the Tumco Valley 

region have been nmst productive. All of the lodes have certain char- 
aeteristics ill common. They are all tabular  bodies, usually associated. 
with a dell,die footwall or a definite hanging wall, but rarely with 
both. All but three of the lodes trend east and west, parallel to the 
ma,jor thrust  faults of the area. Locally, of course, strikes wklely at  
variance with this may be found. Dips of the lodes are fair ly limited 
in their  scope. With extrenles at 16°S. and 52°S., nmst of them lie 
between 20°S. attd 40°S. The three major  lodes which do not t rend  
eastward are the eastermimst mines of the district, the Pasadena, 
Guadaloupe, and Cargo Muehacho. Tiiey all t rend roughly east of 
m]rth and dip steeply to the east, parallel to some of the major north- 
t rending faults of 'tiLe area. Ore zones have been traced for colt- 
sidcrable distance along the strike. Though tim values may pass 
below an economic mining limit the s t ructure  continues. The same 
is t rue in following the ore at depth. Hence, the s tructure at any rate  
may be regarded as persistent. 

The influence of f rac tur ing  on ore deposition is very important.  
Equally noteworthy is the close relationship between f ractur ing and 
rock type. Wliere a major  faul t  traverses granite or quartz monzonite, 
the rock remains unfractured.  On the other hand, a nmjor faul t  in 
the metamorphic rocks or in quartz  diorite shatters the rock. Though 
numerous prospects a l l  even urines ]lave been started o n  promising 
veins in time granite and in the q~artz nmnzonite, none of these has 
ever l)roved vahmble. Every  ntine in the district which luis produced 
~r is n o w  ltroduciug gold on an ecoimmie basis occurs in nletaniorl)hics 
or quartz diorite. This inlluence of f rac tu red  country rock is brought 

m 
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out strikingly in the ease of the Cargo Muchacho mine, in which the 
~'ein was exceedingly rich wherever it lay in quartz diorite. Where 
tile structure passed southeastward into tile quartz monzonite, how- 
ever, the values disal)peared. 

A low-angle fault, whether'it be banging wall or footwail, generally 
forms one limit to the ore. TILe other limit is usually determined by 
assay rather than by any structural feature• Nevertheless, tile values 
seem to be concentrated in a definitely bounded zone. These zones are 
abmnlantly fractured, although often tile fractures arc microscopic. 
The amount of ore occurring as fissure filling is negligible. Ahnost 
all of the ore appears to Imve been deposited by replaeentent, although, 
of course, the o,.e-bearing solutions entered along definite fracture 

channels.  ORE SHOOTS 

lu most of tile mines in tim district tile ore slmots appear to trend 
roughly northward, or nortlmastward as in tile e~me of the American 
Girl mine. The shoots are broadly related to zones of approximately 
northward-tre-ding fractures. 

ORES 

Two nmin types of ore are know.n fl'om the Cargo bluehacho 
district. In tile more eonmmn and more extensively worked, the gohl 
is free milling, lu the second and less conunon type, the gold is 
included in disseminated pyrite. 

GOMPOSITION AND VALUE 

Gold (and i ts ilwAuded sih'er) and copper are l,he only minerals • , 

extracted f r o n t  t h e  ( J a r g o  b l u c h a c h o  district o r e s .  I n  t h e  ILUIleS f r o n t  
ivhich free milling gold its obtained the values run front $15.00 to 
..q;150.00 per ton. The gold conl.enl, of the stdlhle ores, on tim other 

hand, averages only $5.00 to .~21).1)0 per ton. The el)l)l)er content in 
this sulfide ore normally more than' pays for freight and smelting 
charges on the concentrate. 

MINERALIZATION 
Mineralogy 

Mineral speeies which ~ccur, or are associated with, lhc metallic 
ore deposits of the (Jargo ]~luehaeho district are listed below. Brief 
mention of their occurrence is also given: 

I _ 

Gohi : na t ive  gold chrysocolla  Zinc  : spha le r i te  
eupr i t e  

Silver : nat ive  s i lver  m~tive copper Gangue  : qua r t z  calcite 
• I ron  : pyr i te  ser ie i te  

Copper : chah , .pyr i t e  n i .g .p l . i le  bioti te  
' (..vclliie hema l i l e  chlorite 

eh. lcoci le  l imoni te  fluorite 
m,llaehite 
. zu r i t e  Lead  : ga lena  

Gold occurs (1) as microscopic grains disseminated throngh tim 
emmtry rock; (2) as wire gold and grains in quartz veins; (3) as 
niicroscopic grains in disseminated pyrite; and (4) as placer nuggets, 
grains, and colors. All of l,his gohl contains some silver. 

The only silver in the district occurs alloyed with gold. 
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Chalcopyrite, tim most abundant of tim copper-bearing minerals, 
occurs slmrlugly in the Ameriean Girl mine. I t  was probably the 
primary source for most of the oxhlized copper which can be seen in 
scattered outcrops all over tim district. 

Among tile supergene copper minerals are eovellite, ebalcocite, 
malachite, azurite, chrysocolla, cuprite, and copper, all in minor 
antounts. 

Pyrite is the most abundant sulfide in the region. I t  occurs as:a 
priumry mineral in veins and in disseminated deposits. . . .  

Magnetite lms been found occurring as a primary vein nfineral in 
very snmll amounts at several isolated spots in the workings of the 
American Girl mine. ' '  

Hematite Ires been collected as shiny gray mirror-like plates front 
a number of mineralized veins througimut tim whole district. It  is 
most commonly found penetrating calcite crystals along their cleavcage 
planes. 

Limonitc occurs in the oxidized zone wherever there has been 
mineralization. 

Galena and small amounts of sphalerite have been identified as 
occurring along with ehalcopyrite in the ores of the American Girl 
mine. 

Quartz is the most almndant gangue mineral of tile whole district. 
It  forms the bulk of most of the vein deposits and is an important 
constituent iLL all disseminated deposits. 

