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K-Ar AND F-T AGES FOR SYNTECTONIC MID-TERTIARY VOLCANOSEDIMENTARY SEQUENCES
ASSOCIATED WITH THE CATALINA CORE COMPLEX AND SAN PEDRO TROUGH IN SOUTHERN ARIZONA

WILLIAM R. DICKINSON

MUHAMMAD SHAFIQULLAH
Department of Geological Sciences, University of Arizona, Tucson, AZ 85 721

Geologic features that define the Catalina core complex
and San Pedro trough near Tucson in southeastern Arizona
were produced by Tertiary extensional tectonism that
accompanied crustal thinning (Davis and Hardy, 1981;
Davis, 1983; Spencer, 1984). Stratigraphic and structural
relations of syntectonic sedimentary and associated vol
canic sequences of mid-Tertiary age help constrain the in
ferred timing and geometry of extensional deformation
(Dickinson, 1984; Dickinson and Shafiqullah, 1986). This
paper presents unpublished K-Ar and fission-track age
determinations that control the chronostratigraphy of key
mid-Tertiary successions, and sets the new data in the con
text of previously available information.
We infer that mid-Tertiary strata within the area have

been affected principally by extensional deformation. Con
sequently, local or gentle folding that can be interpreted as
evidence of crustal shortening (Keith and Wilt, 1985) is
ascribed instead to accommodation of kinematics asso
ciated with crustal thinning by extensional fault systems
having irregular geometric configurations (Naruk and
others, 1987).

ANALYTICAL INFORMATION

Analytical procedures discussed by Damon and others
(1 983) were used in this study (constants: X/j = 4.963 x
10-10 yr-1, \e = 0.581 x IC^® yr"\ X = 5.544 x IQ-i®
yr~i ♦oK/K = 1.167 x 10"* atom/atom). Fission-track age
determinations were done using methods described by
Naeser (1976) at the fission-track laboratory of the U.S.
Geological Survey in Denver and at the Uruversity of
Arizona. Error estimates were made at 2 standard devia
tions by combining Poisson errors of fossil, induced, and
neutron dosimetry counts.
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DISCUSSION

MORPHOSTRUCTURAL TERMINOLOGY

The term "Catalina core complex" is adopted here (after
Rehrig and Reynolds, 1980) to designate the Cordilleran
core complex denoted also by several other more cumber
some names ("Santa Catalina-Rincon-Tortolita crystalline

complex" of Keith and others, 1980; "Catalina-Rincon
metamorphic core complex" of Bykerk-Kauffman and
Janecke, 1987). The term "San Pedro trough" is adapted
here from oral usage developed by J. D. Lowell (personal
communication, 1984) during his classic study of the tilted
San Manuel and Kalamazoo porphyry copper orebodies
(Lowell, 1968).

The San Pedro trough is an elongate structural depres
sion flanked on the southwest by the Catalina core com
plex, with mid-Tertiary mylonitic fabric along its southwest
flank, and associated uplands lying farther north (fig. 1); to
the northeast, the faulted front of the relatively unde-
formed Galiuro Mountains block is the breakaway zone for
the detachment fault system that bounds the core com
plex. Tilted homoclines of mid-Tertiary strata are exten
sively exposed along the San Pedro trough, where they lie
unconformably beneath erosional remnants of younger
Cenozoic basin fill, and are also locally exposed within
eroded uplands of varied character to the southwest.

STRATIGRAPHtC NOMENCLATURE

The stratigraphic framework of mid-Tertiary horizons
within the San Pedro trough, and flanking the Catalina core
complex, has been obscured by proliferation of local forma-
tional names, some unpublished but widely cited, and by
inadvertent miscorrelations. The legend of figure 1 indi
cates the lithostratigraphic terminology preferred here.

A consistent set of Oligocene-Miocene formations, in
cluding local members and fades, can be mapped through
out the San Pedro trough and the uplands north of the
Catalina core complex: mid-Oligocene Mineta Formation,
upper Oligocene Galiuro Volcanics, Oligocene-Miocene
Cloudburst Formation, and lower Miocene San Manuel For
mation. Chronostratigraphic correlations and facies rela
tionships remain unclear in detail between these units and
various subunits of the Oligocene-Miocene Pantano Forma
tion in the Tucson Basin and Cienega Gap south of the
Catalina core complex. Overlying gently deformed
Miocene-Pliocene sequences are designated variously in
different modern drainage basins; their stratigraphy is
discussed here only as necessary to clarify the structural
and stratigraphic relationships of the underlying mid-
Tertiary units.

