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INTRODUCTION

Cordilleran metamorphic cocre complexes in the
southwestern United States are areas where middle
to lare Tertiary low-angle normal faulting has
uncovered rocks that were at temperatures suffi~
cient for mylonitizationm duriang the early part of
Tertiary extensional faulting. Large-displace-
ment low~angle normal Faults that separate upper—
and lower—plate rocks in metamorphic core com—
plexes are termed detachment faults. The sigaif-
icance of Tertiary detachment faulting im the
Basin end Range Prowvince has only become apparent
in the past 6-8 years, and the association of
mineral depesits with detachment famnits has only
been recognized in the past few years as well.

Crystalline rocks below detachment fzults have
typically undergoume chloritic altsration and
brecciation over a distance of a few ta a few
hundred meters below the fault surface {(Fig. l}.
Chloritic alteration anod brecciation overprinted
aylonitic fabries formed during earlier ductile
shearing along the dewn—dip projection of detach-
ment faults. Rocks that underwent pre-Tertiary
ductile deformation and prograde metamorphism

Listric Mormol Faults

were subjected, in vapid succession, to middle to
late Tertiary mylomitizatiom, brecciatiom and
chloritic alteration, microbrecciation fmmediate—
ly adjacent to the fault, and subaerial exposure.
Lower-plate rocks thus experienced rapid decom-
pressiom amd cocling as a2 result of tectonmic
denudacion and isostatic uplift (Wermicke, 1981:
Davis, 1983; Davis et al., 1986}.

Upper-plate rocks typleally consist of highly
fractured, faulted, and tilted pre-Tertiary rocks
and their depositionally overlying cower of mid-
dle to upper Tertiary volcanic aznd sedimentary
rocks. HNormal faults commonrly strike perpendicu-—
lar to detachment-faulr~displacemsnt direction
and lower—-plate mylomizic lineatiom (Fig. 1J.
Distencion of upper-plate rocks was accommodated
downward by displacement on detachment faults,
and this displacement increased laterally dewn
the regilonal dip af the detachment fault.

- Two distinct paragemetic mineral assemblages
sceur 1n many mineralized detachment-fault ter—
ranes. Sulfide-rich minmeralization reflecting

. low f(023 conditions generally cccurred before

mineralization reflecting more oxidizing condi-
ticas. Importamt sulfide mineral deposits are
present at the Copper Basin depssit in the Whip~

i Transport
o"b,, Direction

Upper ailochthonous

Lowar Plate Mylonitic Rocks

Figure l. Bleck diagram slowing elemeats of
metamorphlic core complexes and pre—
clous=metal mineralization asscciarted
with low—angle fauwlcing.
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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 Vistaand 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 thln, possibly less than 100', excluding
lenses of internal waste.

The gold is disseminated in marrow 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.
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American Girl Mine: Newmont's American Girl Mine lies about one mile north
of the Madre-Padre Mime. 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 10 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, augen gneiss, possibly after Precambrian
granite or a Jurassic intrusive. The hanging wall rocks are southwesterly
dipping andesitic volcanics and intervolcanic sediments (mostly brown sand-
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 chalcopyrite. 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 Mountain
wilderness study area, and its geology is almost identical to that of the
Clara Peak prospect. A 5' to 10' thick, moderately dipping, fault

zone contains up to 0.l oz. gold per ton. The mineralized fault is in
chloritzed quartz monzonite just below andesitic volcanics. The mineral-
ization is <10% 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.

1

The few outcrops that T 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 toms 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 zome 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 100' thick, and the 3 million toms is open pit
mineable.

Vulture Mine: The Vulture Mine at Kingman is said to be openr. 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.l 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 100' in thickness and averages a rather uniform 0.0l oz. gold per
ton. The best intercept was 100' 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.

8 Ry

H. G. Kreis
HGK:mek
Accompaniment
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TENTATIVE SCHEDULE

Sunday, February 3

Evening seminar introducing and overviewing the metamorphic core complex
det achment fault, prec1ous metals story - Distribution of handout mat erial
and general RAP session.

Monday, February 4

Drive from Tuscon north on I-10 to the Red Rock exit. Proceed north on
frontage road to dirt road leading into the southeast end of the Picacho
Mount ains where we will carefully examine excellent exposures of a
lower-middle- and upper-plate detachment zone package.

Return to Interstate and proceed to the South Mountain core compTex 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 [-10, then north on gravel road to
Vulture Mountains where multiple listric faults have rotated and repeated
mid-Tertiary volcanic-volcaniclastic rocks perhaps in upper plate
configurations with respect to some subsurface detachment discontinuity.

 Intersect U.S. Highway 60 and drive east to w1ckenburg - Rancho Grande
Motel.

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 will 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 mineralization localized by
Mesozoic-Laramide stratigraphic and structural (thrust fault) factors.
Return to route 72, then to Bouse and proceed northeast to visit the
Swansea and Clara mineral districts in the Buckskin Mountains. The Swansea
hematite-copper deposit will 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 - E1 Rancho Motel.

Wednesday, February 6

d-wheel drive traverse up Bowman Wash into the Whipple metamorphic core
complex in California to examine detachment setting of the Copper Basin
copper (minor gold) bulk tonnage deposit.

Drive south on U. S. 95 to the Riverside Mountains to inspect detachment
fault (?) not related to lower plate mylonitic rocks.

Proceed south on 95 to Blyth - Comfort Motel.
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Thursday, February 7

s rETS S f N A k- " St . Nl e N

Drive south from Blyth 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 det achment

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. :




HAND OUT MATERIAL

Field trip to Arizona-California metamorphic core
complexes and mineralized detachment zones



TENTATIVE SCHEDULE

Sunday, February 3
Evening seminar introducing and overviewing the metamorphic core complex
det achment fault, precious metals story - Distribution of handout material
and general RAP session. :

Monday, February 4
Drive from Tuscon north on I-10 to the Red Rock exit. Proceed north on
frontage road to dirt road leading into the southeast end of the Picacho
Mountains where we will carefully 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 I-10, then north on gravel road to
Vulture Mountains where multiple listric faults have rotated and repeated
mid-Tertiary volcanic-volcaniclastic rocks perhaps in upper plate
configurations with respect to some subsurface detachment discontinuity.

~Intersect U.S. Highway 60 and drive east to Wickenburg - Rancho Grande
 Motel. ’

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 will 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 mineralization localized by
Mesozoic-Laramide stratigraphic and structural (thrust fault) factors.
Return to route 72, then to Bouse and proceed northeast to visit the
Swansea and Clara mineral districts in the Buckskin Mountains. The Swansea
hematite-copper deposit will be compared with the Clara copper-gold
occurrence, bath of which are localized in the Buckskin detachment zone.

Drive out of Buckskins ending up at Parker - E1 Rancho Motel.

Wednesday, February 6
4-wheel drive traverse up Bowman Wash into the Whipple metamorphic core
complex in California to examine detachment setting of the Copper Basin
copper (minor gold) bulk tonnage deposit.

Drive south on U, S. 95 to the Riverside Mountains to inspect detachment
fault (?) not related to lower plate mylonitic rocks.

Proceed south on 95 to Blyth - Comfort Motel.



Thursday, February 7

Drive south from Blyth 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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TECTONIC SETTIHNG QF ThE

LETALORPHIC CORE COIPLEXES

Tne rollowing is an abbrevizted description of tectoLnic

events leadiug up to and rollowin., Tertiary defor.ation in tuoe

lietamorpnic Core Couwplexes of tne Soutuwest. It wili allow you

to see tune coaplexes within their Phanerozoice settin,. Tue”

sequence below is frou oldest tu youngest.

PALEQZOIC

- Foreland, niogeoclinal sedicentation oLto a DEvVelcl
"baseuent" wade up of a relatively tuin sequence of late
Precauwbrian Lpzacae Group sediluencs and carlicer
¢rystalline/wetanorpanic rocks. Hictus ol Palecozoic
seulunentation in tane Silurian. .

- Amagnatic witiout significant tectonic activity.

MESQZ0IC
Triassic:

- Inception of volcanism, continental seciwentation (recveus)
in fault-boundeq basius,

- Extensional(?) tectonisu, faulting, Upiifc, audu vasice
volcanisi. concentrateu in soutaneast Arizona,. Vesteru
Arizona experiencing veleanic activity ana tuici

accuwnulations of coarse detritus in intercontiuental -vssius,

Few plutouns xnowin.

Jurassie:

2CEC

- IW=trending, continental, volcanic arc througn csouthwest
Arizona resultin, in volcanic ana continental secilentar)
accumulations. Kumerous plutons of ° (180 Gey. €lpla
along witu a porphyry copper deyosit or two.

- Arc=related tectonisw.

Cretaceous:

- tain contrioution or i
ceveloping Sonoran eLbayh
lower Cretaceous to wmarin
coutinental sediwentation
to 20,000 't.

esozoic sedicentatcica iito
e

erraetic tilckiessSesy 5Cue

- Extensive calce-alikaline glutonisw and volcanis. (Lara.ice
Orog,eny) frou L1900 e} o i WesT to 55 el e in
soutneasterniost LArizona. Iialn porpuyry Copper Seriog.
tlajor,deep taurusting invelving basewent iu ECULLYeST
Arizonaj; baseuent-coreu upliftcs (FRocwy iitu. style) in
sSoutueastert part . ol state. E.tre.e cowpression auac
crustal saortening. Lreas oy aprivolite=_rauc
wetanorpnist ana transposeu, locw=anie roliation.

Lue

c
nt in SE Arizotia Irow woilwalii.e
upper Lretacecus, Zlsevaere,

)

Heactivation of strike-slip wovewsntls on Wileitrenuing Tenas

"ilinezwent" structures,



TERTIARY

Palegocene=Eocene: . :

- Continuation or Larawiae Orogeny, culuiinating in tue focene
witn tae wost intense ceccowpression (SYW  ane Uf=direclbeu
tnrusting) « basenent wecge uplifts. vlus vasin-vill).

Deforuation extenus farthest eastwara. As a result ol
waxiwuin  encroacnwment rates petween Farallon and dorta
Aizerican plates anu extreue low=zn,le subcuction,
calc=~alkaline arc wagwatisw 1is saut off for Arizona row
about 55 to 35 w.y.2.P. Insteads, crustal-cerivecu, 2-=wica,
alkali(?) grauites to guartz monzeonites were ewplacew

cow.monhly in sill-like 7Torw, especially witalu areas ofl
lov=an_ le Letaworpuic fatrics Irow acout 55 to 40 Ld.y.B.P.

Oligocene:

- Sowetive arounc 30«35 w.y.B.P., couvergence rates ULelweel
oceanic 'plates anu HKortnh Auerica wuecCreased cCranaetically
zccomwpehiled by the rollowin, tectonic erfivects.

1. Caanse frow NE cowpression to extension. .

2, Luntension warkea oy wiwespreazu JlU=-IY clke anu

pluton slijnwents, wylonite zones, delacumwut zlurraces

and a wmyriaa of low=angle listric nor.al feults,.
flylonite-devachuent zones (uHetaworpulic Core Cowmplenes)
snow preferential developwent 1in areas o1 lowealgles

metaLorpiic & igneous fabrics inLeritec I'ro. t.e

Larawiage Orogeny.

3. Hajority of Tertiary norizontal extension (locally

cver 100% i tae Basin-lange Province ceccurrea aurina,

tiis time period. :

Duxtension was accowpaniea vy widespreas glutonisu aud volcarnic
activity ("igniwrite 1Ilare ug") aurin, tuae gperica 30-20 wey.
lagnas were generally cale=aluialine, sinilar to tuose oi tuae
Lerawice Qrogeny. cut late stace airrerentictes oi mid=-Tertiary
waguatic centers tendea toe be more alkali-rica anag associateu
witn Po, Zn, and precious wetals ratier tuan Ccoppel. Aiong witu:
tue bulld-up o0l extensive volicanlc¢ 1'lelus anc caiueras,y LulCa
iocal accuwulations of arkosic rea BEUSs, ifen_ lowerat

Sy
lacustrine seuluents anc sloge treccildas filleu listric
rault-pasins.

Miocene: .

- Detacnwent ana listric rault, extensicual tectonisa aliu
calc~alkaline .wagwatisu continue te avout 15 w.y.5.P. Fro.
T4 Wel e to preseunt, tectonles anu wagiwatilsw Ciddllo.ed ao
1oliov

1. Hipgn-anpgle normwal raulting orf wore umortuerly treiw
typical of tue gJuysiocograpuic Basib atw Raiugos.
2. Swigeh to Udbultl” or ovi=iocal vasalt=rujyo 11

tf

magnatism.. Basalt are sterile ore ucyosinb—wlse. outL
Cws are eBLociateu wltCu eltuer 21Cuopalile

sllicic r
(

clenents ey 0y V, Li, F) or precious .etael usp0sSiti.



v IV
~ v v
\.\ - vv V¥

~~
/ ~o .
/: / ~\/_ ‘/‘\‘\5
~ ~
,/ ./ \‘\\ :/ ~.
/ / on Iy =

Strontivm 87/84 .706 Line

EXPLANATION

Metamorphic Care Complex
Major Batholith
Early to Middle Tertiary Volcanic Rocks

Shuswap Metamorphic Rocks

Loramide Thrust Fault

Sevier Thrust Foult



TDEALIZED X-8&0710N OF MOCC

'_________'_______________._—l

Mylonitic fabric

[Older metamorphics Choritic breccia

Dislocation surface

\ o

~

/

- - ‘ a
AR NEAV) NP N N B . Granite 1y~ \u
VN -~ 7/ "W /= v
—> A v . = Ny o= ’ -
/| Yl Sy R //\\ p . = (e «

—%

TN o N = S = 7 2NN T



LOWERPLATE

UNMETAMORPHOSED
UPPER PLATE

BRECCIATED
URPER PLATE
) o <t
.’. .nr'l,"!‘\"‘;l """"A"'Q —r”’"""" ?ﬂgggol-al-aszhggﬁr
’\ CHLORITIC

A' ‘\
w (P BRECCIATED
‘ ( ‘@ ‘{MYLON:TE |

| < ULTRAMYLONITE

MYLONITE

STRONG
CATACLASTIC
FABRIC

WE AK
CATACLASTIC
OVERPRINT

NONCATACLASTIC




Foliations

Quaternary sedimentary rocks

Tertiary volcanic rocks
resting on granitic gneiss
on southeast flank of mountains

30 5-9%

T Porphyritic hornblende-biotite
.~~~ .1 ogranodiorite, Oracle Granite
of Peterson {1938), Precambrian Y

@ Precambrian X granodiarite gneiss
Il

Foliations

i §m Precambrian X Pinat Schist

34
ROCKS OF METAMORPHIC CORE COMPLEX

] Coarsely crystaliine por-
‘1 phyritic granodiorite-
2] quartz monzonite

117 1-5-9-17%
Schistose mytonitic rock
derived from granitic rock

Lineations

;2':{,"'/‘}; Granitic gneiss and mylonitic
e ds i
%,57 gneiss

/ Contact AN 'if.\

ﬁ { 9 9-17-25%
.~ Fault '
N ————
4 km

oA

Fipure }. Generalized geologic map of the Picacho Mountains, Arizona (modified from Yeend, 1976}, with
lower-hemisphere equal-area net projections showing orientation of foliation in the northern Picacho Mountains
and foliation and lineation in the southern Picache Mountains {{oliation and lineation data from Yeend, 1976).
Contours are percent per one percent arex.

From Banks (1980),
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SOUTHERN PICACHO MOUNTAINS MCC.

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

quite simf]ar to the Cata1ina-Rincon MCC near Tucson. Most_of the range consists
of a foliated and variably lineated basement of Precambrian schist, gneiss and

granitic rocks (Or§c1e granite) which has been well intruded by Laramide and
mid-Tertiary plutonic rocks. Commonly these plutons are 2-mica, alkali-rich
granites and pegmatites believed to be of 40-50 m.y., late Laramide age. Our
goal is to examine a particularly well exposed detachment fault zone which is
associated with the Picacho MCC at its south end. Here the detachment separates
a lower plate of mylonitic 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 hill which we will climb, a middle piate of non-mylonitic,
brecciated and propylitized Oracle granite(?) is sandwiched between upper and
Tower plates. The detachment sequence, intruded by high level felsic dikes and
sills, together with results of geochemical and isotopic research indicate (1)
that the entire ductile to brittle deformational package did not form at great

depth and (2) that it developed insitu.

The Picacho stop will acquaint field trip 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 trip.
A few figures, maps, etc. on the Picacho area are included in the following

pages.
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Figure 2: Cross section of the Picacho detachment

zone, SE end of Picacho Mtns.:section is diagrammatic
and not to exact scale. 1 = Equigranular, mylonitic,
quartz monzonite, 24.4 m.y. age: deformation in-
creasing upward, especially at contacts with flat
felsic sills and quartz veins. 2 = Dense, very

fine grained to aphanitic {partially porphyritic)
rhyolite to aplite sills or low-angle dikes.
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-
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
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-
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-
posed microbrecciation. 8 = mylonitic Oracle
"granite” with lenses of breccia and ultramylonite. '
9 = lineated, mylonitic Oracle "granite" becoming !
less mechanically deformed lower in section. 10 =
rhyolite porphyry dikes and sills; moderately mylo-
nitic but intruding more intensely mylonite rocks;
25.9 m.y. age.
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UPPER PLATE: Volcanic rocks resting on a polisned,

silicified detachment fault.