Calcite, and much less commonly fluorite, occur.in minor amounts 
as gangue minerals in conjunction with most Of the mineralization in 
tile area. 

,%r.icile and biotite occur in mineralized zones as small, fresh- 
looking crystals wi th  sublmrallel orientation. They also occur in 
large nlieaeeous lenticular masses locally along the main fault of the 
American Girl mine. 

UMorite is generally found in tim mineralized zone in veinlets 
with calcite or quartz, though some of it appears disseminated. 

The best opportunity to study the mineralization was provided by 
tile American Girl mine. Consequently, tile remarks ill the following 

: ir~*? ,~,;:' ' few ,a~,es are strictly am)lieable to that mine only, although they apply 
.~ . . o • ~;:"•'. m general to tlm other prospects and mines. 

.I~', , : ~.,:!. ~; . 

i~!~i~i,' i!, Wall-Rook Alteration , 

~'i~i',~. '1 he country rock m tile American Girl mine has undergone con- 
/ ~ i ! ~ !  siderable altera[ion by mineralizing solutions. Tile country rock has 
• ~ . ; ~  been somewhat sheared but the extent to which tiffs shearing brought 
'~l~,~)~i~about minerah)gical cl,anges is not great, except perhaps in the close 
~ i : : : p r o x l n n t y  of the shears themselves. Titm general but weak dynamm 
~! ~r']i.~,;metamorphism may be observed persistently throughout the mine. 

m 
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Locally, especially along the main fault, shearint~ stresses aeting in 
eombimttion with a small amount of introduced material succeeded in 
producing non persistent lenses of ser~eite. 

To a later phase be.long the solutions which produced the major 
alterations and metallization. Ohioritization and serieitization are 
the most important types of alteration, particularly iu the metamorphic 
roe'ks. Feldspars and some quartz bare also been introduced into 
the arkosite. Areas of alteration of quartz diorite are rare. 

The typical barren wall rock throughout most of the American 
Girl mine is green-gray, generally fine-grained but oeeasio0Mly 
porphyritic, containing large gray to pink crystals of feldspar. 
The porphyritic variety of alteration is best observed in the footwall 
drift of the 600 level of the mine. In the hand speeimcl~ (C. M. No. 48) 
the nature and origin of the rock remain highly uneertaiu. In  thin- 
section under the microscope, however, this wall rock is really identified. 

Priaeipal minerals: 
Orlhoclase,  35 pereent,  de t e r s  ill roughlY, rounded g ra ins  of  tonsil to medium 

size. I t  Is par t ly  al tered Io kaolln and  iu places  very tonsil flakes of 
sericHe ha r e  developed in tile c rys ta ls .  

Microeliue, 16 percent,  sn la | l  to medium-sized gray  g r a t e s  which nee d i s t inc t  
front tile large p iak  Ine tucrys | s  described umler  e l le ra t ioa  minerals .  

Andeaine,  ~l percent,  appea r s  as monll ,  rounded graiu8 ~cattered t h roughou t  
the groulldlnass. 

Q u a r t z ,  [~0 p e r c e n t ,  n los t  eo lau io t l ly  oeellr$1 IIA mllaU roa l lde , ]  gralas .  Qua r t z  
also occurs  to a very smal l  ex ten t  Its lie alterntiol~ miocral .  

Accessory minerals: 
lnei.ude zircon, npat i te ,  sphenej and  topaz. 

Alterafldn miaerals: 
Ghlorils,, 8 pereeat,  is tile only Jnl lmrlan/  dtlrk mineral  ill tile rm,h. ( l lmr-  

llelei'ized hy its ulira- |du,:  ahlloralal  in terference color, it  probably repre- 
senl s tile variety penninite.  

Mierocliue, 4 |u,reenl, occurs lit htrge pinll m e h w r y s i s  which replace the  
earl ier  minera l  g ra ins  indiser iminale |y .  'J'he me tac rys t s  orlon bear  inclu- 
eiolia of  qullr |~ aud  occasiollally of  liie less t 'olanlou miaeral.~. 

Q u a r t z  oeclu-t; ill o n e  o r  t w o  Slmili veinleta penc t ra l iug  the mierocline l e e , u -  
t r y s t s .  

()alcite a l l  pyri te  a re  presea t  as a few gra ins  replacing the r e u n i f y  rock. 
Se r i c i t e  and  kaolin a re  developed to a muall extel , t  lnr tile feldspars .  

The rock was derived from an arkosie sediment, probably identical 
witlt Turned arkosite, llydrothermal alteration has changed the mega- 
seopie appearance of the rock considerably wilh little effect on its 
chemical composition a l l  structure. Origiual dark minerals (pr0bably 
mostly biotite) have been entirely cidorit.izcd. Mieroeline has been 
introduced or reworked in place to form medium to large-sized pink 
metacrysts. 1Hinor al|iOtutts O[ q u a r t z  likewise have been introduced 
or reworked. A few graios of pyrite attd calcite give evidence of tile 
actual inliltration of mineralizing solutions. The serieil,ization of the 
feldspars may have oceurre.d at the lime of this later mineralization. 
(There is no proof of tile tittle of sericitization in the wall rock under 
discussion. I,~or evidence that sericitization may have been closely 
relaled to ore delmsilion, see below.) Kaolin in the feldspars may 
have been developed either by the action of supergcne ground waters 
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or by hydrothermal action. Cbloritized rock of tile type described' 
above is common iu all of the workings of tile mine whether in rich 
ore or barren waste, whether in banging wall or in foot wall. Tile 
degree of intensity of chioritizatlon decreases with iacreased distance 
from the ore-bearlnt~ area. 

In contrast to the widespread weak chloritization of the wall rock 
is a localized and intensive alteration to serieite attd biotite. This 
strict,e-biotite alteration eeeurs in the American Girl mine only in 
areas in close proximity to the main fault or to minor subparallel faults. 
All of the wall rock which was altered in this manuer constituted eco- 
nomically profitable ore. Perl,aps almost half of the total ore of the 
mine was derived from these heavily metallized sericite-biotito alteration 
KOneS. 