DATA PRESENTATION

Our new analytical results are given in the following sec
tions. Previously published K-Ar ages relevant for discus
sion of the new data are compiled in tables 1 -3 Locations
of our samples and those of table 2 are plotted on figure 1
Figure 2 displays the array of ages for mid-Tertiary volcanic
rocks demonstrating a late Oligocene puise of intermediate
volcanism. Figure 3 shows the distribution of key mid-
Tertiary stratigraphic sections correlated in figure 4 which
also indicates the past stratigraphic usages of previous
authors.
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□ post-mid-Miocene basin fill
mid-Tertiary sedimentary rocks

Tsm, San Manuel Formation
Tss, Soza Canyon facies
Tsk. Kelsey Canyon facies
Tsp, Paige Canyon facies

Tcs. sedimentary member of
Cloudburst Formation

Tpa. Pantano Formation
Tmi, Mineta Formation

mid-Tertiary volcanic rocks

Ttv. volcanics of Tucson Mts.
Tcv. volcanic member of

Cloudburst Formation

Tgv, Galiuro Volcanics

mkJ-Tertiary mylonitic fabric

mkJ-Tertiary granitic rocks
(Catalina and Tortolita
Plutons)

II pre-Upper Eocene bedrock
"  (varied)

main highways

-

dome
rivers & streams

ARIZONA

normal contacts

fault contacts

River Hayden

detachment fault,
dotted where concealed

ATgw-^ \ y
mylonitic lineation

along flank of
Catalina Core Complex

Aravaip^

^Mammoth

Falcon
Valley

a—rDesert
San Manuel

32*30'N

Catajipa
Piuton

Tortolita
Piuton

Safford

Tucson Basin

C-Valley—I
Hills

32» OO'N

K-Ar localities

2« this paper

Table 2

figure 1 Geologic map of CataHna core complex and San Pedro trough showing areal distribution of tilted homoclines of dated mid-
Tertiary volcanosedimentary successions in relation to older bedrock exposures and Lunanr hnsin fill (after Dickinson, 1987,1988). Local
(T9"77)"and^o°oTunS Banks (1980), Budden (1975), Davis (1980), Drewes
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PUBLISHED K-Ar AGES

TABLE 1. Published K-Ar ages for mId-Tertlary volcanic fields
of Tucson and Galluro Mountains

See fig. 1 for general locations, (w) whole rock, (b) biotite, (s)
sanidine, (p) plagioclase, (f) feldspar. All ages cited in recalculated
form reported by Reynolds and others (1986) using most accurate
currently known decay constants (numbers from their listing in
brackets). Each data set (A, B, C, D) given in apparent stratigraphic
order from oldest to youngest.

Age (Ma)

A. Galluro Volcanics of Galluro Mountains (Creasey and Krieger,
1978; coordinate sanidine K-Ar ages for several samples are
consistently 1 -3 Ma younger):

ash-flow tuff of lower part [#8491 (b) 28.9 ±0.8
rhyolite dike in lower part [#81 7] (b) 28.1 ±0.8
Holy Joe (ash-flow tuff) Member [ave. of
#785 & #786] (b) 27.3 ±0.8

Tuff of Bear Springs Canyon [#661] (b) 24.4 ±0.7
Aravalpa (ash-flow tuff) Member [#752] (b) 26.4 ±1.0
Hells Half Acre Tuff Member [#703] (b) 25.3 ±0.7

8. Safford Peak area of northern Tucson Mountains (BIkerman

TABLE 2. Published K-Ar ages for mid-Tertiary volcanic rocks
near Catallna core complex and San Pedro trough (continued)

and Damon, 1966):

Rlllito andeslte (Ignlmbrlte?) [#946] (b)
Safford Peak bedded tuff [#697] (b)
Contzen Pass vltrophyre (Ignlmbrlte?) [#760] (w)
Safford Peak andeslte (Ignlmbrlte?) [#832] (b)
Safford Peak daclte neck [#690] (b)