Autobrecciated rhyodacite to andesite flow <correlatable

‘with the volcaniecs of Picacho Peak, west of I-10. Volcanic

flows have suffered intense potash weftasomatisw « loss of
sodium along with heuati:ation.

Travertine - 1like lense of carbonate and carbonate breccia
replacing? and intruaing upper plate volcanic rocks at tue
detachuent surface. llay be a hot sprin.s proguct sinilar
to what occurs nore eatensively in thne Rawhide - Buckskin
litns 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 spectal 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 will be to Took 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 chloritic breccia 1like that
examined at Picacho occurs above the mylonitic rocks along the crest of the
South Mountain $oliation arch and along its southeast flank. We will examine
these outcrops if time permits. The actual detachment fau]t is covered by
overburden but is thoucht to wrap around the east end of the arch. The isolated
Tertiary volcanic rocks of Tempe Butte and tilted 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.
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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-
relief surface underlain by late Tertiary-Quarternary surficial deposits.

Although the South Mountains were briefly mentioned by several early
geologists, they were first 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 first detailed
map and discussion of the geology of the range was done by Reynolds
and colleagues (Reynolds and others, 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. : e

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 eastern half 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. Throughout 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-
itic granodiorite becomes progressively jointed, brecciated, chloritic,
and hematitic up structural section until it is converted into chloritic
breccia. In the southern foothills of the mountains, the chloritic
breccia is overlain by a lTow-angle dislocation surface above which 1ie
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 & gently dipping mylonitic foliation
which contains a pervasive N60E-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"




"Figure 1.

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: O0ligocene alaskite; M: mylonitic rocks; CB: chloritic

breccia.
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Figure 3. Orientation of mylonitic foliation where it is present in the South Mountains.
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which mostly strike NNW, perpendicular to lineation. Inclusions in
deformed plutonic rocks are elongated parallel to 1ineation and flat-
tened perpendicular to foliation. Folds are rare in mylonitic plutonic
rocks, but are more abundant in my]on1t1ca11y deformed Precambrian
amphibolite gneiss.

Gently dipping mylonitic foliation defines an asymmetrical northeast-
trending, doub]y-p]ung1ng arch or dome. The foliation general]y dips
less than 200 where it is contained within plutonic rocks, but is more
steeply dipping where it affects Precambrian amphibolite gneiss. The
simple pattern of the arch is interrupted on its northeast end where
southwest-dipping foliation is present. This attitude of foliation
is restricted to structurally h1gh rocks which are chloritic, jointed,
and brecciated.

Excellent exposures in the range display the three dimensional dis-
tribution of mylonitic fabric and variations in its intensity. Both
the granite and granodiorite are undeformed in the core of the arch
except for jointing and minor faulting. However, both plutons exhibit
a8 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 Precdmbrian
amphibolite gneiss. -In the core of the range near the granite contact,
the amphibolites possess a Precambrian foliation which is generally
nonmylonitic, northeast—str1k1ng, and steeply dipping. The intensity
of mylonitic 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 my]on1t1c amph1bo]1te Important]y, the my-
onitic fabric also decreases in intensity upward from the main zones
of mylonitic rock. At high structural levels in the western parts of
the range, foliation in the amphibolite gneiss is again nonmylonitic,
generally east- to northeast-striking, and steeply dipping.

NNW-striking dikes are 1ikewise 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 foliation and ENE-
trending lineation. Undeformed dikes are commonly near well-foliated
dikes of similar 1ithology and strike.

Another important lithological and structural transition is exposed
along the northeast end of the range where mylonitic granodiorite grades
upward into chloritic 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
chloritic breccia. Remnants of mylonitic foliation in the granodiorite
are preserved in the breccia. Relict mylonitic foliation in the breccia
generally dips to the southwest, indicating that total disorientation
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and random rotation of the foliation did not occur, except Tocally.
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 foothills

of the range, the chloritic breccia is overlain by a dislocation sur-
face which dips gently to the northeast, Upper plate rocks above the
dislocatien 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 foliation. 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 successively 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
foliation containing a northeast-trending 1lineation. NNW-striking
dikes were intruded both during and after mylonitization. Strain
indicators in the mylonitic rocks require that during mylonitization,

-the rocks were vertically flattened and extended parallel to the linea-

tion. After mylonitization, the chloritic breccia was formed in the
response to northeast movement of rocks above the dislocation surface.
Normal, dip-s1ip movement is suggested by structures in the upper plate
rocks and underlying chlorite breccia. Arching of the mylonitic folia-
tion and chloritic breccia is probably one of the last events in the
range. It 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
profile 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 distinct foliations: a northeast-striking, steeply
dipping Precambrian foliation and a younger (middle-Tertiary) mylonitic
foliation which dips moderately to the west.

The central notch is underlain by easily eroded, Oligocene granite.
Along its western contact, the granite intrudes the Precambrian meta-
morphic Focks. Along its eastern contact, the granite grades into and
lTocally intrudes an Oligocene granodiorite (25 m.y. old) which occupies
most of the range east of the notch. The television and.radio towers
are built upon a subhorizontal tabular body of alaskite which overlies
and intrudes the granodiorite. The pronounced gentle topographic profile



Summary:

SUMMARY AND SOME SPECULATIONS ABQUT THE SOUTH MOUNTAINS CRYSTALLINE
COMPLEX (from Reynolds and Rehrig, 1980).

Some of the more important observations should be summarized

(1)

(2)

(3)

{4)

(5)

‘before inferences and speculations can be discussed.

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
mylonitic amphibolite gneiss on its southwest side.
Mylonitization in the amphibolite gneiss, plutons, and dikes
increases in intensity upward from the nonmylonitic core of the
arch. :
Mylonitic fabric cuts a broad zcne through the Precambrian
amphibolite gneiss. Rocks above and below the zone are 1itho-
logically identical, and most retain their Precambrian structure.
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
NG60OE, 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 totaily con-
fined to positions either within or below the zone of mylonitization.
They presumably represent fillings of tensional features that
formed as rocks extended parallel to Tineation.
The chlorite breccia deforms and postdates the mylonitic fabric.
Mylonitization took place under conditions of biotite stabjlity.
MyTonitization resulted in recrystallization 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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and was accompanied by very minor recrystallization of gquartz.
It 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.

(6) 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. Mylonizatjon 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
across cooling joints, dikes, aplites, and guartz veins which
postdate solidification of the plutons. :

(7) Foliation in the Precambrian amphibolite gneiss was apparently
little affected by Mesozoic and Laramide tectonics. It 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 it. =

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 strictly
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 still 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 g~ (maximum
compression) vertical, &, north-northwest, and ¢ (minimum compression)
east-northeast that was pgoposed by Rehrig and Heldrick (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. :

A1l 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, was east-northeast
during late magmatic to postmagmatic cooling and frgcturing of the
plutons. North-northwest-trending dikes the same age as mylonitization
indicate east-northeast-west-southwest extension. Mid-Tertiary dikes
outside the complex also trend north-northwest and thus indicate that

-this 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.



58

It 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 the present 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 Arjzona is unrelated to Laramide
thrusting, as has been hypothesized by some workers.

Exact temperatures of mylonitization are not known, but several
observations provide some constraints. Temperature and fluid content
must have been sufficient so that, for the strain rates involved,
quartz and some biotite could recrystallize while plagioclase and most
K-feldspar deformed brittlely. Silica must have been mobile because
quartz veins are more abundant where the rock is mylonitic than in non-
mylonitic 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 fairly low confining pressure. Dikes that are the 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
Tevels. ’ '

If the complex is analogous to similar complexes in southern ard
western Arizona, the chloritic breccia was formed in association with
an overlying dislocation surface, above which would 1i& 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 chloritic breccia
as being dominantly to the northeast. 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-
lTocation 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, tilted and faulted mid-Tertiary
sedimentary and volcanic units, and deformed Precambrian (?) granites
locally exposed near Tempe (3 to 10 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 Tow-angle, 1istric normal faults.
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THE VULTURE MOUNTAINS

The Vulture Mountains is made up of a highly listric faulted terrane of
mid-Tertiary volcanic rocks depositiona]]y on top of a crystalline basement
composed offPrecambrian mafic schist, quartzo-feldspathic gneisses and a major,
NE-trending, Laramide granodioritic batholith. Volcanics and basemént are
severely tilted on a series of NNW-striking, shallowly west-dipping listric
normal faults. There are no shallow-dipping mylonitic rocks noted in the Vulture
Mtns. such as might be expected in such areas of tilting. Such brittle,
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 tﬁe 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
precioué metals occurrences and prospects of small size which are found in
individual fault or fissure veins and associated with argillized areas in late
Tertiary felsic intrusive bodies. The Vulture district produce& 970,000 tons of
ore recovering 350,000 oz. Au, 264,000 oz. Ag, 298,000 Ibs.‘Cu and 1,796,000
1bs. Pb.
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GEOLOGY GEOCHRONOLOGY AND LISTRIC NORMAL
FAULTING OF THE VULTURE MOUNTAINS
MARICOPA COUNTY, ARIZONA

by William A. Rehrig,
Muhammad Sahafiqullah and Paul E. Damon

The Vulture Mountains, located near Wickenburg, about 50 miles northwest
of Phoenix, consists principally of a faulted and tilted series of volcanic
rocks surrounded and underlain by a plutonic and metamorphic basement.
Intermittant geologic work during the past 10 years supported by chemical,
isotopic and radiometric age analyses has led to a new appreciation of
Miocene-0ligene volcanism and a fascinating period of extensional
tectonism earlier and more profound than the traditional basin and range
disturbance.

TN O AR LI Y B

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 listric normal type. In _
the Vulture Mountains, tilting on these faults is toward the northeast. :
These rotations extend with progressively less effect to the northeast - g
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 :
on other sides as well. Taken collectively, the geometry and displacements °
of this fault system form an intriguing picture of northeast-directed
crustal extension. ‘ :

B

Two distinct 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 Vu1tufe Mountains consist of a Precambrian
metamorphic-jgneous basement intruded by a composite Laramide batholith.
Tertiary rocks include hypabyssal intrusive and extrusive rocks (Figure 1). .

Precambrian rock types exhibit a crude northeast-oriented outcrop
pattern across the range (Figure 1). To the north {and between Vulture
and Caballeros Peaks) a-coarse-grained, porphyritic granite occurs
which resembles 1400 or 1700 m.y. granites in adjacent areas. A 2-3 mile
wide, northeast<striking zone of gneissic granite to granodiorite with

-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}.- - -

A large, composite granodiorite pluton intrudes the core of the
granitic gneiss belt. The pluton is dated at 68.4 m.y. It forms a _
highly elongate, dike-like mass extending well beyond the margins of the
Vulture Quadrangle. The bathoTith is known as the Wickenburg batholith.
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Postbatholith rocks include silicic and basic volcanic sequences--the
former is tilted on listric faults. Above a reddish-colored basal
conglomerate rest the silicic volcanics consisting of rhyolitic lava
flows, welded tuffs and pyroclastic-volcaniclastic rocks interbedded with
minor basaltic andesite to rhyodacitic lava flows. The basal volcanic
unit is a buff to yellowish 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 biotite 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 silicic 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
flows and vitrophyres.

Chemically, the silicic volcanics are characterized by ultrapotassic
rhyolite with 5102, Al,0, and K20>90%. The KZO content of these rocks
is exceedingly high ang %or silicic 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 alkali-
Al7053 molecular rations > 1. Some more basic flow rocks sandwiched
between the rhyolites have < 60% Si0,1, lower alkali contents and are
basaltic andesites. '

In contrast to the silicic sequence are the blocky basalt flows
outcropping on Black Mountain and on Twin Peaks (Figure 1). Chemically
this flow sequence is distinguished by relatively low-alkali content
(Na > K), high Ca0, NaQ 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 tegtonic relationships in the southwestern U. S. These
features are: f1) ®E structural control of Laramide plutonism,.

" (2) NNW control of mid-Tertiary plutonism, (3) listric normal faulting

associated with mid-Tertiary silicic/potash-rich volcanic rocks, and -
(4) a fundamental change in tectonic style and volcanic petrology that
tock 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 1istric -
faulting which tiTted shallow.crustal rocks and extended them NE to E,
in a direction approximately normal.to the strike of the dike swarms.
Silicic volcanics in the Vulture Mountains have been strongly affected by
this style of deformation (Figure 1). The flat-lying Black Mountain and
related basalts post-date the deformation, thus, bracketing the listric
faulting event to the broad interval 26 to 13.5 m.y. Undeformed .
ultrapotassic rhyolite dikes intruding the flat listric 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 vertical-
directed tectonics), (2;’a major petrologic change from silicic, calc-
alkaline vo]c§9ism éSrS /Sr85=0.708)7to more primative basalt
magmatism (Sr8//5r8620.705). These litho-tectonic changes show a
similar timing regionally. ‘

The regfona] setting of the Vulture Mountains on the northeast
flank 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 (listric faulting)

and core complex. The basic factor common to both is ductile or
penetrative shallow crustal stretching below a relative thin, brittle,
surficial layer (Figure 3). Stretching in the ductile layer (mylonite
formation?) and Tistric fault extension in the brittle 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
vertically directed, faults penetrated deeper through a cooling and
more rigid crust and allowed relatively uncontaminated sub-crustal

" melts access to the surface.




- | L a

.

K]

-~

. y

L

B

{

. | —

[l

s Bl S s 4

s

EXPLANATION

0“""‘"1{ D Recent At Cover

{ Baxot —
| OS] R Pyl ot

71

R7w|Rew ' _ . RE6W|RSW

a——

Sheic, dvoponnse
mnn-ru

Rrthask

[ Gramm Grems © T

(5] et sevm
N~

[Granod
Drorite, ond Quarts Mongamite)

% Coorse-Graned Duarfz

Monzonde

TS GEQLOGK CONTACT
(inferred Where Dasned) ;¢

3 0e eveed

oy,

A
o\ R

S STAKE ond OIP
~= 'RLIATON ATTITDE &,

K-As SAMPLE SITE

Daes $4s

[y
v,

WSS

ce
hedbit]

o

L)
H-40

' M
RTWIREW : A ' hley

: ! " TwiM pxs,
A i Pond in Sextien. y

VULTURE NINE RO, A
VULTURE-CABALLERG FAULT r

*peo
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Fig.3. Working hypothesis for development of Uistric faulting in the Big Horn-Vulture antiform
{a) and Harcuvar metamorphic core complex (b). Large black arrows represent lateral extensional
stress toward the northeast or southwest. Vertical dashed lines through plates | and 2 show
extensional strain. ' : ,

~ (a) Active lateral crustal extension combined with north-northwest-northwest-trending, mid-Ter- .
tfary dike swarms {B) allow zone 2 to expand past zone 1. This differential extensional strain is
taken up by listric 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
rocks (C). Continued stretching and dilatian in zones 2 and 3 result in Ustric faulting and diiferen-
tial shear (dislocation surface} between ductile plate 2 and rigid plate 1 (D) (E}. Severe thinning in
plate 2 and tectonic removal of plate 1 initiate Isostatic uplift (F) and lead to present configuration

?f n&etamorphic core complex (G). Figure3b is based on text and figure 8 of Rehrig and Reynolds
n.d.}. . ’ o .
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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

Sa]dme. The complex is formed by a combination of low-angle structural and
met amorphic events of compressional origin and late Messozoic age with equally
shallow-dipping, my]onitizatioﬁ and detachment structure caused by mid-Tertiary
extension. The Tertiary deformation is found at the eastern end of the complex,
where it errprints structure of Laramide age. Abbreviated descriptions, sketch

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

We will start by quickly looking at the Eagle Eve Peak detachment locality south
of Aguila. Both Tertiary mylonitic rocks and gold-bearing chloritic 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 will éxamine an excellent exposure of the Hercules
thrust fault, one of the major structures whicﬁ has' placed Precambrian
met amorphic rocks on top of Mesqioic metasediments. This thrust as well as

others structurally above it have affected the localization of precious metals
mineralization in this region and we will compare details of the thrust zone
with those in the Tertiary detachment zones. Later as we proceed toward Bouse on
State Route 72, we will 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 is
suggested merely by the en echelon, ENE-trend to these ranges (parallel to the

Harcuvar and Harquahala ranges). Lower-plate rocks of the Buckskins consist of



variably mylonitized metamorphic and plutonic rock thought to be an extemely
complex, tectonized mass of Precambrian basement, Paleozoic and Mesozoic
sedimentary rocks. Mesozoic thrusting and strong metamorphic gradients have bgen
superimposed by higher-level, mid-Tertiary mylonitizatioh and detachment. The
detachment fault zones which fringe the edges of the NE-folfation arches are the
foci for numerous hematite-coppef-go]d, coppér and manganése occurrences (refer
to following pages of data). We will examine the Swansea and Clara Park copper

and copper-gold mines.
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exhibit the smoath 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 by
allochthonous Paleozoic, Mesozoic. and- Cenozoic sedimentary rocks (Wilson. 1962; Wilson and
others, 1969). Our recent and more detailed work indicates that most of the gneissic “basement™ is not
due to Precambrian deformation. but is the result of Mesozoic and Cenozoic plutonic, metamorphic,
and tectonic events. The protoliths 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-

. yoo.
tains and adjoining area to the west of the Harcuvar complex.