In the hand specimen (G. M. No. 45) tile ore appears to consist 
Of abundant euhedral pyrite crystals in a very fine-grained, dark-gray, 
imlistinctive groundmass. Numerous fine stringers cut the reek. Under 
the microscope, it appears t!mt none of the origiual minerals of tile reek 
have been left uaaltered, except perhaps apatite. 

Aveessory mhierals: 
AlmlHe,  1 percenl', occurs  in muellf rounded grains ,  a n d  is  sca t te red  al l  

t l trough tile r o c k .  

Alteration mhterals: 
Soviet,e, 57 percent ,  makes  up tile hulk of the  g roandmass .  I t  is very t lne 

g r ,  lned and  a lmos t  completely h wk |n g  iu ally c rys ta l  a | i gamenf .  
]He,ire, ,~|0 percent ,  occurs  in small ,  fresh-looking c rys t a l s  wi lh  eubparal le l  

or ienta t ion .  Th ey  are  very rarely replaced or al tered 'in" a n y  way .  
Qnnr iz ,  2 percel~t, calcite, 4 percent,  and  chlori te  occur in veinlets  an d  also 

d lssemiaa ted  throughoat tile rock. 
Magnet i te  occurs  as a duet  d lssemiualed through lho rock. 
Pyr i le ,  G percent ,  furies large euhedral  e iTs t s l s  which cu t  ac ross  the  o ther  

minertlls,  replacing r a th e r  than  displaci!lg them. 

The magnetite as well as apatite may have been an original rock 
mineral, but it must have suffered rccrystallization. All of the other 
minerals are the products of wall-reek alteration. Front the nature 
of this highly altered specimen tO. M. No. 45) there is no clue to the 

• original character of this ore-bearing rock. 

Velna 

In addition to the quartz, calcite, and chlorite veinlets which 
. penetrate the wall rock, several strong veins occur in the American 

Girl mine. All ol~ these major veius follow faults ahmff which the 
wall rock is shattered on either side. The dominant vein mineral is 
quartz. Pyrite, ehalcolJyrite, galena, and magnetite have been observed 
in these w,ins. Vein pyrite is rarely in euhedral crystals, in contrast 
to euhedral pyrite in the altered wall rocks, l'erhaps the sphalcrite 
and pyrrbol, ite reported in the concentrates were also derived from 
these 1petal-bearing quartz veins. Pink orthoelase and deep purple 
thlorite have been oceasi(mally noted in vein quartz. Most commonly 
the veins are massive and singlc~ but occasionally they ofieur as ee l -  
petite veins or lodes. A few very thin veins have minor cavities and 
rugs lined with quartz and euhedral pyrite. Others contain .calcite. 



I . 
I I I / / / I 

1 8 8 .  ltI~I'OIg'P XXXVIII  Olv STATI~ I~|IlqEI~AI,OOJB'I ~ [ ( J J l a p ,  2 

• M e t a l l i z a t i o n  

Along with tim wall-reek alteration there were introduced a ltUnl- 
bet of metallic elements, mostly in l.he fornl of sulfides. All data on 
metallization was obtained from a report by the American Cyanmnid 
Colul)any. ~ The flotation concentrate includes pyrite, elmleopyrite, 
ellaleoeite, eovellite, bornite, sphalerite, galena, pyrrlmtite, magnetite, 
hematite, limonite, and gold. 

~ A B I , I ]  2 

A S S A Y S  O F  T H I g  F L O T A T I O N  C O N O I g N T R A T i ~  

GoM 
Si lve r  
(?-pper*  
I ro l l  
S u l p h u r  
l , ime  
A l u m i u a  
S i l i c a  
h m u l u b l e  

A m e r i c a n  O y a n . m i d  Oo. S m e l t e r  

6.T5 oz. p e r  ton  

2.85% 
81.1) ' |% 
3 2 , 9 3 %  

(|.,~R oZ. pe r  tot! 
.'|.5l) oz. per luu 
%05% 

:|0.,qO% 
' | 2 .5O% 

.~o% 
4.10% 

20.60% 

(* The  p e r c e n t a g e  or copper  In bo th  s a m p l e s  Is l ower  t h a n  a v e r a g e .  5% copper  
Is usua l . )  

Assays of tile different mesh sizes after screen'analysis reveal tlmt 
nmst of tile values fall into the minus 325-mesh group. Tile mimls 
325-mesh contained 54.74 percent of the total geM, 70.65 percent of tile 
copper, 45.81 l)ereent of the ironÂ and 27.81 percent of tim insoluble 
material. 

Examination of the tlotation eoncentral,e under tile microscope 
sl|owed that tim melallie milaeral constituents occurred in botl| free 
and locked mineral grains. Pyrite was the most abundant mineral 
cbnstituent. Most of tim tffrite oceurred in apl)arently free mineral 
grains. An appreciable proportiosl of the pyrite contained inclusions 
of other mineral constituents, especially ehaleopyrite, sphalerite, limp- 
nile, and quartz. 

Of tile eopper-bearing minerals, about 66 pereent were ellalcopyrite 
and about 34 l)ereent were elmleocite, ahmg wiLll a lit.Lie covellite and 
i)ornite. About 76 percent of tile copper metal content occurred in 
apparently free mineral grains aml about 24 percent occurred ill h)eked 
mineral particles, especially as minute inclusions of cl|aleopyriLe in 
pyrite. 

Occurrences of gold were noted in free mineral grains and in 
locked particles. Locked gold particles 1 to 30 microns in diameter 
were most eonmmn in pyrite aml chalcol)yrite. (]old Was also found 
both in limoaite and quartz. Tim linmnite was generally pseudo- 
lnorphous after pyrite. 