39.4±1.3
25.2 ±1.4
26.6 ±1.2

28.5±1.9

25.1 ±0.9

C. Sentinel Peak area of southern Tucson Mountains (BIkerman
and Damon, 1966; Shaflqullah and others, 1978):
Turkey Track lava, A Mtn [#839]
basaltic andeslte. Sentinel Peak [#798]
bedded air-fall tuff, A Mtn [#793]
dacltic ash-flow tuff, A Mtn [#751 ]
basaltic andeslte, A Mtn [#655]
basaltic andeslte, Tumamoc Hill [#627]

(P)
(w)

(f)
(s)
(w)
(w)

28.6±2.7
27.6±1.2
27.4±0.9
26.4±0.9
24.2±0.5

23.7±0.5

D. Del Bac Hills south of Tucson Mountains (Perclus, 1968):
Turkey Track lava, San Xavler
basaltic andeslte. Black Mountain [#7121
basaltic andeslte. Black Mountain [#656]
basaltic andeslte, Martinez Hill [#649]
basaltic andeslte, Martinez Hill [#699]

(w)

(w)
(w)
(w)
(w)

27.6±0.8

25.4±0.7
24.3 ±1.0

24.1 ±0.9
25.2±0.7

TABLE 2. Published K-Ar ages for mid-Tertiarv volcanic rocks
near Catallna core complex and San Pedro trough

brackets).

Age (Ma)

(b) 29.5 ±0.9A. Impure rhyolite tuff within
Pantano Formation near
Clenega Gap [#857]

B. Turkey Track andesltic lava
of Pantano Formation near
Clenega Gap [#681]

C. andesltic lava from depth (w) 23.9 ±0.6
of 2 420-2,426 m In Exxon
State 32-1 well [#641]

D. Turkey Track andesltic lava
In Galluro Volcanics overly
ing type MIneta Formation
at MIneta Ridge near Bar
LY Ranch [#773]

(p) 24.9±2.6

(p) 26.9±2.4

Shaflqullah and
others, 1978

Shaflqullah and
others, 1978

Eberly and
Stanley, 1978

Shaflqullah and
others, 1978

Age (Ma)

(h) 25.1 ±0.4
(b) 23.5±0.4

E. quartz latlte lava of The
Huerfano butte west of

Suizo Mountains [#694 &
#617]

F. quartz latlte lava near Chief (b) 26.7 ±0.5
Butte north of Tortollta
Mountains [#765]

G. ollvlne-bearing basalt lava (w) 21.0±0.5
at base of San Manuel
Formation In Three Buttes
area [#535]

H. basaltic lava near base of (w) 28.3 ±0.6
type Cloudburst Formation
In Cloudburst Wash near
Mammoth [#826]

I. rhyolite dike Intruding Pre- (b) 22.8 ±0.7
Cambrian basement In

Putnam Wash west of
mouth of Aravalpa Creek
[#597 = #576]

J. rhyodaclte tuff near top of (b) 17.5 ± 1.0
tuffaceous sandstone Inter

val In San Manuel Formation
of RIpsey Wash [#414]

K. air-fall tuff In Whitetall (b) 33.5 ±0.6
Conglomerate below Galluro
volcanics in Aravaipa Can
yon [#907]

L. andesite In andeslte- (b) 27.2±0.8
rhyodaclte subunit of lower
part of Galluro Volcanics
[#786]

Banks and

others, 1979

Banks and

others, 1979

Banks and

others, 1979

Shaflqullah and
others, 1978

Marvin and

Dobson, 1979

Berry and
others, 1976

Krieger and
others, 1979

Creasey and
Krieger, 1978

TABLE 3. Published K-Ar ages for mid-Tertiary volcanic rocks
assigned to the Pantano Formation or its correlatives In the region

south of Catalina core complex and San Pedro trough

See fig. 1 for general locations, (w) whole rock, (b) biotite, (s)
sanidine, (p) plagioclase. All ages cited in recalculated form reported
by Reynolds and others (1986) using most accurate currently
known decay constants (numbers from their listing in brackets).

daclte in Pantano Formation
along west flank of Empire
Mountains near Martinez
Ranch In Davidson Canyon
[#843]

Turkey Track andesltic lava
within Helmet Fanglomerate
at Twin Buttes on north

flank of Sierrlta Mountains
[#885]

tuff intercalated within Helmet

Fanglomerate near Twin
Buttes on north flank of

Sierrita Mountains [#836]

rhyolitic tuff [#949]

ash-flow tuff [#808]
ash-flow tuff [#768]
basalf [#675]

Age (Ma)