Harquahala Mountains

The main central and eastern mass of the Harquahala Mountains is composed of granitic 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 iri 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 leucocratic alaskite and pegmatite.
Other parts of the crystalline core are composed of migmatite. amphibolite. and biotite-bearing
quartzofeldspathic 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 vield somewhat discordant K-Ar hornblende and
biotite ages of 28.6 and 22.1 m.y., respectively (Table I). )

South of the crystalline rocks, recognizable Paleozoic and Mesozoic sedimentary rocks are pre-
served (Fig. 6). Along the southern flank of the range, interbedded feldspathic 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 progressive 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 foldsina 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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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. contorred. or
covered by aluvium.

Recent mapping by S. B. Keith and S. J. Reynolds {1980, oral commun.) reveals that major rock
units in this range are separated by multiple flat thrust faults. The impact of these structures on the
pre-Tertiary history of this reigon is profound.

The youngest rocks of the range are probably those exposed at its extreme northeast end (Fig. 6).
Here a sequence of dark. mid-Tertiarv(?) volcanic breccia. conglomerate, sandstone. and siltstone dips
30°SW and is underlain by a dislocation surface that dips gently eastward. Below the dislocation
surface are chloritic mylonitic gneisses that contain a pronounced N60°E-trending cataclastic
lineation.

y P

Y4
Mts. A2 W,

“Alamg Dam

Figure 4. Geography and locations of samples used for dating, Harcuvar metamorphic core complex. Numbers
refer to samples in Table 1.
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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 geclogic 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 overturnedy; 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. porphuvritic granite underlies these sedimentary rocks in both the Little Harqua-
hala and southwestern Harquahala Mountains. The contact between the Paleozoic rocks and the

. - =

Figure 3. Structure map. Harcuvar metamorphic core complex. Refer to Figure 6 for explanation of symbology.
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variable, but generally dips about 30° to the southwest (Fig. 5). This orientation of foliation dictates
that structurally lower rocks are exposed to the northeast. Indeed. toward the northeast. the graniteis
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. The foliated granite and these later intrusions are ali discordantly intruded by 2
swarm of northwest-trendmg Tertiary(?) dikes of andesite. microdiorite, and coarse, hornblende-
bearing diorite.

Roof pendants in the granite and mlzmames adjacent to the granite consist of amphibolite. quartzo-
feldspathic gneiss. micaceous schist. ‘foliated granodiorite-granite. and a variety of alaskite and
pegmatite. These metamorphic rocks generally containa northwest-trending metamorphic (nonmylon-
itic) lineation that is at least locally parallel to axes of ﬂe\(ural-ﬂow and passive-flow folds. This fabric
is largely pre-Tertiary. as K- AT apparent ages of 70.3 m. y. on hornblende and 51 m.y. on biotite have
been obtained from rocks comammg the northwest-trending lineation (Table 1).

Near Cunningham Pass (Fig. 4), the: nonhwést-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 mvlonitic foliation and southwest-trending lineation. There is. therefore.
evidence for two deformational-metamorphic events separated by the intrusion of leucocratic 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 1) on the mylonitic gneisses indicates mid-Tertiary cooling and
possibly an equally voung age for the myionitization. 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 structuraliy higher levels along the top and outer
margins of the range: thus an arched carap'ace 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 underlving gneisses. In isolated
hills above the dislocation surface are allochthonous mid-Tertiary volcanic and sedimentary strata. An
additional interesting assembiage 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 lineation. 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 tuffs. The Tertiary section dips moderately to the
southwest and is in part the same section exposed in the aforementioned aliochthonous blocks.

Buckskin and Rawhide Mountains

The following discussion is based both on the excellent study by Shackeiford (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 mylonitic
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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IN THE WHIPPLE MOUNTAINS, CALIFORNIA AND BUCKSKIN MOUNTAINS, ARIZONA

Joe Wilkins, Jr. Tom L. Heidrick

Gulf Mineral Resources Co. Gulf Mineral Resources Co.
2015 North Forbes Blvd. Ste. #105 1720 So. Bellaire

Tucson, Arizona 35745 Denver, Colorado 80222




IR T






|
2
i

©;

Ty a2

. ag

53}

P i , i pi
e et R
E ! \ s

)\\..

\

g

.. T 0 (_7)Q:
‘Q,“,, g‘“}%gm \,_,*T‘\\l N

.

~_ _/\
( . Ale m mﬁlﬁ "//‘ﬂr?l‘\sz’z
( DR - EN i

b
r7N

NN

L Py .
VY )

4 :.:,7\_. AN

$o
57 %
S

jo

b 2{@ ‘Baur@n?
M /53 %@M~ 54
R
. /
¢

P N\ oy s
[ Pragmip bume Goly ftin e’ 2]
"Il A ‘\
(o N °
E ond IR = 1PN
‘, . TAS Qe ers

RO

&, ~
S e

@“ :’/\

sl
“‘.“':Q‘D\Jfﬁ'dﬁg‘.\s?” -

S
S
2, o 7%

'Aﬁ%@ o

R
(ETRAT

B p"\,g.
i a? =
W ki

N ‘,f\'._»’u'{’,ﬂ )
SR
T, DT

L%

i A

,)-—93'5‘ .

Vidal Junction 1
920 '

N\

o i
Averlp M

— M
Moy ekt =S e

-+ Dlanli:ﬂrjl:::ﬁ:vigl':ll:n)(

o ot =

4

LRI
y)
g L’A’ A%

i |
)
A 75150y Topexs 1 ; &\é'hrs Calzbpa S
N vigatrat NS e
N~ — | 3
S T~ AT 4657/
/

R 21E

45°

7

R 22 ¢

Miller, C.,

7
198l

BLYTHNE 1)) MI.

BOUSE 16 M1

. g )
...._714 S
R a ) .l
W T A g
L - ¥/ <7
Ay ! ¥/ 8
3y L o o
rlvh; : | fatanal I 3 W
H . 4 < 1 et
C YER A, N E
¥ p— ' et oL X
GATIQN. of* 7
s TR e CRE 1. Lo
g e\ RRA TS T 1.
g Lost Lgis: Lnndmg ) L e i ‘,I" 1673 7 il Ld;\_,f feg L RIB W .
R 24 E Bo2uwW 75‘ ' . 15¢ i 1y W g 400000 FEET (ARIZ. WEST) 7

® INIERIUR - wEOGLOGILA

SUR—



THE WHIPPLE MTN. MCC

Magnificently exposed just northwest of Parker, Ar.1'zona in California is the
Whipple metamorphic core complex. What makes it special is its broad dome-like
morphology and the klippen of upper-plate, Tertiary volcanic rocks still
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 w1H 4-wheel it up Bowman Wash into Copper Basin passing through the brick
red to black outcrops of the 20* to 16 m.y. old Copper Basin vo]camc
continental sequence (Correlates with the Chapin Wash Fm. seen yesterday in the
Buckskin Mtns. of Arizona). These rocks are tilted and fragmented in chaotic
fashion on top the Whipple Mtn. detachment fault zone. The volcanics and
fang]omerates are potassically altered as are upper-plate rgcks seen in the

Picacho and Harcuvar complexes.

At the entrance to the Copper Basin we will 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 will see
that the crystalline metamorphic and granitic rocks are part of a nonmylonitic
(in a Tertiary sense) middle plate. This chloritic brecciated plate was the site
for rather extensive copper (minor gold) mineralizaﬁio_n associated with a flat,
intrusive body of dacite porphyry. We will walk into the western part of the

copper deposit, checking out the detachment setting and silicified, gossan

~outcrops formed by'ﬂaﬂy dipping detachment fault zones.
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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, = older Tertiary (Gene Canyon) sedi-
mentary and volcanic rocks; T, = younger Tertiary (Copper Basin ?) sedimentary and volcanic rocks

deposited across the deLachment 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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ABSTRACT

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

Acte.

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
in 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
dislocation 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 these 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~Ar 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 thought to include pre-dislocation
mineral deposits and syntectonic volcanic—
Metallogenic pulses.

INTRODUCTION
General Statement

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

MINERAL OCCURRENCES IN THE WHIPPLE MOUNTAINS
WILDERNESS STUDY AREA, SAN BERNARDINO COUNTY, CALIFORNIA

éigyu4azbdlxwu,fféﬂﬁkdlua;ﬁ
b47{&/L4ﬁ\€ - lg?B‘&5

James Ridenour, Phillip R. Moyle, and Spencee L. Willett
U. S. Department of the Interior, Bureau of Mines
Western Field Operations Center
E. 360 Third Avenue
Spokane, Washington 99202

1976), U. S. Bureau of Mines 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-May 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 1. 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
»Field 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. B

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 faulting, and geologic history
in the Whipple Mountains. 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 1° 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
Mines and California Division of Mines and Geology
personnel. The tectonic history of the Vidal-Parker
region has been presented by Carr (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

69
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which the Whipple Mountains is but one, have been
fecently compiled by Crittenden and others (1980) and
Coney and Reynolds (1980). Schuiling's work (1978)
on the mineral assemblages of the Sacramento
Mountains was used as a comparison to the assemblages
we observed in the Whipple Hountains.

Mining in the Study Area

Bureau of Mines statistical files show that 5,123
rons of ore have been reported from 56 mines in the
whipple mining district beginming in 1906 and ending
{n 1969. The historic value of the ore is estimated
at 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
remaining seven percent of the ore's value. In ad-
dition to gold—copper ores, about 2,500 tons of
manganese were produced from five mines between World
var I and the 1950°'s. Much of the mining activity
has been limited to intermittent extraction of rela-
gively 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 by 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 Uar II.

MINERAL OCCURRENCES
General Statement

The investigation of mineral potential of the
Whipple Mountains WSA 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 terrames across its surface.

As described by Davis and others (1980, p. 79), the
fault ’

.«.separates a lower-plate assemblage of
Precambrian to Mesozoic or lower .Cenozoic
igneous and metamorphic rocks and their
deeper, mylonitic equivalents from an
allochthonous, lithologically varied upper
plate.

The allochthonous units (Davis and others, 1980, P
80) :

+s+include Precambrian to Mesozoic crystal=-
line rocks, Paleozoic and Mesozoic meta-
sedimentary rocks, Mesozoic metavolcanic
rocks, and Tertiary volcanic and ‘sedimentary
rocks.

Inmediately below the Whipple detachment' fault lies
an altered and highly disturbed zorie termed the
chlorite breccia zome (Frost, 1980). This zone is

7

capped by a 2-to 25-cm~thick, resistant, flinty
microbreccia (Davis and others, 1980, p. 112);
consistent striae directions of N 50%10° E have
been measured on its surface, indicating transport
direction of the allochthon.

Salient geologic history of the Whipple
Mountains, 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 Oligocene (?) to middle
Miocene dislocation of the allochthonous terrane.
The Whipple Mountains 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 in both lower
and upper plate positions and are megascopically
indicated by the presence of chrysocolla, malachite,
and iron oxides. Associated with these commodities
is a pervasive chlorite-dominant propylitic altera-
tion. The barite-manganese~iron~copper—gold-silver
assemblage and its alteration products suggest epi-
thermal temperatures associated with Tertiary volcan-
ism (Park and MacDiarmid, 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 1. 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+
chrysocollatbarite)-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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Table 1. Petrographic Summary

Name Setting Rock type Assemblages (minerals in decreasing order of abundance) Paragenetic Summary

Whipple Wash prospect Lover plate Chlorite breccia quartz-chlorite-sericite-sulfidesslimonite-clay Fracturing followed by simultaneous introduction of
silica, sericite, chlorite-clay, and gulfides.

Crescent Group Upper plate Quartz vein quartz-chrysocolla-limonite~malachite-sericite Fracturing followed by Introduction of veln quartz
. and chalcopyrite accompanied by sllification and
sericitic alteration; further fracturing followed
by oxidation of chalcopyrite to Iimonite, chryso-
colla, and walachite, accompanied by deposition of
" chalcedony.

Lortie Group Upper plate Brecclated porphyritic granite | gquartz-clay-limonite-chrysocolla Brecciation followed by Introduction of chalcopyrite and
N its alteratfon to iimonite and chrysocolla; alteration
of plagloclase to clay.

(73

Nickel Plate Mine Upper plate Adamellite microbreccia quartz-clay-limonite~chrysocolla-sulfides Microbrecciation followed by introduction of quartz,
pyrite, chalcopyrite, and sericite. Later argillic

alreration of plagioclase.

Lucky Green Group Lower plate Granitic cataclasite quartz-sericite-chalcopyrite-iimonite-malachite Fracturing followed by quartz-sericite-sulfide minerali-
zation; supergene alteration of chalcopyrite to
limonite and malachite.

Blue Bird Hine Lower plate } Graphic granlte breccla quartz-sericite-nontronite (?)-barite~chrysocoila-chlorite-1imonite | Brecclation followed by introduction of quartz, non-
tronite (?), sericite, barite, .and sulfides. Super-
gene alteration of sulfldes to limonite and chrysocolla.

Nev American Eagle Mine | Lover plate | Sodic dacite porphyry (dike?) quartz-chlorite-sulf ides-sericite-limonite Deformation followed by introduction of quartz, sulfides,
. chlorite, and sericite. Supergene limonitic alteration.

New ‘American Eagle Mine | Lower plate | Siliceous volcanle breccia quartz-limonite-malachite-clay Brecclation followed by imtroduction of quartz and sulfides.
supergene alteration of sulfides to limonite, malachite,
and clay.




jower plate position; they have been identified
within 2 zone . approximately 1200 feet both above and
pelow the detachment surface. Faults, particularly
ljsttic 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 26° 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° SHW. Upper plate
data confirm the suspected structural control of
these occurrences by NE-dipping listric and
sympathetic normal faults and SW-dipping antithetic
and bedding plane faults. The dominant lower plate
structural grain is within limits predictable for
rension fractures resulting from the N 50%10° E
direction of crustal extension and direction of
movement of the upper plate.

DISCUSSION

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 that 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 Jislocation 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%1.0-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 Miocene (lavis and others,

1980, p. 95). Paragenetic relationships at the Lucky
Green Group indicate that mineralization resulteu
during extensional fracturing discordant to earlier
mylonitic fabric; those at the prospect in lower
Whipple Wash indicate that sulfides formed during or
after formation of the chlorite breccia. Finally, a
K-Ar date on sericite from the Nickel Plate Mine is
placed at 24.5%0.7-m.y., indicating probable
formation_of mineralization at this locality during
early stages of dislocationm.

TG e T Bl R

In summary, we interpret the mineral assemblages
. 3s having been transported in a low to moderate
temperature hydrothemmal system, coeval with dis-
location of the allochthon, and deposited in
favorable physical and geochemical environments. As
the dislocation process spanned some 10 million
years and apparently was not a continuous process, as
indicated by local erosion into the chlorite breccia
Zone followed by renewed dislocation (Davis and
others, 1980, p. 95), so must mineralization have
also been somewhat discontinuous, if the two proces-
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
Whipple 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.



~ appear to range from rhyolite to andesite.

While this suggests its mineralization may signifi-
cantly predate dislocation and, therefore, may have
been transported, at least 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 llountains 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
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&V Mine (Aubury, 1908, p. 337) and New American
Eagle Mine (Wilson, 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 Mine, 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 17.710.6-m.y. for Gene
Canyon and Copper Basin volcanic rocks, respectively
(Anderson and Frost, 1981, p. 36). 1In addition, Carr
(1981, p. 18) cites evidence of intermediate to
calc~alkaline volcanism ranging in age from about 22
to 18 m.y., and basaltic volcanism beginning about 15
m.y. ago in the Whipple llountains 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 the
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 additionm,
thicker sections of upper plate crystalline rocks may
be likely hosts for entrapment of ascending hydro-
thermal fluids generated during dislocation as well
as fuvorable 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 flat fault

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

crystalline lower plate lithologies, but commonly it 1is found within the
pre-Tertiary rocks. Important differences between the Riverside fault and the
Whipple detachment is that the former has no significant chloritic breccia and
is not underlain by mylonitic rgcks. Details on the overall geology of the range

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

We will enter the range from the southeast, sfopping first to examine a
mismapped contact originally interpreted to be the Riverside detachment fault.

Farther into the range the actual detachment structure will be observed where it

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'whipp1e Mtns.






INTERRELATIONSHIP OF LATE MESOZOIC THRUST FAULTING AND
MID-TERTIARY DETACHMENT FAULTING IN THE RIVERSIDE MOUNTAINS,
SOUTHEASTERN CALIFORNIA

JOHN H. LYLE
Department of Geological Sciences
San Diego State University
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. Carr and Dickey
(1980) label the low-angle fault the Whipple detach-
ment fault and also show Mesozoic and Paleozoic thrust
stacks on Precambrian units in the lower plate.

The Riverside Mountains resemble a horse-shoe
morphology open to the morth. The eastern Riversides
define a major southwest-plunging antiform with several
minor antiforms and synforms forming the rest of the
range as a result of mid-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-mylonitic, relatively unaffected lower plate
consisting of interleaves of upright and overturned
Paleozoic and Mesozoic sequences between Precambrian
crystalline units that reflect deep-seated Mesozoic
tompressional deformation. Kinematic indicators suggest
upper-plate transport to the northeast above a-lower
plate that shows partial K-Ar resetting to 38 myBP
Just below the fault. Lower plate metamorphic mineral
assembleges suggest greenschist grade metamorphism
and physical conditions of formation of 350-450° and
2-7kb. As a result, Paleozoic sequences display a

highly ductile deformation fabric, yet remain relatively
intact.