Four pa.ner products aud a sllnm product were oblained from a 
saml)le of the concentrate on a lhmltnin suimr-l)anner. These products 
were all assayed for gohl, copper, iron, ttnd insohlbJe material. Of the 

Altmrlcae  I?ynonmhl  (?~nlltltoy. Ore I ) rqsshtg  t~lbOl'fllory, lMh-To.~VOldcal e x a m -  
I n a t l o a  o f  8. I l o t a t l o o  vo t l t ' e l t [ r t t t e  f r o m  t i le  A n ) e i ' h , l t n  G i r l  Mil le .  l ' r i V a l e  l t e p o r t .  1938 .  
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cenLraLe assayed 6.04 oz. of gold per ton and carried 38.40 percent of 
the gohl. The paroles copper concentrate assayed 10.24 oz. of gold pet" 

: ~ ton and carried 17.82 percent of tile gold. Tile panner tailing con- 
"~;!i( tained 4.10 percent of the goht, and assayed 1.32 oz. of gold per ton. 

~ .  In tile slime portion of tim salnple was 17.74 percent of the gold. ,.k'he 
slimes assayed 5.28 oz. of gold per ton. 

. ~  '. The study of tile ore minerals Ires not been carried far enough to 
.~. permit detailed discussion of the paragenesis of the ore minerals. 
"" Since most of the gold occurs as mimlte locked partieles in the pyrite . .  

.~[:~i~ ! and cllaleol)vrite, tim interpretation that is placed upon these relation- 
r" ships (whether inelusiou or replacement) will determine in a large 

t measure the nature of auy hypothesis of paragenesis. 
~ A series of drawings made from photographs of l)olished seetious 
'~"::' of tile eoneentrates ~" illustrates the nature of tile occurrence of tim 
~/ metallic minerals and their relatioushil)s to eaell other (F'ig, 15). 

i $'." ()mittin~ for lack of evidence any statement regarding tim para- 
genetic relationships of gohl aud quartz, these drawings seem to show 

i~i: the following mineral lmragenesis: 
• ' l ~ a r l l e s t  .J p y r i t e  

• e lmlcopyr iLe  " 
L a t e s t :  s p h a l e r i t e  • . . , 

..' Relationship Between Wal l -Rook Alteration, Velnst and Metallization " 

Sifrounding the nmin fault and some of tile minor faults of tim 
, ~:i~' American Girl mine lies an aureole of cldoritized and feldspathized 

country r e e k .  Bodies of rock ]lighly altered to dense, fine-grained 
: :'~ masses of serieite aml biotite crystals occur iu shoots and lentieular 

~;,: deposits iu el re association with'the breaks. Almost all of the altera- 
i o tips took place hi the arl~ositc wall-rock to tim west of tim American 

Girl shaft. Notlling be3ond a little ehloritization occurred in the 
;.~ ..... quartz diorite which lies t'0 tile east. . . . .  ' 

~ ": Whether these two types of alteratiou represent sueeessi~'e stages 
, ~L.' or different plmses of tim same stage of mineralization, the metalliza- 

~,.;. tips occurs dominantly with the sericite'and biotite. Massive quartz 
• veins, wllieh oeeasiolmilv, carry inclusions of serieite.biotite ore, were 

~:~~) deposited during the next sl;age. More pyrite and gold, along with tile, 
i!~:, leas conmmn sulfide minerals and flllorite were.deposited in the quartz 

veins." The e~act time of deposition of tile relative]y unimportant 
; ,~,  calcite striugers was not determined, though it is suggested that they 
i~:'.' followed tile period of metallization. 

~ i ! ~  (: • • . .  : "~i~:. Origin of the Ores 
,' 0 i*: . ,,~,:.:.! While some of tim materials involved may lave been derived from 
, .i¢:". tim decomposition of the country rock, most of the chemical elements. 
' ~ i ! "  were introduced, l~'urtlmrmore, the source of these i||trodueed ele- 
~:!i, ments was probably a cooling magma. Serieitization, whirl| represents 

-.[[~!,¢i • the most intensive type of alter'alien, is considered to be indicative o1! 
":i.",'~ • ~,~}~. • the alkalinity of tim sohltion. ~ 

!!.~: ea A m e r i c a s  C y a n u m h l  Con ipany ,  pp. elf. "1938. 
" : ~ i " : :  ~ Nrnton,  TL~ G'. N a t u r e  o[ the  o r e - f o r m i n g  fluid. to No. pp. lsT- 6s. 1940. Econ .  Geol. ,  e e l .  36, s u p p l e m e n t  
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The metallization, waU rock alteration, and vein structure, as 
discussed above are typical of mesothernml ore deposits. 

Age of Mineralization 

Mineralization in the ,AIilericall (]il'l lnille was obviously so,trolled 
by the main fault and its~ubsidiary faults. In every ease, wall-rock 
alteration and metallization decreases with increasing distance from 
these breaks, liens° the mineralizatlou is post-faulting. In several 
places iu the footwall in the Anleriean Girl mine small sulfide-bearing 
veins bare been found cutting pegnmtite dikes, llenee, tile ore 
mineralization occurred after the pegnlatites intruded, hi the Sover- 
eign East mine of Turned Valley the pegmatite dikes are seen to be 
olfset by the main thrust fault in tile mine. 

Fron~ tilese structural relationships it is concluded that the ore is 
post-faulting and the faulting is post-pegmatite. The pegmatites are 
known to be the youngest of the coarsely crystalline rocks, llenee the 
ore miueralization is younger than the main period of intrusion. 
Though at present there is no apparent nleans of telling imw much 
youl|ger, it is believed that these mcsothernml gohi-bearing quartz 
veins, like those of southern Yuma County, Arizona," may be of late 
Mesuzoie age. 

GOLD PLACERS 
Distribution 

The alluvial gravels (if Jackson (hdch and the P, udt'e 1Madre Valley 
are reported to have yiehled rich re turns  lit plm.er gohl. P i t s a n d  
dump piles testify I.hat ebese two alluvial areas were thoroughly. 
explored and exploited. At the present time there is very little gravel 
left wllieh has not been worked at least once. 

Gold Content 

Itumor has it that these placer deposits were very rich. llowever, 
no estimate cab be made of their total yiehl. ]n Jackson Gulch the 
writer witnessed the dry washing of about half a Cltbie yard of pre.vi- 
ously umlisturbed gravel. Tills gravel yielded approxitnately $5.00 
ill gold, nmst of which was in the form of sntall, relatively unworn 
nuggets. Tile preponderance of larger pieces was probably due to the 
loss of the fine colors in tile dry washing. 

T A I L I N G S  

The three nla.ior tailings piles of tile district have all been reworked 
to a greater or less degree. The Turned tailings are being eyauided in 
a muall scale operation3 s Old tailings a ,d  dumps of the American 
Girl were extensively milled and eoucentrated by O'Brieu Mines, Inc. 
Cargo Muchacho tailings have been reworked nmre than once. llohnes 
and Nieholson were the last to operate on them. 

ms Wllsf)n,  !'~. [~. Geo logy  a m l  m i n e r a l  d e p o s i t s  of  s o u t h e r n  Y u m a  C o u n t y ,  A r i z o n a .  
Un iv .  of  Ar izona°  Ariz .  Bur .  o f  Mines  Bul l .  134, p. 46. 1933. 

Cal i f .  S t a t e  M i n e r a l o g i s t ' s  R e p o r t ,  voi.  34, p. 9. 1938, 
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M E T A L  M I N E S  

M I N E 8  IN T H E  L E U C O G R A N I T E  

Mineralized zones oeeur (m faults in or near nmtamorphie inclu- 
sions. '/'lie attitude of the faults is parallel to the relic structure of tile 
inclusions. Tile mineraiizatiou consists esseutially of quartz veins bear- 
ing pyrite, a little ehaleopyrite, specular hematite and gold. 

La Colorada mine (Plate II, no. ] ) consists of nine elainis owned 
by Mr. and Mrs. lVlike Muller and Earl Goff of Calexieo, California. 
The vein strikes eastward and (lips 30 to 35 degrees. 

Golden Queen prospect (Plate II, no. 2) is Owned by a Mr. Miller. 
The vein lies on a thtt-lying fault of variable strike, which averages 
rougllly NW, while the dip is less than 20 degrees SW. 

M I N E 8  IN T H E  TUMCO A R K O S l T E  OF .TUMCO V A L L E Y  

lVlineralized zones occur on and near faults parallel to the regional 
structure. Perpendicular transverse faults form a minor ore control, 
as in the Golden Cross mine. Drag folds in the hanging wall also 
localized the deposition of tile ore, e.fl. the large-scale drag-folds in the 
450 stope and 700 stops of the Gohlen Queen mine. The mineralization 
eonsis{s of quartz, llyrite, ehaleopyrite~ and gohi. In  tile past, some 
of these 'mines were oiJ~t'ate-a--6iFiV~er~, large-scale. 

Coffee Pot prospect (Plate H, no. 3) consists of six claims 6wheal 
by Eddie Coffee, J. I~. Hardy, l lenry Stroud, Mike Olathe, llemsv H. 
Austin, and Jose Davis. Vein attitnde is (strike) N. 84°E., ((ilp) 34°S. 
A winze had been sunk 65 feet down the dip iu Jalmary 1939. 

King mists (Plate lI, no. 4) differs from other mines in this group 
in its sleep dip Bear the surface. The attitude of the main fault is 
N. 72 ° W.,  52°S. 

Golden Cross group of mines m~w under the control of Thomas L. 
Woodruff of Ogilby hml a total production estima,ted at more than 
$3,000,0{)0. All were large mines with inclined shafts extending down 
the dip of the main fault for more than ],000 feet, and with mazly thou- 
sands of, feet of workings, O_rre occurred disseminated in the ban~ing 
wall All were nlined by sb r i~ h g ~ t ( J i ) | ~ .  . . . . .  

Golden Q~teen mine (Plate 1I, no. 5). The attitude of tile footwall 
is N. 52°E., 26°S. Pegmatite stringers in file hanging wall are shown 
in a picture of the s/taft (Fig. 7). 

Golden Cross mine (Plate II, 11o. 6). Footwall attitude is 
N. 57°E. ,  37°S. 

Gohlen Crown mine (Plate lI ,  ]1o. 9). Footwall attitude is 
N. 86°W. ,  2 2 ° S . "  

~ C a l l f o r n l a  S t a t e  M i n e r a l o g i s t ' s  R e p o r t s ,  vol.  12. pp.  240-$41.  1 9 9 3 - 1 8 9 4 ;  vol .  
13, p p .  331, 337-339.  1 8 9 5 - 9 6 ;  vol .  16 pp .  736-728.  1 9 1 3 - 1 9 1 4 ;  voi .  23, pp.  257-353.  
1926. 

D r a p e r ,  M. P r i v a t e  R e p o r t  o n  t h e  A m e r i c a n  Gir l  Mine.  1911. 
U. S. B u r e a u  o f  Mines .  IL S. D e p n r t m e n t  o f  C o m m e r c e .  M i n e r a l  r e s o u r c e s  o f  

t he  U. S. W a s h i n g t o n .  1924 -193 i .  ~ l i , e r a l e  y e a r b o o k - r e v i e w .  W a e h i , g t o n .  193~-  
1933. 

[L S. B u r e a u  o f  Mines. U. ill. D e p a r t m e n t  o f  I n t e r i o r .  M i n e r a l s  y e a r b o o k - r e v i e w s .  
W a a h h z g t o n .  1933-1939.  