The lower-plate Mesozoic deformational history
has been interpreted by palinspastically removing the
nid-Tertiary deformation. Two distinct episodes of
Mesozoic folding and thrusting (f3,f7) have been recog-
nized on the basis of superposed large-and small-scale
folds and their associated structural elements. North-
vast-verging folds (f;) are most conspicuous in all

. lower-plate rocks as they refold previously formed f;

folds and thrusts and produce a locally developed
fnrtheast~trending lineation. F; folds are east to
Stutheast vergent, generally recumbent and fold in-
Verted thrust limbs. Although geochronologic data is
Puorly constrained, the fl east-to southeast-vergent
folds seemingly reflect elements of the late Mesozoic
Suvier foreland fold and thrust belt.
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The thick Precambrian section and interleaved ~
metasedimentary 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. 1f so, the origin of the northeast-trending
lineation associated with northeast-vergent folds (fz)
in the Riversides may be explained as a result of
antithetic 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

‘tectonie windows are products of the mid-Tertiary

crystal warping associated with the development of
detachment-related antiforms and synforms.

INTRODUCTION
The Significance of Mid-Tertiary Overprint

Ernie Anderson's study (1971) of low-angle fault-
ing in the Eldorado Mountains, Nevada, 100 km north of
Needles, California, was geologically, a revolutionary
breakthrough. His work was the first to attribute the
low-angle faults of the Colorado River area to non-
compressional 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 a 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 with
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-like surface folded into an antiformal-
synformal 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; Otton and Dokka, 1981; Frost and Cameron, 1981)
indicate that many ranges in southeastern California-
and southern and western Arizona probably owe their



morphology to the development of northwest-and/or
northeast~-trending antiformal-synformal basement warps,
which appear to be related to the origin of regional
detachment faulting. The recognition of this Tertiary
deformational overprint has provided the geometric and
kinematic constraints to palinspastically remove the
penetrative Tertiary deformation from the exposed geo-
logic record. In areas that involve Sevier and/or
Laramide related folding and thrusting, Tertiary
crustal warping has exposed these features allowing
the deciphering of pre-detachment structural configur-
ations and kinematics. It is extremely important
therefore, that low-angle faults be correctly identi-
fied ss either mid-Tertiary "extensional" detachment
faults or "compressional™ Mesozoic thrust faults, in
order to correctly interpret the geologic history of
an area.

This paper describes the geologic characteristics
and kinematics of detachment faulting and the effects
of their superposition on Mesozoic deep-seated compres-
sional deformations that are recorded in the Riverside
Mountains of southeastern California. The Riversides
are unique in that they are perhaps the clearest exam-
ple of the mid-Tertiary extensional overprint on
Mesozoic compressional features in the lower Colorado
River region.

Repgional Mesozoic (Sevier-Laramide) Folding and Thrusting

Several works in the recent literature describe
thrust faults related to compressional tectonics in the
lower Colorado River region and adjacent areas (Fig.1)
Burchfiel and Davis (1971) describe east-directed thrust
faulting and folding in the Clark Mountains, California
as a continuum of the Sevier (Mesozoic) foreland fold
and thrust belt. In a later paper (1977) they extend
the thrust belt further south to the New York Mountains,
California. Like the Clark Mountains, the same sense
of eastward-fold vergence and thrusting prevails but
with a different structural style, which they attribute
to the change in tectonic setting from a miogeoclinal
to a cratonal environment.

Howard, Miller and Stone (1980) and Howard {1981)
describe southeast-vergent folds and associated thrusts
in the Little Piute Mountains, Old Woman Mountains and
Kilbeck Hills, and suggest the continuance of the
foreland fold and thrust further to the south. They
note that deformation is highly ductile with local mera-
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 described as being both northeast (Hamilton,
1971; this volume) and southvest vergence (Ellis, 1981;
this volume) and southwest vergence (Ellis, 1981; this
volume; Ellis and others, 1981). Southwest~to south-
vergent folds and associated thrust faults. have also
been described in the Little Maria Mountains (Emerson, -
1981), Palen Mountains (Demaree, 1981), and Arica Moun-
tains (Baltz, this volume) and seem to be associated
with southwest-vergent ductile nappes, which Krummenacher
and others (1981) attribute to northeast-directed under-
thrusting.

In the Chocolate and Peter Kane Mountains further
south, Haxel and Dillon (1978) describe thrust faults
related to the Vincent-Chocolate Mountains thrust system,
Considerable controversy exists about the kinematics of
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this system, with both northeast underthrusting ang -

overthrusting as possibilities (Haxel and Dillnn,-u;‘_
Jacobson, 1980). -

Thrust faulting in the Plomosa Mountains, Arizony
has ‘been described by Miller (1970) and Miller and
McKee (1971) although data describing kinematicg and
timing are loosely tonstrained. Thrust faults dip ean.
ward separating upper-plate fossiliferous Paleozoie
sections from lower-plate deformed Paleozoic sectiony,
They suggest that the eastward dip and spatial relatige.
ships of Paleozoic sections in western Arizona indicqr,
that the upper plate moved westward relative to the
lower plate.

The Harquahala Mountains of western Arizona, cop.
tain many thrusts that can be related to compreasiony)
tectonics as described by Reynolds, Keith, and Coney
(1980). In the Harquahalas, southeast-vergent foldg
are discordantly severed by a later episode of thrust.
ing that Reynolds and others interpret as having north.
erly to northeast tectonic transport.

The thrust faults in ranges described above and
shown in Figure 1 are unequivocally of compressional
origin. Several other ranges shown in Figure 1 may
actually contain thrust faults as well, but Tertiary
extensional deformation makes original genetic infereny
difficult. The ages of the thrust faults described
above are not tightly constrained, making it diffieu};
to correlate faults in one range to those in other Tangs

Regional Mid-Tertiary Detachment Faulting

Mid-Tertiary detachment faults in the Colorade
River area and adjacent ranges (Fig. 1) are well docy-
mented in the literature. Where detachment faulting
and associated deformation are superposed on Mesozoic
and Tertiary mylonitic terrames, the term "metamomhir
core complexes” has been used (Dawis and Coney, 1915;
Crittenden and others, 1980).

Shackelford (1975, 1976a, 1976b, 1980) was the
first to describe this relationship in the lower
Colorado River region in his studies of the Rawhide
Mountains of western Arizona. Davis and others (1971,
1979, 1980), Rehrig and Reynolds (1980), Dickey and
others (1980), Frost and Otton (1981), and Lucchitts
and Suneson (1977, 1980) have also described extensive
areas of detachment faulting in the Whipple, Buckskin,
Rawhide, Harcuvar, and Harquahala Mountains of westers
Arizona and eastern California. 1In these ranges, Bid

Tertiary clastic and volcanic rocks dip rather uniforsi: -

to the southwest, suggesting northeastward transport
above the regionally subhorizontal detachment fault.
This detachment fault is folded into a series of majet,
antiformal-synformal structures, which expose the love
plate by creating the mountain ranges in this terrane
(Davis and others, 1979, 1980).

In the Riverside Mountains a detachment fault is
locally exposed along the southern margin of the rangr
This low-angle fault is folded into an antiformal-sye
formal geometry. Northeast-dipping normal faults i8
the upper plate rotate strata to the southwest indiest
ing motion to the northeast (Carr and Dickey, 1980;
Carr, 1981).

Detachment faults are also seen to the south of
the Riversides in western Arizona in the Trigos (Garo”
and others, this volume), Mohawks (Mueller and otherf:
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this volume), Baker Peaks - Copper Mountains (Pridmore
and Craig, this volume), and Castle Dome Mountains
(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, 19B1;
this volume) and Midway Mountains (Berg and others,
this volume).

Previous Studies In The Riverside Mountains

Previous geological 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, leaving the extensive workings
in the range in total 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 Mineralogist in reference
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 to gold, copper, silver and manganese mineraliza-
tion. Some of the ore deposits described are "as much
as 15 feet thick, and extend to depths of 200 feet."
Brief mention is also made of extensive gypsum deposits,
which are sporadically located throughout the range.

Hamilton (1964, 1971) has described isoclinally
folded complexes of thrust sheets involving Pre-
cambrian basement interleaved with Paleozoic meta~-
sedimentary rocks, which are overprinted by Tertiary
low-angle faulting 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).

Carr and Dickey (1976, 1977, 1980) and Carr (1981)
describe stacks of imbricate thrust faults of Mesozoic
and Paleozoic rocks on Precambrian basement in the
Riverside Mountains. They label Hamilton's (1964)
low-angle fault in the southern Riversides as the
Whipple detachment fauilt. Carr (1981) and Carr and
Dickey (1977, 1980) also suggest that Hamilton's
interval of Coconino Sandstone in the Paleozoic section
may be equivalent to the Queantoweap Sandstone of
McNair (1951). They also defined a number of Mesozoic

{?) units in their efforts to unravel the complicated
Structure of the range.

Recent work by Stone, Howard, and Hamilton (in
press) in various ranges throughout southeastern
California suggests that the metasedimentary section
exposed in the Riverside Mountains probably correlates
more accurately with the classie Paleozoic Grand Canyon
scquence. Many of the units defined by Carr and Dickey
(1980) are assigned Paleozoic formation names correla~

tive with exposures in the nearby Big Maria Mountains
(Stone and others, in press). ’
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GEOLOGY OF THE RIVERSIDE MOUNTAINS
General Description

- The Riverside Mountains are located approxinatgl,
50 lm north of Blythe, California (Fig. 1). The p

is horse-shoe shaped, with its open end facing north,
This distinct morphology is a product of mid—Ibr;uu,
deformation, and the development of large-scale north.
east-trending antiforms and synforms (see Figure 2,
northeast~trending f3~ fold axes). A low-angle norma)
fault, or detachment fault, divides the range into tyg
distinct structural provinces: an upper plate charagt.
erized by brittley distended Tertiary volcanic and
clastic rocks, Precambrian basement, and minor eccur.
rences of Paleozoic and Mesozoic metasediments; and 4
lower plate that reflects deep-crustal deformationg
with interleaves of upright and overturned Paleozoie

and Mesozoic sequences between Precambrian crystalline
units (Fig., 2).

Stratigraphy
The lithologic units within the Riverside Moun-
tains are diverse and range in age from Precambrian
crystalline rocks to recent alluvial deposits (P1g.3),

Precambrian Metamorphic Rocks

Precambrian metamorphic rocks exposed in the
Riverside Mountains consist of quartzo-feldspathic
metasedimentary rocks and a variety of granitic meta-
plutonic units similar to those described in the
Whipple Mountains by Davis and others (1979, 1980).
These units are highly deformed, locally migmatitic an¢
are generally much coarser than Paleozoic and Mesozoir
metasedimentary units found in the range. A large -
body of the 1.4-1.5 byBP rapakivi granite (Silver and
others, 1977; Anderson and other, 1979) is present on
the southwestern side of the Riversides.

Paleozoic Metasedimentary Rocks

Paleozoic metasedimentary rocks are exposed pre-
dominately in the eastern Riversides. Although impres-
sively deformed in most localities, the Paleozoic sec- -
tion remains relatively intact within individuval, fault-
bounded sheets. On a lithologic basis, the sequence
correlates with the classic Grand Canyon sequence
described by McKee (1976). Hamilton (1971) and Stoue,
Howard and Hamilton (in press) suggest that, although
there are minor stratigraphic variations in Paleozoit
sections exposed in the Riverside, Big Maria, Little
Maria, Arica and Palen Pass areas in southeastern,
California, a remarkable lithostratigraphic correlstion
exsists with the Grand Canyon section. Ductile defor~
mation and greenschist-grade metamorphism have destro-
yed nearly all macro and micro fossils and make any
accurate estimation of the original depositional thick
ness vety difficult. The units are still 1ithologicallr
distinct and therefore are of enormous aid in decipher
ing the structure of the range,

The base of the Paleozoic section in the
Riversides is always in tectonic contact with either
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Precambrian or Mesozoic metamorphic rocks. Both the
Tapeats Sandstone and Bright Angel Shale were original-
ly present, but are faulted out of the Paleozoic sec-
tions in most parts of the Riversides. Where they are
exposed, these units are relatively thin, well-foliated
micaceous quartzite and phyllite. They tend to be
highly deformed with small-scale folding and are best
recognized by their stratigraphic position between the
Cambrian Muav Limestone and Precambrian 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 this unit is a relatively thick
section of massive, orange~-brown dolomitic marble.
Stone and others (in press) describe this unit and
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point out that is has no recognized nonmetamorphic
equivalent in the eastern Mojave. Several workerg
suggested that these thick (50-200 m) dolomitic marh],
may represent the Cambrian Bonanza XKing or the Dg“mg
Martin Formatioms. .

Overlying these massive dolomitic marbles is ,
sequence of interbedded black-varnished quartzite i
brown dolomitic marble, which is correlated with the
Temple Butte Limestone. The quartzite and marble
interbeds are consistently 5 to 15 cm thick, making
this unit quite distinctive. This unit has not besp
trecognized in neighboring ramges (Emerson, 1981; Eliy,
1981), but may have been removed along the unconformj,
that typically bounds this unit (McKee, 1976), removeq
by faulting, or simply not recognized.

FANGLOMERATES,
SANDSTONES,
VOLCANICS

METATUFFS,
METAARENITES

T AZTEC'SS?
GYPSIFEROUS PHYLLITE
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"~ COCONINO SS

e (Pc)
-Z— HERMIT SH (Ph)

SUPAI (Ps)

REDWALL LS (Prw)

— TEMPLE BUTTE LS(Ptb)
MARTIN ?

BONANZA KING ?
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Figure 3. Diagrammatic stratigraphic column of nonplutonic rocks exposed in the
Riverside Mountains area. Column does not necessarily suggest relative
depositional thicknesses as exposures reflect Tertiary and Mesozoic
deformarion. Mesozoic metatuffs and metaarenites are undifferentiated.
Tertiary units are exclusively upper plate (with respect to the detachment

fault) and are undifferentiated,



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, but is very
distinctive because of its pure white color and coarse
grain size. This white marble is interpreted to be the
equivalent of the Mississippian Redwall Limestone of
the Grand Canyon or the Escabrosa Limestone of.south-
eastern Arizona.

Overlying the massive calcite marble is a unit
composed of resistant, dark brown, massive, poorly
bedded quartzite and calc-silicate 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 section.

Above the Supai 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
metamorphic equivalent of the Coconino Sandstone. The
Coconino is a non-resistant unit that usually forms
rubbly outcrops due to the penetrative fractures that
characterize this unit. Large-scale cross stratifica-
tion has not been recognized in the Coconino, probably
because of the metamorphism and deformational overprint
on the sedimentary fabric.

Overlying the quartzite is a white to gray, mas-
sive marble with local cherty and dolomitic horizons
that can be roughly correlated with the Kaibab Lime-
stone of the Grand Canyon area. The uppermost horizon
is locally gypsiferous but this may be in part due to
thermal remobilization of gypsiferous.metasediments
which directly overlie this unit described below.

Mesozoic Rocks

Mesozoic rocks exposed in the Riverside Mountains
include a variety of metasedimentary metavolcanoclastie,
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 Mfller (1981) in the
Big Maria Mountains and adjacent ranges suggests that
the Mesozoic section is extremely variable even on a
local scale due to both original depositional patterns
and later deformational events. Except for a
gypsiferous phyllite and sericitic quartzite (described
as Aztec Sandstone by Meitzner, 1981, in the 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 gypsiferous
phyllite is a very enigmatic unit. In most areas, the
gvpsum does not appear depositional, but rather seems
to have been remobilized or generated by later meta-
morphism and/or hydrothermal activity associated with
sulfide mineralization. Sericitic quartzite (Aztec
Sandstone?) that overlies the gypsiferous phyllite is
locally present in Mesozoic sections. Above the
locally present .Aztec Sandstone (?) are undifferentiated
metatuff, metaarenite, thin metadolomitic calc-silicate
layers and thin (1 meter) metaconglomerates.

.
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Quartz monzodiorite tectonites are found locally
between thrust sheets (Fig. 2). These intrusives
appear to have been injected synkinematically with
thrusting and may have, in part, -facilitated the low~
angle motion along fault surfaces. Large (2-8mm)
porphyroclasts are nested in a matrix of biotite,
chlorite, orthoclase and smeared quartz.

Relatively nontectonized Mesozoic granite and
quartz monzonite dominate the western Riversides as
described by Carr and Dickey (1980, 1981). A K-Ar date
of 98.5% 4.0 myBP on the granites of the West Riversides
is reported 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,
fluvial-lucustrine sediments and a variety of bimodal
volcanic rocks (Fig.3). (Carr 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 tholeiitic dikes described by Davis and others
(1979) yield a K-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 Faulting

Geometry

The eastern Riversides are defined by a large,
southwest-plunging arch (Fig. 4) with several minor
superposed northeast-trending antiforms and synforms
(see Figure 2, fq 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 Mesozoic tectonite
fabrics and thrusts. From geomorphic and structural
data, the dominate fold axes trend N55°E. Small=-
scale (F3) antiforms and synforms have wavelengths on
the order of 2 to 4 km and amplitudes of 200 m. The
larpe-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 palinspastically
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.

Upper-Plate Kinematics

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

Rehrig and Reynolds, 15980).
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Figure 4. Southwest view of the eastern Riversides expressed as a gently southwest-plunging arch and exposed as a consequence of mid-Tertiary
crustal warping.