U. S. G e o l o g i c a l  S u r v e y .  M i n e r a l  r e s o u r c e s  o f  the  U . S .  W a s h l n g t o n ~  1833-1923 .  

m 
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i tqonereign mines, East a.ml West (P la i t  1[, nes. 7 and 8;, a!so 
Fig. 11) owm~d I~y ' rht)nms L. Woodruff .  Total ])rodlleLioll for  1937-38 
more tha|t  $SlI,0l)0. The lWOl.:rl.y is still being ope,'aLed (I!)40).  ()re 
oeeurs in lhe f|~ol,wall u | | t ler  a faulL of  W|.riable al:l,itude;, s tr ike 
N. 72°-II0°E., dip 2(l°-SI)°S. I n  lhe  ,~overeign Eas t  mi|te, workings  
extend lnore than 200 feeL down the d ip  am[ over  350 feet a long  the  
strike. ' F ree  gold oc.eurs in a quar tz  vein 20 to 70 inches thick am1 
averages $10.00 to $15.00 pe_r ton. at 

Other  properties ht the Tumco arkosite include Bam:1er mine, 
DelLa prospect ,  anti Desert  K i n g  mine2 :  ' : 

A M E R I C A N  G I R L  M I N E  (Plata I l l )  "" 

This mine (Pla te  I I [ ,  no. 1 2 ) i s  et,veretl by  18 t:lainis, which also ~ i i  
include the Amer ican  B o y  znilm (P la te  t l ,  no. 13). Tile Amer ican  Girl 
was reeently operated by O ' B r i e n  Mines, 1Re. E a r l y  in 19"19 these : ~ii 
hohlings were incorporated with ln'Ol>erties controlled by S idney  11. • ~: 
Wood, Jr . ,  to ft)rm All ied 1Hines In t . ,  with 1Hr. Wood as t~eneral ' ~' 
manatee]. Operat ion of  the mine t:e,qsetl in the s ,mn te r  tff 1939. A n  .¢~ 
estiniat, e o f  t im to la l  prot luel . ion ol' the Amer i can  G i r l  mine f ront  J u l y  .~.. 
]!)36 Lo May 1, 19"19 is ]1!),Ill)l) tons of  ore mined, yielding $575,000 in 
gold, silver, and topper .  Ea r l i e r  lwoduetion bad yiehled:  ! 

18,q2-1900 ~{0,e00 tons $105,0(|0 gohl 
1013-1910 20,000 tons $131,000 goh/ 

A well dril led in a l luvium to the st)ttl, hwest of  the range about  2.5 i )~':' 
miles f rom the mine suppl ied  water  fo r  tl|e mine and mill ( for  analysis  
seein 0gilby.Tal'le 3).  W a t e r  fo r  domestie use was t rucked f rom h ' v i n  well ~~- ,!:. 

The aeeoml)a||yil|ff plan of  the unde rg round  worldngs shows the ~.: 
extent of operations. The ore oeeut'.~ tm and near  a lhrusL faull~ whi~,h 
dips 30°S. near  the surfaee  and  25°,~. al. deplh.  Minor cross faul ts  
which inLerseet the main th rus t  f au l t  have hwally shaLLered the wall 
reek and have deLerndned to a eonsiderable extent  the hlealizaLion of  
intense wall-reek a l tera t ion and  metallization. The na ture  o[  the  wall IRi..!~ 
reek, wall-reek alteration,  and  mel.allizaLion have been discpssed above. ~i~ 
The Tybo shaf t  of the mitre is shown in (Fig.  8).8 a ~, • ~: .  

The Ameriean Boy  nfine differs ]'rent the Amer ican  Girl  ih distri-  "::: 
bution of  wall-rock types.  Tile ent i re  Imuginff wall consists of  quar tz  : ,~]. 
tlioriLe; tile fooiwall, o1" mel,anmrplmsed arltosile. Tile s t ruc tu re  is 
simihtr to t l |at  of the Amer ican  (lit'l, bill wall rovk "alteration and  .~ 
met.allizatioa are not  so intense. 

t i : , ;  
Nearby properl,ies similtu, in ~'eology tat:hide the ()tziiby tin)up, ~t~ I~', 

file Mayata  and Englewood claims, aml the Yunm a,ul Ar izona  elainis, a~ ~ j : :  

" SZCal|fornia S|f l |e  l~li¢lol'tl|og]Sl'et R e p o r t  wd. 34, p. 9. |93S. U . S .  r toreau or  c., 
Mines. U. S. Ih,lmrlolelll of Intl~riol'. hlliwral~ yenrbm,k-revlews.  1938 Rnd 1939. [:. 

. ~Cn l l f o rn l a  State  IHiner~th,~dst's Itel.wf.% vol. 13, pp. 33t-332, 1895-96 ; vol. 14, [~i:ii . ,  ~ ,  
p. '/29. 19:13-19141 ve t  22, pp. 9~5-256. ]921;. ,:~ 

a~Call[ornla Sta le  MineralogleC,~ I telmrts ,  w)l. 13, p. 331. 189G-981 vol. 14, pp. ...:'!. 
'/~8-729. 1913-141 vol. 22, p. 255. 192l|; vol. 34, p. 9. 1938, '~:~'~ 

• ] ) r a p e r ,  Mar.~halL Pr iva te  rep,~rt oo tide Amer ican  (]Jrl M i n e .  1911. ~ff,:~:~- 
S 'Cal l fornia  Sta te  l~lioeralegist 's  Repor ts ,  vol. 14, p. 729. 1913-14 ~ vol. $~, p. 

2 5 9 .  1926. - ~ll~. , ,  ,: ~ j r ~ ! ,  '.;. 

,.$1.,, ";~ 
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TABLE 3 

ANALYSIS OF ~VATIGR FROM Tllhl AMI,]RIGAN GIRL ~VgI, I, 

Dissolved Solids 
Silica . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.30 
Ahnainum oxide . . . . . . . . . . . . . . . . . . . . . . .  0.25 
h'on  oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.01 
¢Jaleium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24.41 
]~lngnesium . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.90 
Sodium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  82.6.4 
Snlph|ite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21.16 
(Jhhwine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  156.fi2 
(~,erlmnate . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  None 
Bicarbonate . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.14' 

g r a i n s  per  U.  S. gal .  

Total solids . . . . . . . . . . . . . . . . . . . . . .  289.36 
'Potai non-volatile solids . . . . . . . . . .  - . . . . . . . .  288.27 

1 a Total hardness as OaCO . . . . . . . . . . . . . . . . .  64.74 

llypothetieal Con|binations 
Silica . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.30 
Aluminum oxide . . . . . . . . . . . . . . . . .  ~. . . . . .  0.25 

• lrml oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.01 
¢Oah.iam biesrbenate . . . . . . . . . . . . . . . . . . . .  2.84 
Cleleinm sulphste . . . . . . . . . . . . . . . . . . . . . . .  29.98 
(~aleium chloride . . . . . . . . . . . . . . . . . . . . . . .  41.30 
l~lagneeimn bicarllonate . . . . . . . . . . . . . . . . .  Nolle 
Msgnesinm sulphate . . . . . . . . . . . . . . . . . . . .  None 
l~isgaesiom chloride 3.53 
Sodinm bicarlmmlte . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . .  ~---~- None 
Sodinm carbonate . . . . . . . . . . . . . . . . . . . . . .  None 
Smlitnn salphate . . . . . . . . . . . . . . . . . . . . . . .  None 

• Sodium chloride _._~ . . . . . . . . . . . . . . . . . . . .  210.15 

T o t a l  so l ids  . . . . . . . . . . . . . . . . . . . . . .  2 8 9 . 3 6  

g r a i n s  p e r  U. S .  ga l .  

Determiantions 
t;arlmn dioxide uneomlfined in p.p.m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.0 
llydrogen sulphide in p.p.nl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Nolle 
Speeilie eleetric conductance . . . . . . . . . . . . . . . . . . . . . . . . .  Not d e t e r m i n e d  ' 
llydrogen Ion concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.7 
Boron in p.p.m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.4 
(~olor ( f i l t e r e d )  . . . . . . . . . . . . . . . .  _' . . . . . . . . . . . . . . . . . . . . . . . . . . . .  None 
Odor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  None 
q'aste . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Saline 
q~urbidity ( f i l t e red)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  None 

Smilh-lP, nnn'.v (~,o. Chemical analysis of water from tile American Girl well. 
Private report, March, 1936. 

G U A D A L O U P E  M I N E  

This mine, owned by Na t  Kenison,  is located Rear tile east end of 
Obregon Valley (P la te  I I ,  no. ] 4 ) .  Disseminated pyr i t e  oeeurs in a 
large quar tz i t ie  inclusion in quar tz  dior i te  along a f au l t  which parallels 
tile or ienta t ion of  tile inclusion. The fau l t  str ikes N. 7°W. mid dips 
5 2 o E . , ~  

eaCall£ornla state M i n e r a l o g i s t ' s  R e p o r t s ,  voi .  14, p. 729. 1913-14 ; vol.  fig, p. 
215§. 1926. 
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M I N E S  I N  Q U A R T Z  D I O R I T E  

Withia Ihis rock quarlz veinls ~)~:.,ur ;thJim' minml" ge0m,'.llv steep- 
dippi l lg fill i lts and slw;Ir z~)llles. Wall-i'.~,k Itl lerll l ioll ill the [ornl ill! 
chhwil,izill.ioil is illlellse iu the ]llilles of M;,du'e Valley, but is of l imited 
exlent elsewhere, l lematite is c.nmmml. (h)hl oet, l|rs I!ree or i .  pyrite. 
Although Ihe wthles are generally spolty it few of these mines have been 
very productive. 

Pasadena mine (Plate ]1, no. 24). An ore-beariug silieified shear 
, o ~ ,  , , o  ~ ~. zone, with aa atti tude of' N. 3(9 1,~., 33 SE., has bee.  prospected by five 

adits at different levels, a~ 
" (;argo Muchacho mine (Plate !1, no. 2:11 was leased and wm'ked by 

llolmes a,ml Nieholso. in ]936 .rot ;igaiu ill 19:19. (~ual'tz veins oeeur 
in a silieilled sl|ellr zone 2 to 8 feet wide. Ils attitutle is apliroximately 
N. 4°E., 48°E. To Ihe south the mim, ralizetl zlme erosses the t o . t a c t  
froni the quartz diorite iuto qtmu'lz nio01zo.ite. Values oeeur only where 
quartz diorite is the wall rock2 ~ 

Blos,~om. l.iue (l)lal,e I l, ira. lR; also Fig. 9) in ant old 1)rol)erty 
whiell wits re-ol)e.ed tim 1.()38-:19 by a Mi'. Sl,ulll)ilm. The quartz diorite 
country roek is a l .m,da. t ly  sheared Illl(i highly chh)ril,ized. There are 
nmanny small quarl.z stm,iilgen's in Ihe tni.e, but .one of them is imrsistenlt,. 
Tile 2(lil-f.ot Valeimia shaft alltl seven'hi humldL'ed feel. ol' tlril't explore a 
mineralized fault  zone with an att i tude of N. 15~:25°W., 50°SW. ~ 

]'adre@.d M.dre illin['.~ (l 'htle II, Ires. 1!)-21 ; also 10igs. l0 and 12) 
are .wned a,ml.d 01ml'aied by Ihe lIolmes and Nildmlson Mi. ing ()ora- 
l)any. The ore. i)e.eurs i .  or n e a r .  d . l l -g l ' . y  qlmn'tz veill wlileh follows 
a fil1011 tff wiri l lble llllil.ude, i l s  slr ikc r.'tnlges t'n'~.ll N. 5I)~W. |o 
N. 511°1~]. l ) ip  rcmlliols nh,mst eml.~l.ltnll, al, nlq)roxinull.ely 24°H. A 
persisl.ellt breccia dike a few illehes Io a h.~t tllick oecun's generally hi 
the i'~.ltwall parallel to tile vein12 ~ 

Other lirolierties hi the qlulrtz diorite inchllie Occidental nihle, 
s o u t h  l i t  l i l i s a d e n a  i l i i l l e l  ( , i , i )  E'~,.,'le llro.'411eet, PI iSt  ( i f  l i a s a d e i l a  n l i l l e ;  
a n d  L i t t l e  B e a r  llrOslieet ( P l a t o  l I ,  I l l .  2 2 ) .  ( J r l l y  i ~ l l g l e ,  o w n e d  b y  
(J. ,|. (Jreesehas all all.itude of N.57°E., :I6°SE. bit.tie Bear in owiied 