Very similar structural characteristics are com-
mon in the upper-plate terrane of the Riversides.
Striations on several northeast-dipping normal faults
Fig. 5) that cut southwest-dipping Tertiary strata
were measured and all (Fig. 6) indicate that the hang-
ing walls moved to the northeast. 1n some localities
vhere’southwest-dipping upper-plate strata are truncat-
ed by the detachment fault, drag folds are present and
suggest northeast translation of the upper plate (Fig
7, B). .

Although upper-plate normal faults have not been
traced across the entire upper-plate terrane because of
recent alluvial cover, they must exist or the Tertiary
section would be on the order of 5000 m thick.

Collectively, the kinematic indicators in the
allochthonous upper-plate terrane (northwest-striking

"normal faults, northeast-trending striae on normal

{faults, southwestward rotation of hanging-wall strata,
sense of northeast drag on strata against the detach-
ment fault) consistently indicate that displacements
along the detachment fault and coeval extension in the
upper plate were to the northeast (N 25-65 E, ave. N
5C E).

Figure 6. Equal-area stereographic 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 N50E.

Figure 5. Typical upper plate normal fault surface displacing a silicified volecanic breccia.
Slickensided mulljons 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 in tectonic contact with a sub~horizontal detachment fault (Figure 8)
Local drag folding of Tertiary strata against the detachment surface
(deflected to the right) suggests upper plate translation to the left
(northeast). Hote Mark Adams for scale.
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Figure 8. Exhumed detachment fault showing the polished and ledge-like detachment
surface. The background just above the fault shows the hydrothermally
altered fault breccia and illustrates the intense shearing commonly
associated with detachment faulting (note scale on the foot wall).
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Timing and K-Ar Resetting ~

The timing of detachment faulting in the Whipple,
Buckskin and Rawhide Mountains immediately north of the
riversides (Fig. 1) is known from extensive K-Ar dating
of upper-and lower-plate rocks Martin and others, 1980;
pavis and others, this volume). Upper-~plate units that
are involved in growth~fault motion in the Whipples
indicate that detachment faulting was well. under way
bv 18 myBP and that it ceased about 13 myBP. The time
of initiation of detachment faulting is not known, but
is inferred to extend back at least to earliest Miocene-
latest Oligocene time,

Tertiary units in the Riversides are
lithologically 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 Whipples. One of the units involved in the upper-
plate rotation has been dated at 23.5+1.0 myBP indi-
cating that faulting was active after this time. The
presence of the Peach Sprinpgs tuff in the Riversides
Carr, 1981; Young, 1981), in a tilted, upper-plate
position further indicates that detachment faulting
continued until after the 17-18 myBP age of the Peach
Springs tuff. The oldest unit not involved in detach-
ment faulting is the latest Miocene-Pliocene Bouse
Formation (Metzger, 1968; Smith, 1970; Carr and Dickey,
1980), indicating that faulting was over prior 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. 1In the Whipple Mountains, 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 large-scale antiforms and synforms
appears- to have occurred at the same time as detach-
ment faulting, during at least most of Miocene time
(Frost, 198]1; Otton and Dokka, 1981; Frost and Otton,
1981).

This same timing is inferred for the Riversides,
where the preserved Tertiary section is much smaller.
In addition, the culmination of crustal warping is
interpreted 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
the developing antiform. Therefore, it seems unlikely
that the maximum amplitude of the presently exposed

antiform could have been reached during detachment
faulting.

The use of K-Ar dating on detachment faulting has
proven to be a powerful tool 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 Whipple Buckskin
Mountains and several other ranges in the lower
Colorado River region has shown that pronounced
isotopic resetting appears to be characteristic of

. detachment faulting. Dates of samples taken in the

lower plate show a progressive younging toward the
detachment fault, indicating that isotopic resetting is
associated with the faulting. Where adjacent lower-
plate rocks are mylonitic, resetting vields ages as
voung as mid-Miocene on a regional basis. Where the
rocks are nonmylonitic, resetting appears to be to a
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lesser degree and gives early to mid-Tertiary and older
ages. The degree of resetting appears related to
several factors that include thickness of the zone of
brecciation along the fault and the degree of hydro~
thermal activity along the fault (Martin, pers. comm;
1981).

In the Riverside Mountains, nonmylonitic rocks
just below the detachment fault with near absence of
any brecciation give ages of 36-35 myBP, while rocks
further away from the detachment fault {(up to 100 m)
give ages of 60-120 myBP (Martin and others, 1981;
this volume). These ages suggest that only partial
K-Ar resetting has occurred in the Riversides. This
is consistent with the geologic characteristics
(nonmylonitic nature and absence of major brecciation)
of the Riverside detachment fault and is similar to
that seen in other ranges with nonmyvlonitic 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-actinelite mineral assemblages in the
calc-silicates are common in the Paleozoic section.
These assemblages indicate middle greenschist grade
metamorphism at physical conditions of 350-450°C and
PH o values from 2-7 Kb as suggested by Winkler (1978).

2
These parameters suggest minimal depths of meta-
morphism at. 7-12 km. The ductile behavior of the
Paleozoic strata and the formation of metamorphic
tectonites suggest that metamorphism accompanied defor-
mation.

The lower-plate Mesozoic deformational history
can largely be divided into two distinct episodes of
folding (see Figure 2: f;, f, 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 tectonite
fabrics. These studies include using kinematic indi-
cators such as fold axes, fold asymmetries, axial sur-
faces, and synkinematic lineations, all associated with
the thrust faults. Palinspastically removing the mid-
Tertiary synforms and antiforms is of tremendous assist-
ance in interpreting these Mesozoic kinematic elements.

EI Folds and Associated Structural Features

Multiple folding and thrusting events have made
structural relationships very complex in the Riverside
Mountains. Northeast-verging folds (f;) are most
conspicuous in Mesozoic, Paleozoic and Precambrian
rocks but detailed mapping and structural data indicate
that these folds refolded and thrust earlier-formed
(fl) folds (Figs. 2,9,10,12).

Large-scale f) folds are generally recumbent
except where axial surfaces dip to the west associated
with west-dipping thrusts (Fig. 10). Most of the
north-northeast striking thrusts shown on Figure 2 are
related to fj-thrusting. This can also be inferred
because the orientations of north-east trending
structures are relatively unaffected by mid-Tertiary
related folds since they also trend northeast.



THE MIDWAY MTNS

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

mid to Tlate 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 will critically examine the
characteristics of this fault ‘zone in the 1ight of our past observations. The
structure controls the localization of manganese mineralization along it and in
cross fractures. The objective of this stop is to show that care must be taken

in interpreting detachment structures both in the field and from the literature.



MID-TERTIARY DETACHMENT FAULTING AND MANGANESE MINERALIZATION
IN THE MIDWAY MOUNTAINS, IMPERIAL COUNTY, CALIFORNIA

Lindee Berg, Gregory Leveille, Pattie Geis
Department of Geological Sciences
San Diego State University
San Diego, CA 92182

ABSTRACT

Detachment faulting of late Oligocene to middle
Miocene age has been recognized as a significant
ivature of the Cenozoic geology of western Arizona, -
~outheastern California, and Nevada. Field studies
have now shown that a detachment fault is present in
the Midway Mountains of southeasternmost California.
The Midway detachment fault separates the rocks of
the Midway Mountains into an allochthonous upper

.plate, and autochthonous lower plate. The two upper

plate rock units in the Midways are an andesitic mem-
ber of the Oligocene to Miocene Palo Verde volcanic
scquence and the Miocene Tolbard fanglomerate. The
upper plate has been extended along northwest-strik-
ing, northeast-dipping normal faults that transported
upper-plate fault blocks to the northeast. Regional
tolding of the fault surface has warped the Midway
detachment fault into its present domal form. . The
Midway detachment fault can be correlated to similar
taults exposed to the northeast in the Trigo
‘ountains of western Arizona, and to the west in the
Uhocolate Mountains of Californmia. 1In the Midway
Mountains, deposits of manganese oxides are localized
along the detachment fault as well as along normal
tavlts within the upper plate. Psilomelane, pyrolu-
~itv, and manganite are the most common manganese
minvrals present.

INTRODUCTION

The Midway Mountains are located in the- north-
eastern corner of Imperial County, Californmia, )
approximately 50 km east of Brawley and 35 km south
of Blythe. Reighboring mountain ranges in California
include the Palo Verde Mountains to the north and
Chocolate HMountains to the west with the Trigo
Mountains of Arizona to .the 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 10 km back into the range
(Fig. 1), and connects with numerous other, more
primitive roads.

The first geologic studies in the Hidway
Mountains were done by Jarvis B. Hadley (1942), a
Survey geologist interested in the manganese deposits
of the Paymaster mining district. Subsequent work
was completed in 1960 by Southern Pacific Land
Company geologists Danely, Gamble, and Gardner in
their mineral evaluation of the area (Gardner and
others, 1960). The purpose of their study was to
determine if any potentially economic deposits were
present on the Southern Pacific land holdings. They
did not attempt any structural or regional interpre-
tations of the geologic features of the range. 1In
their reconnaissance mapping of the area, they con-
sidered the detachment fault of this study to be a
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Figure 1. Major geographic features of the area adjacent

to the Midway Mountains.



normal fault or an unconformity. Most recently, the
Pioneer mine of the lMidway Mountains was discussed by

Morton (1977) who described the history of the mining
operations,

Detailed study of the rock units and structure
of the nearby Chocolate, Peter Kane, and Cargo
Huchacho Mountains has been done by Dillon (1976),
Haxel (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 this area as consisting of several major packages
of differing lithologies and varying in age from
Oligocene to mid-Miocene. The exact correlation of
the Terriary section in the Palo Verde Mountains to
the Midway Mountains is not as yet known.

Huch 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
(1) 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 closest, previously described, exposures of
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 km away, Carr and
Dickey, 1980). Recently discovered exposures of the
regional detachment fault are described in this vol-
ume by Garner and others in the adjacent Trigo
Mountains, Logan and Hirsch in the Castle Dome
Mountains, Pridmore and Craig in the Baker Peaks, and
Mueller and others in the Mohawk Mountains. The Mid-
way Mountains, thus, appear to be part of the
regional continuation of the detachment terrane into
southwestern Arizona and southeasternmost California.
As such, they also appear to have been affected by
the same manganesc mineralizatjon as other parts of

the detachment terrane, and as the Whipple Mountains
(Ridenour and others, this volume).

LITHOLOGIC UNITS
Lower-Plate Rock Units

The rock units in the Midway Mountains can be
divided into lower-plate units, upper-plate units,
and younger units that postdate detachment faulting.

The oldest lithologic unit exposed in the Midway
Mountains is the Chuckwalla complex, of Morton
(1966), which is a Precambrian metamorphic suite,
that is probably about 1.7 billion years old. This
metamorphic-igneous complex consists of quartzdiorite
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gneiss, foliated hybrid granitic rock, schist, and <
fine-grained granitic rocks, all of which have beey’
intensely folded and faulted. Accentuating the 3%
folded appearance of this unit are metamorphic segrp.’
gations of quartz, feldspars, micas, and hornblende -
into distinct mineral bands. The metamorphic rocks -
grade without apparent intrusive contacts into the - -
granite gneiss and into locally structureless, gray,
biotite granite. Variably developed lineations with.
in this unit trend northeast (Gardner and others,
1960), but are not associated with a mylonitic fabrie,
No mylonitic rocks appear to crop out in the lower
plate of the Midway Mountains, although they are
exposed in nearby mountain ranges (Crowell, 1981). :

(1Y
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In the Midway Mountains pegmatite dikes of Cre-.
taceous age (?) cut the lower-plate, metamorphic-
igneous complex, The pegmatite dikes have not been .
foliated and place an upper limit on the deformatiog
present in the rocks of the lower plate. Similar
types of pegmatitic dikes pervade nearby ranges such
as the Big Maria Mountains (Hamilton, this volume;
Martin and others, this volume) and Trigo Mountains
(Weaver, 1982). 1In both these ranges the pegmatites
are late Mesozoic in age, and suggest that the peg-
matites in the Midways 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
this unit are red-black in color and are stained by
manganese oxides in places. These volcanic rocks
formed -an autobreccia during their deposition. The
autobrecciated nature was further accentuated by
later deformation and appears to have played an .
important role in controlling the passage of mineral-
izing fluids. The rocks of this unit exhibit a por-
phyritic texture with elongated laths of plagioclase
in an aphanitic groundmass. The thickness of the ~
Palo Verde volcanic sequence is estimated to be 400
to 500 meters in the Midway Mountains. 1In nearby
mountain ranges this unit contains pyroclastic voi=
canic rocks along with tuff-breccia and nudflow-brare
cia, none of which are found in the Midway Mountaina.
The volcanic rocks in the Midway Mountains are probe
ably Oligocene to Miocene in age on the basis of the
regional occurrence of similar units (Crowe and
others, 1979; Dillon, 1976; Keith, 1978). K-Ar age

determination of the Midway volcanic rocks is under
way,

Overlying ‘the volcanic rocks in the upper plate
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-brown
to tan in color, and is locally stained by manganest
oxide deposits. This unit forms steep irregular
slopes with massive, rounded summits. It is composed
largely of subrounded to angular clasts ranging in
size up to 60 centimeters. These clasts are set ind
fine-pebble to coarse-sand matrix. The ratio of sssd
to clasts is roughly 1.0 to 1.5 with volcanic rocks
accounting for seventy percent of the clast and crys
talline rocks making up the remaining thirty percests
Lenses of coarse, crossbedded sandstone, 10 to 50
centimeters thick, are common throughout the forma=»
tion. The Tolbard Fanglomerate is cemented by silic
and hematite, with some secondary calcite cementa=
tion. Paleocurrent indicators within this unit suth
as channeling, trough crossbedding, and imbricatt_a
cobbles suggest transport toward the northwest. ™
high degree of variation from the mean of N3CW may M




a function of the alluvial fan depositional environ-

ment and may be the result of flow dispersion across

the former fan surface. A detailed study of the sed-
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
Group (Danehy, 1960). The two members of the Barren
‘buntains Group present in the Midway Mountains are
the Arroyo Seco and the Vinagre Formation. The
Barren Mountains Group is generally am undeformed,
flat-lying fanglomerate containing clasts of volcanic
and metamorphic rocks, some of which may ‘be reworked
clasts from the Tolbard Fanglomerate. In places, the
Barren Mountain 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 with gravel to boulder-size clasts in a ‘sandy
matrix. This unit contains predominantly volcanic-
rock clasts 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
cvomposition of the unit is 65% volcanic rocks, 25%
gneissic and crystalline rocks, and 10% pegmatitic
rocks. Small sand lenses also occur, with faint but
fairly common crossbedding. These beds are usually
flat-lying or dip very gently away from the range.

The youngest deposits are of Quaternary age and
have been subdivided into an older and younger allu-
vial gravel deposit. These two units lie unconform-
ably on all older rock units and largely obscure the
contact between the upper ‘and lower plate around much

. of the range. No faults are known to cut these

younger alluvial deposits.
STRUCTURAL GEOLOGY

The Midway detachment fault separatés the rock
units of the Midway Mountains into upper-plate and
lower-plate assemblages. The Midway detachment fault
is well exposed along the northern flank of the range,
but elsewhere is either eroded away or covered by
younger sediments (Fig. 2). Its pPresent 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 gradational lower boundary with a sharp,
upper surface, which is the detachment fault. Rocks
wvithin 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 along 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
Hountains. Lower-plate rocks of the Chuckwalla complex form the meta-
morphic core complex of the range. The upper-plate rocks (foreground)
are the andesitic member of the Palo Verde volcanic sequence. Mining
operations have exhumed portions of the detachment fault surface and
removed over 50,000 cubic meters of material from the-main ore body

in the Palo Verde volcanic sequence.
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L. S LY Figure 3. A view of
L the lower plate where the
detachment fault has beeg
removed by erosion, show.
ing the ramp surface ag
developed in the Midway
Hountains. The line drawy
in the photograph paralle).
the ramp surface. .

Figure 4. (Below) Ope
of many upper-plate normg}
faults in the Tolbard fan-
glomerate. The upper-plate
normal faults generally dip
to the northeast.

distinctive coloration with greens and dark reds
dominating. Where 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 flatten near the top of the range
and is steeper at the base. The unusually steep dip
of the detachment fault (from 30° to 60°) as exposed
near the base of the range, may thus not be charac-

teristic of the overall attitude of the fault
surface.

Foliation within the lower-plate rocks is trun-
cated by the detachment fault as are Cretaceous (?)
pegmatite dikes. 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. Lowver-
plate extension in the Midways cannot be equated to

the presence of a mylonitic fabric, since none is
present.

Although the foliation is not mylonitic, it
appears to define a pronounced domal form, much like
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 fault may be related to the development of
large-scale folds during mid-Tertiary crustal exten-
sion (Otton and Dokka, 1981; Cameron and Frost,
1981) as described in better known portions of the
detachment terrane. Superposition of two fold sets,
one trending northeast and the other northwest, may
have produced the mid-Tertiary uplift of the Midway
Mountains.
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Upper Plate

The dominant structural element of the upper
plate in the Midway Mountains is a series of north-
west-striking, northeast-dipping, high~angle normal
faults, with dips from 54 to 60° (Fig. 4). Striae on
the fault surface indicate many different movement
directions, suggesting complex motion of the fault
blocks during transport. On the whole, however,
striae and mullion structures indicate a down-dip
sense of motion. Tear faults perpendicular to the
high-angle faults provide another kinematic indicator
for the direction of transport, and suggest down-dip
motion on the normal faults. Back rotation of the
upper-plate into the detachment surface also suggests
the same northeast (N70E) transport. Some upper-

‘plate faults indicate other directions of transport

but do not seem to have major offset across them.

Motion along upper-plate faults was probably
coeval with motion along the detachment fault, as it
is in other ranges (Davis and others, 1980) where the
upper-plate structure is better exposed. The amount
of offset across the detachment fault is unknown
bucause the same units have not yet been identified
from the two plates. 1f the upper-plate volcanic
and sedimentary rocks reflect the full amount of
vstension, then the amount of extension does not
appear great. Because the rocks of the Midways were
transported relatively to the northeast, a great
amount of transport does not seem possible because
rocks in the Trigo Mountains moved to the southwest.
These rocks in the Trigos lie along the direction of
tectonic transport for the Midways and thus make it
difficult to postulate large offsets during mid-
Tertiary extensional tectonics.
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Within the study area, faulting in the upper-
plate has juxtaposed the andesite of the Palo Verde
volcanic sequence with the Tolbard fanglomerate near
the Midway detachment fault (Fig. 5). The andesite
has the geometry of a tectonic slice between the
fanglomerate and the metasedimentary rocks (Fig. 5).
The tectonic slice is present near the hinge of the
antiformal bend in the detachment fault. Intense
shattering of the volcanic unit has apparently
resulted from its motion along the detachment fault,

MANGANESE MINERALIZATION

History of Mining Operations

Mining operations to recover mangnaese in the
Midway Mountains first began in 1917 and continued
through 1918. During this period ore was recovered
from the main ore body in the andesitic member of
the Palo Verde volcanic sequence and. had an average
manganese oxide content of 46% by weight. Production
resumed in 1941, continued throughout most of World
War I1 and ended in 1944. The most recent mining
operations in the Midway Mountains were undertaken as
part of a federal stockpiling program, which was
active between the years 1952 and 1959. More than
22,000 tons of ore were taken from the workings and
averaged 43% manganese oxides by weight. ‘During
field work in the Midway Mountains in the fall of
1981, several claim markers dating from 1980 were

observed, suggesting renewed interest in the manga-
nese deposits.

NE

-4000

Figure 5. & generalized cross section of the Midwa

y detachment fault separating the rocks into upper-plate

"Mits (Ttfg and Tpvu) and lower-plate units (Micu). Normal faults cut the upper-plate unit and sole into the
:;‘drhmont fault surface. Transport of upper-plate fault blocks is to the northeast. The detachment fault forms

“"liform over the range.
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General Description of Manganese Deposits

Nanganese mineralization in the Midway Mountains
occurs as open-space filling of fractures and pore

.spaces, and as replacement mineralization throughout

the brecciated rock adjacent to the detachment fault.
Mineralization is confined to the upper-plate units
of the detachment terrane and is concentrated in the
fault zone directly above the detachment surface.
Primary manganese mineralization does not occur in
the Barren Mountains Group or younger alluvial
deposits. The principal manganese minerals present
in the lMidway Mountains are psilomelane,. pyrolusite
and manganite with lesser amounts of braunite and
ramsdellite (Hadley, 1942).

The main manganese ore body is located adjacent
to the detachment fault in the upper-plate andesite
(Fig. 6) and contains mostly psilomelane, pyrolusite
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 100 meters.

Two cuts have been extensively mined within the
ore body, exposing cxcellent cross sections of the
intensely fractured andesite. These cuts are 14 to

18 me'ters wide,- 100 meters long, and were worked to'y l

depth of 20 meters so that 32,000 cubic meters of -

material was removed from each cut (Morton, 1977),
Large fragments of unbroken andesite are found withyy
the more extens{ve veins. The degree of shattering

in the andesite, thus, appears to be directly propor.
tional to the degree of mineralization.

.In the Tolbard fanglomerate, veins containing
manganese mineralization follow both normal faults
and fracture surfaces and commonly occur in manmil-
lary or botryoidal structures- on the fault surface,
These 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 100 meters long. Min-
ing operations within the Tolbard Fanglomerate con-
sisted of working a series of drifts and raises with
up to 20 meters of vertical section and 90 meters
of horizontal section removed from individual veins
in this manner. Within several of the larger stopes,
this mining has exposed well-defined mullion struc-
tures on the footwall (Fig. 8). Manganese deposits
are also present along small fractures that pinch out
upward within the fanglomerate. Hydrothermal solu-
tions responsible for the manganese mineralization
thus appear to have radiated upward through the unit
along zones of high porosity and permeability. The

e

Detachment
Foult
— Mongonese .mineralization along
fault surfaces

Main manganese ore body

Figure 6. Geologic map of the.northeastern flank of the Midway
Mountains showing areas of manganese concentrations. Also indicated
is the trace of the detachment fault.
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Figure 7. Northeast
trending veins of mangan~
vse show well defined
footwalls and gradational
hanging walls.

Figure 8. (Below)
Mullion structures appar-~
ent along upper-plate
fault surfaces indicate
normal movement.
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brecciated fault zones and associated fractures
apparently localized the passage of the hydrothermal
fluids and suggest a through going plumbing system
between most of the vein deposits.

Origin and Chemistry of Mineralization

Manganese oxide deposits in the Nidway Mountains
are thought to be hypogene fault deposits formed by
hvdrocthermal processes (Fig. 9). Present-day hot
springs are known to deposit manganese oxides and
thus suggest that the Midway Mountain deposits are a
product of the flow of hot springs through structur-
ally 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 chaléedony are
the principal gangue minmerals. This calcite forms a
rhin layver above the manganese -and shows retrograde
solubilicy. Magnetite is found in small veins with-
in the main ore body as well formed crystals which
commonly weather to hemitite.

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. Manganese
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 the critical Eh-pH conditions
necessary for the deposition of manganese, redepos-
ited (Fig.10 ). Although no fluid inclusion studies
are yet available for the Midway Mountains, the pH of
the transporting solution is inferred to have been in
the acidic range.

The origin of manganese deposits in the Midway
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
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Figure 9. Genetic classification of manganese
ore deposits. Deposits in the llidway Mountains are
hydrothermal in origin (after Park, 1956).

and the behavior of manganese in solution. The depth
of the detachment fault in Oligocene to middle Plio~
cene time could not have been greater than a few
kilometers as determined by reconstruction of upper-
plate structures. At such depth the temperature of
the meteoric water, which is the proposed transport-
ing agent of the manganese, would have been only 100
to 200°C. While hydrothermal solubility data is not
vet 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
mafic volcanic member of the Palo Verde volcanic
sequence. As a generalization more-mafic, higher-
temperature igneous rocks are decomposed at a greater
rate by chemical weathering than their more-felsic,
lower temperature counterparts. Manganese is gener-
ally more concentrated in mafic igneous rocks than
in felsic igneous rocks (Wedepohl, 1980). Therefore,
manganese is leached relatively rapidly from mafic
rocks, and because it is also more concentrated in
such rocks, these rocks may provide an important
supply of the element.

Structural Control of Manganese Mineralization

Manganese mineralization and the development of
ore bodies in the Midway Mountains were controlled by
the structural features of the range, including both
the detachment fault and upper-plate faults., Brecci-
ation associated with the detachment fault and upper-
plate faults appears to have created porous and per-
meable conduits for the hydrothermal solutions rising
from below. Intense shattering within the andesite
is probably largely responsible for the concentration
of mineralization within the unit. The preferential
shattering of the andesite is probably a result of
both the brittle character of the unit and its struc-
tural position adjacent to the detachment fault.

Another, perhaps less obvious, structural con-
trol for the mineralization is the antiformal shape
of the detachment fault. Where the main ore bodies
are located in the Midway Mountains is in proximity
to the hinge of the detachment-related antiform. If
the mineralizing 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
thus be concentrated from over the entire limbs of
the folds to the hinge area. Precipitation of the
mineralization is inferred to have taken place. in
this general hinge area.

' A

The age of mineralization is indicated by the@
structural control of the ore deposits. Hydrothania
fluids were moving along the brecciated zones, B
requiring that mineralization is either coeval with,
or post faulting. The widespread development of
slickensided and striated surfaces that have involvey
mineralized rock further require that mineralizatfoy
occurred before at least some of the deformation.
Mineralization, thus, appears to have beer at least
in part contemporaneous with extensional faulting eng
rise of- the Hidway Mountains.

REGIONAL CORRELATION

The Midway detachment fault appears to be an igo.
lated exposure of a much more extensive detachment
fault, which extends over western Arizona, south-
easternmost Californmia, and Nevada. This wavelike
fault surface is exposed on the flanks of several
ranges in this region. In the Trigo Mountains of
western Arizona, 18 km northwest of the Midways, a
well developed detachment fault is exposed (Garner an:
others, this volume; Kitchen, pers. commun., 1981).
The detachment fault is exposed as an antiform in the
Trigos with a gentle synform between the Trigo and
Nidwav Mountains (Fig. 11).
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Figure 12. Southwestern view -depicting that the detachment fault has been warped into antiforms in the

Trigo Mountains (foreground) and the Midway Mountains (background).
synform in which the Colorado River currently flows.

Between the two ranges is a corrésponding



The transport direction of the upper plate in
the Trigos is to the southwest, opposite that of the
upper plate in the Midways. These opposing upper~
plate movement directions along the direction of tec-
tonic transport may indicate that the upper plate has
not been transported long distances. It may also
indicate that individual fault blocks were essential-
1y rotated in place during regional crustal extension.

In the Chocolate Mountains, approximately 10 km
southwest of the Midways, an exposure of the detach-
ment fault has been reported (Richens and Smith, per-
sonal communication, 1981). This 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 that the
Chocolates have undergone detachment related defor-
mation in mid-Tertiary time. Transport above this
normal fdult has been rather uniformly to the north-
east as judged from the northwest strike and south-
vest dips of large packages of volcanic and crystal-
line rocks in this area (Morton, 1966; Dillon, 1976).

As defined by the mapping of Dillon (1976) and
Morton (1966), the fault that may be the detachment
Tault is folded into several doubly plunging, north-
cast-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 the Choco-
lates to the Midways to the Trigos is depicted on a
diagrammatic cross section in Figure 11. If this
correlation is correct, then the Mesozoic Pelona
schist and the Vincent thrust would also show this
folding (Fig. 11). :

CONCLUSIONS

Field studies in the Midway Mountains have
defined the existence of Oligocene (?) to Miocene
vxtensional deformation that appears to correlate with
similar normal faulting seen on a regional scale.

The major fault in the Midways appears to be a detach~
ment fault, separating upper-plate volcanic and sedi-
mentary rocks from lower-plate metasedimentary units.
The domal form 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-
acter of the fault is similar to that seen elsewhere
in the detachment terrane and suggests that correla-
tive 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 individual upper-—plate faults does not
appear great. Offset on the detachment fault is
unknown because of the mismatch of upper- and lower-
plate units, the low relief, and the restricted area
ot this study. Because upper-plate units in the
Trigos moved to the southwest, opposite and on line
with the movement in the Midways, major offset across
the Midway fault is probably not present(Fig. 12).

Manganese mineralization in the Midway Mountains
Wus influenced by the presence of the detachment fault
and upper-plate normal faults. Manganese~bearing
“vlutions used the faults as conduits and precipitated
Manganese oxides along them. Psilomelane, pyrolusite

and manganite are the principal ore minerals in the
major manganese deposits within the Midways. Most
mineralization occurs as either open-space filling of
fractures or as replacement mineralization withim the
brecciated fault zones. 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
intéracted chemically with tﬁeir wall rocks; Pegmatite dikes are abundant
possibly as late phases of the main plutonic cycles. The met amorphic host rocks
include the Tumco and Vitrifax Formations which mainly occur along the southern
flank of the range and dip shallowly southward. Foliation in metamorphics and
plutons 1is roughly conformable and indicates deformation or metamorphism

post-dated intrusion.

The Tumco Formation is a thi;k'sequénce of meta-arkosites or graywackes which
after metamorphism resembles a fairly uniform, foliated granodioritic looking
rock. The Vitrifax formation consists of a meta-aluminous series of quartz
muscovite schists which contain. an exotic mineral assemblage of kyanite,
dumortierite, tourma]ine. and in places, suifides. The protolith for this
formation is difficult to determine. It may have either been a highly pelitic
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 thrust
faults which occur structurally above the major Vincent-Chocolate Mtns.
overthrust. In the Cargo Muchaco's one thrust places Jurrasic blutonic rocks
upon Vitrifax Fm along the American Girl Fault and numerous thrusts can be

mapped within the Tumco Format ion.



Three major gold deposits occur in the Cargo Muchaco Mtns. The Tumco district 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 énd to the south, the Padre Madre
fault zones. We will examine the Padre Madre structures which generally seperate
foliated dioritic rocks of the upper plate from bictite granite of the Tower

plate. Some have interpreted these structures as Tertiary detachment faults.

Time permitting, we will head north into the Chocolate Mtns. over Indian Pass to
see an exposure of the Vinceﬁt thrust and lower plate Orccopia schist. There may
be a superimposed relationship of detachment faulting in Gavilan Wash as well

which we will want to evaluate.
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PHYSIOGRAPHY

The processes and the land forms produced by xvqatllel'ixlg and
erosion under arid conditions have been analyzed in detail by Lawson,
Bryan, and others. .

Approximately a mile to the south of the range lies a compact
group of hills which are completely traversed by valleys draining to
the south. In a similar manner, at least one small valley cuts ]lOl‘t!l-
eastward through the lower hills which lie to the northeast of the main
range. These valleys must have been either snpernnpused or aute-
cedent. Coupled with this phenomenon is the fact that in the southern
portion of the range the valleys which drain to the north may be
observed to be long, of gentle gradient, and relatively open In eontrast

" {0 the short precipitous steep-walled canyons draining southward.

Furthermore, the older types of alluvium stand as much as 75 feet
above the present alluvial surface. Overlying this ()l(lgr alluvium are
remnants of what may once have been a single flow of !n}snlt.

Al of these Facts may be coordinated by lq’pothes:zmg that the
streams flowing away from the range gained their courses on a cover
surface of old alluvinm or perhaps even on the hasalt, and maintained
these same courses as the subjucent rock was exposed. :

GEOLOGIC AGE AND CORRELATION

No means are at hand for determining the exaet geu]ogic age of
the rocks of the Cargo Muchacho distriet. The lithologic units are
similar in nature to the rocks of adjacent areas which have bee::
deseribed, e.g., Bagle Mountains, California, 80 miles to ‘tlle.nm.'tllwest,
various mountaing of southern Yuma County, Arizona,* Tinajas Altas,
Tule, and O’Neil ranges®® 50 miles and more to the southeast, and

. 8. . or Kofa Mountains®* 60 miles to the northeast.

In each case the author cited admits that his dafing of tlu-.. rocks
is based upon similarity of rock type and degree of metamorphism to
corresponding features in roeks of known date of 9“!01‘ areas. In no
case was it possible to date by paleontological evidlence or by direct
continuity of outerop. o o

The same Jack of adequate evidence as to geologic age prevails in
the Cargo Muchacho, distriet. ‘A(,'cnrdmgly the following tabulation
of geological events is accompanied by hypothetical age assignments,

. ~ GEOLOGIC HISTORY

1. A great thickness of guartz sandstone and arkosic sandstone
was deposited, either preceded or followed by the formation of lime-
stone beds and silty quartz sandstone strata. Probably pre-Mesozoic,

9. A series of granitoid rocks intruded the area, commencing with
quartz diorite in the south and terminating with leucogranite, aplite,
and pegmatite in the north. Probably Mesozoie.

 tlarder, B, C. Iron-ore deposits of the Eagle Mountains, Callfornia. U. S,
Geologleal Survey Bull. 503. 1912,

2 Wilson, Eldred D. Geology and mineral deposils of southern Yuma Cqunty,
Arizona. Unlv. of Ariz., Arlz. Bur. of Mines Bull. 134, 1933,

2 Bryan, ‘lglgrk. 'l;léesg’aptigrzjs()ounlry, Avizona. U. 8. Geologicul Survey, Water

y Pp- -b9. .

S\mplz th’::ll::l-} l:,p.!r. A reconnalpsnance In.the Kofa Mountains, Arlzona. U. 8,
Geologlcal Survey Bull. 620, p. 166. 1916,
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3. Hydrothermal solutions accompanying the intrusions reerys-
tallized the sediments, locally developing metamorphic minerals,

4. Bhortly after the intrusion, the area was faulted by thrusts
from the south. Solutions rose along the faults and mineralized part
of the area.