• I I)y l hly l lei inett alid ill.hers t)f ~l lint i, i r iz l in i l ,  I t  is eharlleterized by 
a ZOlie of numerous small quartz sl,rlilgers wi th all att i tude of N. 619°E., 

4~ SE. 
MINES IN QUARTZ MONZONITE 

A illlnlbor ()l~ lll'OSlloels illive beeii llj)elletl iu qllarl,z liionzonite on 
sniall veilis shnihtr hi Illose which tleciir hi quai'tl~ tli()i'ite. None o[ 
l,hein lias developed inl.ll a niine. 
- aeCl l l l f l , rn la  St~ltP i%llner, li~gll~l'.~ i te l ior t s ,  v,d. !1 p. . '186.  1891-11t92.;  vol. 12, 
p .  242, 1893-18941 vol. 13, pP. 341 s l id  34:1. 1895-18911; vol. 14, p. 729. 1913-1914 ;  
vol. 22, p. 260. 1926. 

nt Ca l l fo rnh t  Slate l%lhiortihlglat's Ileplil'l,q, vol. 6, p. 81, Pt. ] .  11186; viii. 11, Pl). 
985-398, 189l-!i21 vii i. 12, I i. 2'19. 18!i3-1fl9,11 vol. I~, lip. ,q%'1-334. 1895-961 vol. l i ,  
p. 729. 1913-1914 ; vol, 22, p. 21ili. 1!i26; vul. 34, p. 9. I,~',18. 

~ C a l l f .  S la le  l t l i l i l ' r l lh lg 1'41''~1 llPll l l i ' l lL vol. 11, II. P~311. 1893-94; vol, 13, p, 332. 
1895-961 vol, 14, p. 729. 11113-14 ; ~ll l. 22, p. 256. 1926. 

• .~0 Jlegleler o f  l%lllii,Pl i l l l l l  1%llliO-rlll- ~. ~f l l l  l ) lego 12o., p, If. 1962, 
Cal i f .  SLalo llvl[lilt~l'llllil'l~l'l l leliorl,% v- I .  120 p. 242. 11PJ3-94 ; vol. 14, p. "/29. 1913- 

14 i ~ol, 22, p, 259. 1926, viii, 34, 1). 9. 19118. 
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Whitecap prospect (l)late !1, .o. 15), five chdms owned by J. D. 
Northeott,  J. II. Williams, R. van Pat ten aud B. J.  t lanna.  Veil1 atti- 
tude N. 3 3 ° W . ,  5 1 ° E .  

Tee Wee prospect (Plate II ,  11o. 16), tllree ehtims owned by Alex 
Crawford, may represent aLl extension of the Whitecap vein. 

E C O N O M I C  G E O L O G Y - - N O N M E T A L S  
GENERAL DESCRIPTION 

The nou-nletallie pl"oduek~ of tile Cargo Muehaeho district consist 
of serieite and kyauite. Tlmugh both of these minerals have been 
mined extensively in the .district, their production is sporadic and 
follows closely the demands of the market. Five serieite quarries have 
been olleiled up and two kyanite deposits inave been worked, l~lost of 
the production has conte from one serieite quarry  and from one kyanite 
quarry.  

The mineralogy and general geology and possible origin of tllese 
deposits have been discussed above. 

N O N M E T A L  M I N E S  
SERICITE IN TUMCO FORMATION 

Oeeasionally, near  pegmatite'  dikes in the Tumeo arkosite, the 
country rock is eomldetely altered to ser-ieite. This grades outward 
first into a sericite schist bearing large feldspar augen, then to a biotite- 
feldspar schist, and finally i . to  nornlal Tunmo arkosite. 

A prospect pit ill the bottom of an arroyo a few hundred feet north 
of the Golden queen mine and a few sporadically active quarries 
(Plate 11, no. 111) at the southwest end of Tumco Valley exemplify this 
type of t)ccurrenee. 

8 E R I C I T E  I N  T H E  V l T R E F R A X  F O R M A T I O N  

This occurrence of serieite has been briel|y described above. The 
largest toni most active serieite quar ry  in the district is located Ol1 
l~iieatale l l i l l  (Plate  11, uo. 11). An open cut h~is been worked since 
about 19319 by l~Iieatale lne., under  C. E. Allebrand of Los Angeles. 

K Y A N I T E  IN THE VITREFRAX FORMJiITION 

'rile geology o f  the kyanite deposits has been briefly discussed 
above. 

Several small quarries have been worked on Micatalc llill  and in 
its vicinity. 

Ogilby kyallite deposits. 119 clainls owned by Vitrefrax Corp., 
5(995(9 Pacific Boulevard, Los Angeles. A large open cut on Vitrefrax 

:~:7,  Hill (Plate  1I, no. 17) SUplllies an average of 1U(9 toils per )'eat" of 
}~:,' kyanite. The best ore ini the mine averages 4(9 percent kyanite. TILe 
~i:~,i kyanite is separated from tile quartz by crushing and screening ill the 
~..~i.*.!:: l~licatalc nlill (Fig. 13.)  `0 , . 

• ~ t , r ;  ' ' ~ ' : ' "  *nCamlfornla  S t a t e  l%lineralogist  a Re l lo r t s ,  vo]. 13,' p. 333. 1895-18961 vol. 22, 
' i t~.~[~ L pp.  268-970.  1 9 2 6 ;  vol. 27, pp. 491-452,  455-457. 193l .  ~,~i~;.,~,~j. C a l l f o r n h t  S t a t e  l i ly .  o f  Mines  Bull .  99, liP. 87, 121-122. 1928. 
~ ' * L : . "  muddle, 1 ~. .171. I%Ihlera18 of  the  s l l l i m a n i t e  g r o u p .  El tg .  a l , d  ~sllnlnlg J o u r . ,  vol .  
~F~.~,.>: 13.~, 1,o. 3, p . m .  19a~. 
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