5. Minor andesitic intrusion. Probably Tertiary,

6. IBrosion almost to the present stage,

7. Deposition of old coarse boulder alluvium,

8. Deposition of fine rounded jasper and quartzite pebble alluvium.

9. Basalt flow. Probably Quaternary. : .

.~ 10, Krosion to the present stage and development of outwash
alluvial deposits. '

ECONOMIC GEOLOGY—METALS"
.GENERAL CHARACTER OF RESOURCES

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

STRUCTURE OF THE GOLD VEINS AND LODES

The gold deposits of the Cargo Muchacho distriet are all confined
to the western side of the range. Although some mines are located in
the far north and others in the far south, those in the Tumco Valley
‘region have been most productive. All of the lodes have certain char-
acteristics in common. They are all tabular bodies, usually associated.
with a deflinite footwall or a definite hanging wall, but rarely with
both. All but three of the lodes trend east and west, parallel to the
major thrust faults of the arean. Loeally, of eourse, strikes widely at
varianee with this may be found. Dips of the lodes are fairly limited
in their scope. With extremes at 16°S. aud 52°8., most of them lie
between 20°S. and 40°8. 'The three major lodes which do not trend
eastward are the easterumost mines of the district, the PPasadena,
Guadaloupe, and Cargo Muchacho. They all trend roughly east of
north and dip steeply to the east, parallel to some of the major north-
trending faults of the area. Ore zoues have been traced for com-
siderable distance along the strike. Though the values may pass

- below an economic¢ mining limit the structure continues., 'The same

is true in following the ore at depth. Ience, the structure at any rate
may be regarded as persistent. :

The influence of fracturing on ore deposition is very important.
Equally noteworthy is the close relationship between fracturing and

. rock type. Where a major fault traverses granite or quartz monzonite,

the rock remains unfractured. On the other hand, a major fault in

- the metamorphi¢ rocks or in quartz diorite shatters the rock, Though
.. humerous prospects and even mines have been started on promising

veins in the granite and in the guartz monzonite, none of these has
ever proved valuable, livery mine in the distriet which has produced

© or is now produeing gold on an economie basis oceurs in metamorphics

or quartz diorite, T'his influence of [ractured country rock is brought
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out strikingly in the ease of the Cargo 1\‘1\1(:,l|acho m'mez il_l whieh the
vein was exceedingly rich wherever it lay in yuarlz diorite. ‘Where
the structure passed goulheastward into the quartz monzonite, how-
ie values disappeared.
ever,Atll(?w:mgle fuultl, [whetllel"it be hmlging vyall or footwall, ggnerally
forms one limit to the ore. The other limit is nsually det._ermmed by
assay rather than by any structm:ul feature. Neverth?l‘ess, the values
geem to be concentrated in a definitely bounded zone. 'These zones are
abundantly fractured, although often the fractures are microseopie.
'Mhe amount of ore occurring as fissure filling is negligible. Almnost
all of the ore appears to have been deposited by replacement, altlumgl'l,
of courke, the ore-bearing solutious entered along definite fracture

channels. ‘ ORE suode

n most of the mines in the district the ore shoots appear to tl'_end
roughly northward, or northeastward as in ihe case of the A1!|erlcan
Girl mine. The shoots are broadly related to zones of approximately
northward-trending fractures.

ORES

Two main types of ore are known from the Cargo Muchacho
district. Jn the more common and more extensively worked, the yold
is Tree willing. In the second and less conunon type, the gold is
jucluded in disseminated pyrite. .

COMPOSITION AND VALUE )

dold (and its included silver) un.d copper are the only. minerals
extracted from the Cargo Muchacho district ores. In the mines from
“which free milling gold jis obtained the valuc§ run from $156.00 to
. $150.00 per ton. The gold contentof the sulgl:le ores, on the otllgr
hand, averages only $5.00 to $20.00 per ton. ll'\e eopper content in
this snlfide ore normally more than pays for freight and smelting
charges on the concentrate.

‘ MINERALIZATION
Mineralogy ) .
Mineral species which oveeur, or are a:ﬂsociated' with, the metallie
ore deposits of the Cargo M.nchm-lm.(llstrlct are listed below. Drief
mention of their occurrence 18 also given:

chrysocolla
euprite
native copper

Gold: native gold Zine: splmlerlte_

inngue; qunrtz
Silyer: native silver Gangue: q

enleite
. _1ron: pyrite rericite
© Copper: chalcopyrite mngnetite biotite
('"Vl‘"“f‘- hemalile chlorite
(-Imlcm'_lte limonite ftuorite
malachite
azurite Lead: gulena

(old occurs (1) as microseopie grains diﬂseminated t'lu'oug]l the
comntry rock; (2) as wire gold and gruins in quartz veius; (3) as
microseopic grains in disseminated pyrite; aml (4) u placer nuggets,
graius, and colors.  All of this gold eontaing some silver.

"'he only silver in the districi, oceurs alloyed with gold,
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oceurs sparingly in the American Girl mine. 1t was probably the
primary source for most of the oxidized copper which can be seen in
scattered outerops all over the distriet.

Anong the supergene copper minerals are covellite, chaleocite,
malachite, azurite, chrysocolla, cuprite, and copper, all in minor
amounts. : K

Pyrite is the most abundant sulfide in the region. It oceurs as'a
primary mineral in veius and in disseminated deposits.

Magnetite has been found oceurring as a primary vein mineral in
American Girl mine.

Hematite has been collected as shiny gray mirror-like plates from
a number of mineralized veins throughout the whole distriet.
v most commonly found penetrating caleite erystals along their cleaveage
& planes. . :

Limonite oceurs in the oxidized zone wherever there has been
miueralization. :

Galena and small amounts of sphalerite have been identified as

oceurring along with chalcopyrite in the ores of the American Girl
~mine.

) Quartz is the most abundant gangue mineral of the whole district.
It forms the bulk of most of the vein deposits and is an important
constituent in all disseminated deposits.

Caleite, and much less commonly fluorite, oeeur in minor amounts
as gangue minerals in eonjunction with most of the mineralization in
the area.

Sericife and Dbiotite oceur in mineralized zones as small, fresh-
looking erystals with subparallel orientation. They also oceur in
large micaceous lenticular masses locally along the main fault of the
_ American (Girl mine. :

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

The best opportunity to study the mineralization was provided by
- the Ameviean (irl mine. Consequently, the remarks in the following
"~ few pages are strictly applicable to that mine only, although they apply
.. in general to the other prospects and mines.

\ Wali- Rock Alteration

The country roek in the American Girl mine has undergone con-
siderable alteration by mineralizing solutions. 'The eountry rock has
been somewhat sheared but the extent to which this shearing brought
about mineralogical changes is not great, except perhaps in the close
proximity of the shears themselves. 'This general but weak dynamie
metamorphism may be observed persistently throughout the mine.

Chalcopyrite, the most abundant of the copper-hearing minerals, .

It is .

very small amounts at several isolated spots in the workings of the :
e
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Loeally, especially along the main fanlt, shearing stresses acting ju
combination with a small amount of introduced material succeeded in
producing nonpersistent lenses of serif_:ite. i ' i

To a later phase belong the solutions which produ‘ce_(l' 1.h(; major
alterations and metallization. Chloritization and serieitization are
the most important types of alteration, particularly in t}le metmnorplnc
rocks. Feldspars and some quartz have also been introduced into
the arkosite. Areas of alteration of guartz diorite are rare.

The typical barren wall rock throughout most of the Angerican
" @irl mine is green-gray, generally fine-grained but oceasionally
porphyritic, containing large gray to pink crystalg of feldspar,
"Phe porphyritiec variety of alteration is best observed in the footwall
drift of the 500 level of the mine. In the hand specimen (C. M. No. 43)
the nature and origin of the rock remain highly uncertain. In thin-
section under the microscope, however, this wall rock is really identified.

Principal minerals: . ‘

Orthocluse, 85 percent, oceurs in roughly rounded grains of small to medium
pize. 1t is parily nltered to kaolin and in places very small flukes of
mericite have developed in the erystals. . L

Microcline, 16 percent, sunll to medinm-sized gray graios which nre distinet
from the large pink metnerysts desevibed under nitecation minerals.

Andesine, 3 percent, appenrs as smnll, rounded graing scattered throughout
the groundmasgs.

Qunrtz, 30 pereent, most commonly occurs 68 smull rounded gralus. Quartz
also occurs to a very small extent as an ultcrntiun. mineral,

Accessory minerala:
Include zireon, upatite, spliene, and topnz.

Alteration minerala: .

Chlorite, 8 percent, is the only important dark minersl in the rock.  Char-
netevized by its ultra-blue abuormal interference color, it probably repre-
sents the variety penninite.

Microcline, 4 percent, occurs o large pink metnerysta which repinee the
carlier ‘minern]l graina Indiseriminately.  The metnerysts often hear inclu-
gions of quartz nnd oceasionally of the less common minernls.

Quurtz oceurs in one or two small veiniets penetrating the mierocline metn-
erysts.

Cnleite and pyrile are present as n few grains replacing the couniry roek.

-Sericite and kaolin ure developed to n small extent in the feldspurs.

The rock was derived fromn an arkosie sediment, probably identical
with Tumeo arkosite. [lydrothermal alteration has changed the mega-
scopie appearance of the rock considerably with little elfect on its
chemieal composition and steneture, - Qriginal dark minerals (probably
© mostly biotite) have been eutirely chlovitized. Micrvocline lias been

introduced or reworked in place to form medium 1o large-sized pink
metacrysts. Minor amounts of qnariz likewise have been introduced
or reworked. A few grains of pyrite and ecaleite give evidenece of the
actual infiltration of mineralizing solutions. The sericitization of the
feldspars may have oceurred at the time of this later mineralization.
{"There is no proof of the time of sericitization in the wall rock under
discussion. For evidence that sericitization may have heen closely
related to ore deposition, see below.) Kaolin in the feldspars may
have been developed either by the action of supergene ground waters

G B an a0 o o8 )
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or by hydrothermal action. Chioritized rock of the iype described *
above is conunon in all of the workings of the mine whether in rich
ore or barren waste, whether in hanging wall or in foot wall. The
degree of intensity of chloritization decreases with inereased distauce
from the ore-bearing area. '

In eontrast to the widespread weak chloritization of the wall rock
is a localized and intensive alteration to sericite and biotite. 'T'his
sericite-biotite aiteration ocewrs in the American Girl mine only in
areas in close proximity to the maiu fault or to minor subparaliel faults.
Ali of the wall rock which was altered in this manner constituted eco-
nomieally profitable ore. Perhaps almost half of the total ore of the
mine was derived from these heavily metallized sericite-biotite alteration
Zones.

. In the hand specimen (C. M. No. 45) the ore appears to consist
of abundant euhedral pyrite erystals in a very fine-grained, dark-gray,
indistinetive groundinass. Numerous fine stringers cut the roek, Under
the mieroseope, it appears that none of the original minerals of the rock
have been left unaltered, except perhaps apatite. '

Accessory minerals:

Apatite, 1 percent, occurs in small, rounded grains, and is scattered all
through the rock.

Alteration minerals:

SBericite, 57 percent, makes up the bulk of the groundmass. 1t is very fine
grained und ahlnost completely lacking in any crystal alignment.

Biotite, 80 percent, occeurs in small, fresh-looking crystals with subparallel
oripntation.  They are very ravely replueed or altered in any way.

Quariz, 2 percent, caleite, 4 pereent, nnd chlorite oecur in veinlets and alse
disseminated throughout the rock.

Maguetile occurs us n dust disseminafed through the rock.

DPyrite, 6 percent, forms lnrge euhedral erystals which cut across the other
minernls, replaeing rather than displacing them,

The magnetite as well as apatite may have been an original roek
mineral, but it must have suffered recrystallization. All of tlie other
minerals are the products of wall-rock alteration. ¥rom the nature

. of this highly altered specimen (C. M. No. 45) there is no ciue to the

original character of this ore-bearing rock.

- Veins

In addition to the gnartz, caleite, and chlorite veinlets which
penetrate the wall rock, several strong veins oceur in the American
Girl mine. Al of these major veins follow faulls along which the
wall rock is shattered on either side. The dominant vein mineral is
quartz.  Pyvite, chaleopyrite, galena, and magnetite iave been observed
in these veing.  Vein pyrite is rarely in eubedsral erystals, in contrast
to euliedral pyrite in the altered wall rocks. Perhaps the sphalerite
and pyrrhotite reported in the concentrates were also derived from
these metal-bearing guartz veins. P’ink orthoclase and deep purple
fluorite have been occasionally noted in vein quartz. Most commonly
the veins ure massive and single, but oecasionally they oeenr as com-
pusite veins or lodes. A few very thin veins have minor cavities and
vugs lined with guartz and euhedral pyrile, Others contain ecalcite.
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- Metallization

Along with the wall-rock alteration there were introduced a num-
ber of metallic elements, mostly in the form of sulfides. All data on
metallization was obtained from a report by the American Cyauun'nd
Company.?® The flotation concentrate includes pyrite,. chaleopyrite,
chaleocite, covellite, bornite, sphalerite, galena, pyrrhotite, magnetite,
hematite, limonite, and gold.

TABLE 2
ASSAYS OF THE FLOTATION CONCENTRATH

American Cyannmid Co, Smelter

Gold 6.90 0z. per ton .88 oz, per ton
Silver 3.50 oz, per ton
Jopper? 2.85% 1.06%

Iroun 31.93% 30.507%
Sulphur 32.08% 32.60%
Time 1.50%
Alumina, 4.10%

Hilica 20.60%
1nsoluble 25.90%

(* The percentage of copper In both samples la lower than average. 6% copper
18 usual.) .

Assays of the different mesh sizes after sereen’analysis reveal .tlmt
most of the values fall into the minns 825-mesh group. The minus
325-mesh contained 54.74 percent of the total gold, 70.65 percent of the
copper, 45.81 percent of the iren, and 27.81 percent of the insoluble
material. ]

Examination of the flotation concentrate under the mieroscope
showed that the melallic mineral constituents oceurred in both free
and locked mineral grains. DPyrite was the most abundant mineral
constituent, Most of the pyrite oceurred in apparently free mineral
grains.  Au appreciable proportion of the pyrite eontained inclusions
of other mineral constituents, especially chaleopyrite, sphalerite, limo-
nite, and quartz. )

OF the eopper-bearing minerals, about 66 percent were chalcopyrite .
and about 34 percent were chaleocite, along with a little coveliite and
bornite. About 76 percent of the copper metal content occ'urred in
apparently free mineral grains awd about .24 percent oceurred in lpckgd
mineral particles, especially as minute inclusions of chalcopyrite in
pyrite. ’ i )

Oceurrences of gold were noted in free mineral grains .fmd in
locked particles. Locked gold particles 1 to 30 microus in dlm_ueter
were most conmmon in pyrite and chaleopyrite. (lold was also found
both in limonite and quartz. 'The limonite was geunerally pseudo-
morphous after pyrite. )

ffour panner produetls and a slime product were obtained from a
sample of the concentrate on a laultain super-panner. These produets
were all assayed for gold, eopper, iron, and insoluble material, Of the

2 American Cyanambd Company,  Ore Dressing Tahoratory.,  Mieroscopleal exam-
ination of a flotation concentrate from the Ameriean Girt Mine,  YPrivate lteport. 1938,
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gold, 21.94 percent was panned out as free gold. 'The panner iron eon-
centrate assayed 6.04 oz. of gold per ton and earried 38.40 percent of
the gold. 'The panner copper concentrate assayed 10.24 oz. of gold per
ton and carried 17.82 percent of the gold. The pauner tailing con-
tained 4.10 percent of the gold, and assayed 1.82 oz. of gold per ton.
In the slime portion of the sample was 17.74 pereent of the gold. . The
slimes assayed 5.28 oz. of gold per ton, . o
The study of the ore minerals has not been carried far enough to
permit detailed diseussion' of the paragenesis of the ore minerals,
Sinee most of the gold cecurs as minute locked particles in the pyrite
and chaleopyvrite, the interpretation that is placed upon these relation-
ships (whether inclusion or replacement) will determine in a large
nmeussure the nature of any hypothesis of paragenesis. ‘
A series of drawings made from photographs of polished sections
of the concentrates®® illustrates the nature of the oceurrence of the
metallie minerals and their relationships to each other (Fig. 15).
Owiitting for lack of evidence auy statement regarding the para-
genetic relationships of gold and guartz, these drawings seem to show
the following mineral paragenesis: :
Larllest? pyrite ) -

ehalcopyrite
Latest: sphalerite

Relationship Between Wall-Rock Alteration, Veins, and Metallization

Surrounding the main fault and some of the minor Faunlts of the
American Qirl mine lies an aureole of ehloritized and feldspathized "~
country roek. Bodies of rock highly alteréd to dense, fine-grained
masses of sericite and biotite erystals oceur in shoots and lenticular
deposits in close association with the breaks. Almost all of the altera-
tion took place in the arkosite wall-rock to the west of the American
Girl shatt. Nothing beyond a little chloritization oceurred in the
yuartz diorite which lies to the east, o o

Whether these two types of alteration represent successive stages
or different phases of the same stage of mineralization, the metalliza-
tion occurs dominantly with the sericite 'and biotite. Massive quartz

‘veing, which occasionally carry inclusions of sericite-biotite ore, were

deposited during the next stage. More pyrite and gold, along with the
less common sulfide minerals and {luorite were-deposited in the quartz
veins,” The exact time of deposition of the relatively unimportant
caleite stringers was not determined, though it is suggested that they
followed the period of metallization, |

Origin of the Ores

While some of the materials involved may have been derived from
the decomposition of the eountry rock, most of the chemical elements:
were introduced. Furthermore, the source of these introduced ele-
ments was probably a cooling magma. Serieitization, which represents
the most intensive type of alteration, is considered to be indicative of
the alkalinity of the solution.?” '

# Amerlecan Cyanamid Company, op. cft. '1938.

# Graton, L . Nnture of the ore-forming fluid. Xcon. Geol., vol. 35, supplement
to No. 2, pp, 197-368. 1540,
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The metallization, wall rock alteration, and vein structure, as
diseussed above are typical of mesothermal ore depusils.

Age of Mineralization

Mineralization in the Qmerieuu (tirl mine was obviously controlled
by the main fault and its‘eubsidiary fuults. In every cuse, wall-rock
alteration and metallization decreases with inereasing distance from
these breaks. llence the mineralization is post-faulting. In several
places in the footwall in the American Girl mine small sulfide-bearing
veins have been found eutting pegmatite dikes. llence, the ore
mineralization oceurred after the pegmatites intruded. In the Sover-
eign Last mine of Tumeo Valley the pegmatite dikes are seen to be
offset by the main thrust fault in the mine.

From these strnetural 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. llence the
ore mineralization is younger than the main period of intrusion.
Though at present there is no apparent means of telling how much
younger, it is believed that these mesothermal gold-bearing quartz
veins, like those of southern Yuma County, Arizona,* may be of late
Mesuzoic age.

GOLD PLACERS
Distribution

The alluvial gravels of Jackson Guleh and the Padre Madre Valley
are reported to have yielded rich returns in placer gold. Pits-and
dump piles testify that these two alluvial areas were thoroughly,
explored and exploited. At the present time there is very liitle gravel
left which has not been worked at least once.

Gold Content

Rumor has it that these placer deposiis were very rich, llowever,
1o estimate ean be made of their total yield. In Jackson Gulch the
writer witnessed the dvy washing of about half a cubie yard of preyi-
ously wndisturbed gravel. This gravel yielded approximately #$5.00
in gold, most of which was in the form of small, relatively unworn
nuggets. The preponderance of larger pieces was probably due to the
loss of the tine colors in the dry washing. ‘

TAILINGS

The three major tailings piles of the district have all been reworked
to a greater or less degree. The Tumeco tailings are being eyanided in
a small seale operation.?® OId tailings and dumps of the Awmerican
Girl were extensively milled and coucentrated by O’Brien Miues, Ine,
Cargo Muchacho tailings have been reworked more than once. Ilolmes
and Nicholson were the last to operate on them.

8 Wilson, I, [». Geology and minernl deposits of solull;ern Yuma County, Arizona.

Unlv. of Arizona, Ariz. Bur, of Mines Bull. 134, p. 46, §
® Calif. State Mineralogist's Report, vol. 34, p. 8. 1938.
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METAL MINES
MINES IN THE LEUCOGRANITE

Mineralized zones oceur on faults in or near metamorphie inclu-
gions. 'The attitude of Lhe faults is parallel to the relic structure of the
inelusions. The mineralization consists essentially of quartz veins bear-
ing pyurite, a liltle chaleopyrite, specular hematite and gold.

La Colorada mine (Plate 11, no. 1) consists of nine claims owned
by Mr. and Mra. Mike Muller and Earl Goff of Calexico, California.
The vein strikes eastward and dips 30 to 35 degrees.

G’o.lden' Queen prospect (Plate 11, no. 2) is owned by a Mr. Miller.
The vein lies on a flat-lying fault of variable strike, which averages
roughly NW, while the dip is less than 20 degrees SW,

MINES iIN THE TUMCO ARKOSITE OF TUMCO VALLEY

Mineralized zones oceur oun 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 the ore, e.g. the large-scale drag-folds in the
450 stope and 700 stope of the Golden Queen mine. The mineralization
consists of quartz, pyrite, chaleopyrite, and gold. In the past, some
of these mines were opérated oii i Very large scale.

Cojl‘ee Pot prospect (Plate 11, no. 3) consists of six claimns éwned
by E.ddle Coffee, 4. 1. Hardy, llenry Stroud, Mike Olathe, llenry H.
Austin, and Jose Davis. Vein attitude is (strike) N. 84°R., (dip) 34°8.
A winze had been sunk 65 feet down the dip in January 1939,

. g mine (Plate 1T, no. 4) difters from other mines in this group
in its steep dip near the surface, The attitude of the main fault is
N. 72° W, 52°8.

Golden Cross group of mines now under the control of Thonas 1.
Woodruff of Ogilby had a total production estimated at more than
$3,000,000, All were large mines with inelined shafts extending down
the dip of the main fault for more than 1,000 feet, and with many thou-
sands of feet of workings. Ore occurred disseminated in the hanging
_\@_l_l_. All were mined by shrinkage stoping.

) Golden Queen mine (Plate 11, no. 5). The attitude of the footwalil

is N. 52°R,,, 26°S. Degmatite stringers in the hanging wall are shown

in a picture of the shaft (Fig. 7). ’
Golden Cross mine (Plate 11, mno. 6). Iootwall attitude is

N. 57°H., 37°S. ’ °
Golden Crown mine (Plate 11, no, 9). Footwall attitude i

N. 86°W., 22°8.5 ’ ' ° e

© ®\Callf s ' : - ;
12, o ST ST B S5 B

) Drtgbea M.nul"r}vgalle Repo‘r't (g) Oil)le American Girl Mine. 1911,
. 8. Bure! 0 nes, . 8, Department of Commerce. Milineral
'ilslgau. S. Washington. 1924-1931, Minerals yearbook-review. Wasll:ln;:g:‘.lmfgsgg

‘U 8. Bureau of Mines, U. 8.
Washneion  Shas T Hin Department of Interlor. Minerals yearbook-reviews,

U. 8. Geologlcal Survey. Minernl resources of the UI. 8. Washington, 1882-1923,
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Sovercign mines, Kast and West (Plate 1I, nos. 7 and 8; also
Fig. 11) owned by Thomas L. Woodrufl. Total produection for 1937-38
more than $50,000. The property is still being operated (1940), Ore
oecurs in the footwall under a fault of variable attitude; strike
N. 72°80°K,, dip 20°-30°S. 1o the Sovereign Bast wine, workings
exl,uul more than 200 feet down the dip and over 350 feet along the
strike. * 1'ree gold oceurs in a quartz vein 20 to 70 inches thick and
averages $10.00 {0 $15.00 per ton.®

Other properties in the Tumeo arkosite incelude Banner mine,
Delta prospect, und Desert King mine.®®

AMERICAN GIRL MINE (Plate lil)

This mine (Plate T1I, no. 12) is eovered by 18 claims, which also
inclade the American Boy mine (Plate 11, no. 13). The Amerm in Girl
was recently operated by O’Brien Mines, Ine. Iarly in 1939 these
holdings were incorporated with properties controlled by Sidney 13.
Wood, dJr., to form Allied Mines Ine,, with Mr. Wood as general
manager. Operation of the mine ceased in the summer of 1939, An

‘estimate of the total produetion of the American Gicl mine from July

1936 to May 1, 1939 is 119,000 tons of ore mined, yielding $575,000 in
gold, silver, and copper. Barlier production had yielded :

1R92-16900 20,000 tons  $105,000 gold
1918-1916 20,000 tons  $131,000 gold

A well drilled in alluviam to the southwest of the rauge about 2.5
miles from the mine supplied water for the mine and mil) (for analysis
see 'Table 3). Water for domestic use was irucked from Irvin well
in Ogilby.

The a(,compdnymlr plan of the underground workings shows the
extent of operations. The ore vecurs on and near a ihrust fault which
dips 30°S. near the surface and 25°S. at depth. Minor ¢ross faults
which interseet the main thrust fault have locally shattered the wall
rock and have determined to a considerable extent the loealization of
intense wall-rock alteration and metallization. The nature of the wall
rock, wall-rock alteration, and metallization have been discussed above,
The T'ybo shaft of the mine is shown in (Iig. 8).

, The American Boy mine differs from the Ameriean Girl in distri-
bution of wall-rock types. The entive hanging wall consists of quartz
diorite; the foolwall, of metamorphosed arkosife. The structure is
gimilar to ihat of the Ameriean Girl, but wall rock “alteration and
metallization are not so intense,

Nearby properties similar in geology include the Ogilby group,
the Mayata and Bnglewood claims, and the Yuma and Arizona elaims.®

n Californin State Mineralogist’s Report, vol. 34, p. 9. 1918, U. S, Bureau of
Mines. U. S Department of Interior, Minerals y('mb«mk reviews, 1938 and 1939,

A California Slate Mincridoglst's Rcl])?)lz"- vol. 13, pp. 331-332, 1895-96; vol. 14,

p. 720, 1913-1914; vol. 22, pp. 255-256
2 Callfornin Stlale l\llnemloglsl s Rteports, vol, 13, p. 331, 1895-96; vol. 14, pp.
738-729. 1913-14; vol. 22, 266, 1926 vol. 34, p. b 1938,

. Draper, Marshal), l'nmtn report on the Ameriean Girl Mine. 1911,

" stCplifornia State Mineralogist’s Reports, vol. 14, p. 729, 1913-14; vol. 22, p.
259,. 1986, E .
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TABLI 3
ANALYSIS OF WATER FRROM THIS AMERICAN GIRL WELL

. Dissolved Bolids
Siliea

1.30 grains per U. S. gal,
Aluminum oxide . ______ 0.25
Iron oxide 0.01
Snleium 2441
Magnesium 0.90
Sodium 82.G4 :
Sulphate 21.16 i
Chlorine 166.62
Jarbonate - None *
Biearbonate 214
otal solide . 289.36 i
Totul non-volatile solids. oo 288.27
"Total lmnhmss a8 CnCO 04.74
Hypothetical Combinations
Silien 1.20 grains per U. S. gul.
Aluminum oxide : 0.2
© Trom oxide o ____ 0.01
Caleium bicarbonate 2.84
Calcinm sulphate 20.08
Snleivm ehlorlde .. _ 41.30
Magnesium bienrbonate oo ______ None
Magnesium sulphate None
Magnesium chloride —_________ - 3.63
Sodium biearhonnte . None
Sodium carbonate . None
Sodiwm sulphate None
. Sodium chloride 210.16
Total solids 280.30
Determinations
nrbon dioxide uncombined in p.p.m 20
Hydrogen sulphide in p.p.m Noue
Specifie electrie conductance. Not determined
Iydrogen Ion ¢ tration i
Boron in p.p.m 0.4
Jolor (liltered) . None
QOdor _ None
Taste . Saline
Turbidity (ﬁllered) None

Smith-Bmery Co.  Chemical analysis of water from the American Girl well,

Private report, March, 19306,

Obregon Valley (Plate 11, no. 14).
large quartzitie inclusion in quartz diorite along a fault which parallels
the orientation of the inclusion. The fault strikes N. 7°W. aud dlpS
- b2 .58 A y !

GUADALOUPE MINE

This mine, owneid by Nat Kenison, is located near the east end of
Disseminated pyrite oceurs in a

. 266,

3; !()‘.2nallrornla State Mineraloglst's Reports, vol. 14, p. 729.

1813-14; vol. 22, p.
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MINES IN QUARTZ DIORITE

Within this rock guartz veins oceur along min'nr g{elmrnll.\" ﬂl.eep-E
dipping Faults and shear zones.  Wall-rock alferation in the !tu.rn! of
ehloritization is intense in the mines of Madre Valiey, !mt is of hmI!.ed
exlent elsewhere. Ilemalite is common. ({ul(l oeens free or in pyrite.
Although the values are generally spolty a few of these mines have been
very productive.

Pusadena mine (Plate 1T, no. 24). An ore-hearing silicified ﬂll(?ﬂl'
zone, with an attitude of N. 30° 1., 83°S 1., has been prospected by five
adits at different levels.®

Cargo Muchacho mine (Plate I, no. 2:3) was leased and w'm'ke(l by
Ilolmes and Nicholson in 1936 and again in 1939, Quartz veins oceur
in a silicified shear zone 2 to 8 feet wide. Its attitude is approximately
N. 4°1., 48°1. To the south the 1llill(‘|‘:l|l.'l,(‘.(l zone crosses the contact
from the quartz diorvite into gnarlz monzonite. Values oceur only where
quartz diorite is the wall rock.*

Rlossom mine (Plate 11, no. 18, also Ii‘i;_r.. 9) is an old properf.y
whieh was re-opened in 1938-39 by a M. Stubbins, The qum"t;z diorite
country rock is abmdlantly sheared :}ml highly (-.hlu_rll.lze(l: Fhere are
many small quartz giringers in the mine, but nnne'nl tllf:]ll 15 persistent.
The 200-Toot Valenein shaft and several hundred feet ol drll't.oe‘xplure a
mineralized fault zone with an attitude of N. 15°:25°°W., bU°SW."

Padre.and Madre mines (Plate 11, nos, 19-21 i also I“igs.'l(') and 12)
are owned and operated by the Holmes and Nicholsou Mining Com-
pany. ‘The ore oecurs in or near a dull-gray quartz vein which follows
a fanlt of variable attitude. Us strike ranges from N. 51)"\'\/. to
N. 50°K. Dip remains almost constant at approximately 24°8. A
persistent hreecia dike a few inches 1o a lool thick oceurs generally in
the footwall paraliel Lo the vein.™ . . )

Other properties in the quariz diorite include Oeceidental mine,
south of IPasadena miue; Uray Bagle prospect, east of Pasadena mine;
and Little Bear prospeet (Plate 11, no. 22). Gray Bagle, owned by
C. J. Creese has an altitude of N.6T°E.. J6°S . Little Bear is owned
by Roy Bennett and others of Ywma, Arizona. It is vlmractongedo_lzy
a zone of numerous small quartz stringers with an altilude of N, 60°L,,
45°8 1.

MINES IN QUARTZ MONZONITE

A number of prospeets have heen opened in guartz monzonite on
small veins similar 1o those which oceur in quariz diovite, None of
them has developed iuto a mine.

N - riat's wrts, vol. 11, p. 386, 189)-1892.: vol. 12,
P 24z, C?%‘J&'Ti‘é?n?‘%‘n. 11“3‘.“;;:,..l:’!’%'lmaml“;zf(!.‘ 1895-1846 : vol. 14, p. 729. 19131814}
vol. 22, I:~ 250 .192‘“:l Mineralogist’s Reports, vol. 6, p. 81, P 1. 1886 vol, 11, pp.
%5_3;16?“'1‘%'!’,'1'3:{5 % b zad, 18n3-1884; vol. 14, mo. 333331 “1895-903 vol. 14,
b 729, 1913-19147 vol. 22, p. 266, 19263 vol. 44, p. 9. 1938,
= calif. State Mineralogist's Reports, \;nl. I2.(|L 238, 1893-94; vol. 13, p. 332,
1895-96; vol, 14, p. 720 1018-14; vol. 22, p. 266, 1926, i
a0 Register of Minex and Minernle.  San Diego Co., p. 6. 190

2. .
Callif. State Mineralogist’s Reporls, v"‘l.“lz. p. 242, 1893-94; vol. 14, p. 729. 1813~

14; vol, 22, p. 269. 1926. vol. 34, p. 8. 19388,
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Whilecap prospect (Plate 11, no, 15), five claims owned by J. D.
Northeolt, J. 1. Williams, IR, van Patten and B. J. Hanna. Vein atti-
tude N, 33°W,, 51°E.

Tee Wee prospect (Plate 11, no. 16), three claims owned by Alex
Crawford, may represent an extension of the Whitecap vein.

ECONOMIC GEOLOGY—NONMETALS
GENERAL DESCRIPTION

The non-metallic products of the Cargo Muchacho distriet consist
of sericite and kyanite. 'Though both of these minerals have been
mined extensively in the distriet, their production is sporadic and
follows elosely the demands of the market. Five sericite yuarries have
been opened up und two kyanite deposits have been worked. Most of
the production has come from one sericite quarry and from one kyanite
quarry,

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

NONMETAL MINES
SERICITE IN TUMCO FORMATION

Oceasionally, near pegmatite’ dikes in the Tumeco arkosite, the
country rock is completely altered to servicite. This grades outward
first into a sericite schist bearing large feldspar augeu, then to a biotite-
feldspar schist, and finally into normal Twmneo arkosite. .

A prospeet pit in the bottomn of an arroyo a few hundred feet north .
of the Golden Queen mine and a few sporadically aetive ¢uarries
(Plute 11, no. 10) at the southwest end of Tumeo Valley exemplify this
type of occurrence.

SERICITE IN THE VITREFRAX FORMATION

This occurrence of serieite has been brielly deseribed above. The
largest and most aetive sericite quarry in the district is located on
Miecatale 11ill (Plate 11, no. 11). An open eut has been worked since
about 1930 by Micalale Ine., under C. E. Allebrand of Los Angeles.

KYANITE IN THE VITREFRAX FORMATION

The geology of the kyanite deposits has been briefly discussed
above.

Several small quarries have been worked on Micatale 1lill and in
its vieinity.

Ogilby kyanite deposits. 10 claims owned by Vitrefrax Corp.,,
5050 Pacific Boulevard, Lios Angeles. A large open cut on Vitrefrax
Hill (Plate 11, no. 17) supplies an average of 100 tous per year of

_kyanite. The best ore in the mine averages 40 percent kyanite. The

kyanite is separated from the quartz by crushing and screening i the
Micatale mill (Fig. 13.)4¢ . :

i California State Mineralogist’'s Reports, vol, 31[3, p. 333. 1895-1896; vol. 22,

pp. 268-270. 1926; vol. 27, pp, 461-452, 466-457. 19

California State Div, of Mines Bull. 99, pp. 87, 121-122, 1928,

Riddle, §7. Fl, WMinerals of the sillimanite group. Eng. and Mining Jour., vol.
133, no. 3, p. 141. 1932, . .
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