(b) 28.7 ±1.1 Marvin and
others, 1 973

(p) 31.4 ± 1.2 Shaflqullah and
others, 1978

(b) 28.6 ±2.6 Damon and

BIkerman, 1964

(b) 39.8 ±1.5 Marvin and

others, 1973
(s) 27.8 ±0.7 eu 11 u

an^ttK.1978
•Intercalated with conglomerate, red arkose, and freshwater limestone near
Babocomari Ranch between Whetstone and Huachuca Mountains
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MID-TERTIARY MAGMATISM

To the southwest and east of the Catalina core complex,
extensive mid-Tertiary volcanogenic successions in the
Tucson and Galiuro Mountains and associated uplands
were erupted mainly in late Oligocene time. Correlative
strata in the volcanic lower member of the Cloudburst

Formation exposed to the north and northwest of the
Catalina core complex record the same pulse of volcanism.
This main phase of local volcanism was coincident in
timing with the culmination of mid-Tertiary magmatism
throughout southeastern Arizona (24-30 Ma according to
Shafiqullah and others, 1978). In areas distant from the
principal volcanic centers, sedimentary sequences con
tain correlative lavas and tuffs intercalated at selected
horizons.
A few samples dated from the region surrounding the

Catalina core complex reveal that incipient pre-mid-
Oligocene volcanism preceded the main eruptive phase.
Within the study area, lower Oligocene felsic tuffs occur
locally at or near the base of some mid-Tertiary volcano-
sedimentary sequences. Precursors of the mid-Tertiary
volcanic episode also evidently include some rocks as old
as late Eocene in age.

Within the Catalina core complex, the closely related
Catalina and Tortolita granitic plutons record an episode of
mid-Tertiary plutonism (Creasey and others, 1977).
Available Rb-Sr and U-Pb radiometric data suggestive of in
trusion at about 26 ma (Reynolds and others, 1986, #713
and #755) imply that these granitic bodies were emplaced
during the main late Oligocene pulse of local magmatism.
Seven of eleven reported K-Ar ages for the plutons
(Reynolds and others, 1986) are only slightly younger
(24-26 Ma, Oligocene), and the remainder can be inter
preted with confidence or by Inference as cooling dates
(21-23 Ma, Miocene). However, the data are permissive
of plutonism continuing locally Into earliest Miocene time.

Following the prominent late Oligocene pulse of rnagma-
tlsm, waning volcanism continued Intermittently throug
much of early Miocene time. Thin ollvlne-bearing mafic
lavas of earliest Miocene age (21-23 Ma) and lower
Miocene silicic tuffs (18-22 Ma) are Intercalated with,
underlie, or overlie conglomeratic sedimentary sequences
that either rest deposltlonally upon or overlap thick upper
Oligocene volcanic sequences. The local presence of these
volcanogenic horizons produced by waning phase o
mId-Tertlary volcanism affords the only effective means of
establishing the ages of different stratigraphic units within
the varied Miocene succession.
No reliably dated middle Miocene volcanic rocks occur

within the study area and mId-Mlocene s^r^graphic ̂
tlonshlps are consequently
vltric tuff layers of upper Miocene age (5-7 Ma) occur in
lacustrine fades of the nf daaSr"
Pedro trough (Scarborough, 1975), u 9 haQin mra
unexposed levels of the essentially undeforrned basin fill re
mains undocumented. Within the Sa" Pedro
trough, we Infer an upward transition from older tilted
strata, preserved now only In buried half-grabens, to
younger untllted strata at some unexposed horizon of mid-
Miocene age.

MID-TERTIARY SEDIMENTATION

Within the study area, scattered exposures of tilted mid-
Tertiary sedimentary strata are separated by expanses of
pre-Oligocene bedrock and areas covered by overlapping
basin fill. Most are conglomeratic alluvial fan and braided
stream deposits with intercalated sandy successions, but

[ISOCHRON/WEST, no. 52, March 1989]

extensive lacustrine deposits occur locally, particularly in
the Mineta and Pantano Formations. Megabreccia bodies
formed by landslides and debris avalanches are also com
mon in several of the units (Krieger, 1977). Correlations
between separate exposures of mid-Tertiary sedimentary
formations can be made with full confidence only where
associated volcanic rocks or intercalated pyroclastic layers
have been dated radiometrically.
The Pantano Formation of Cienega Gap and the Tucson

Basin probably contains correlatives of all the sedimentary
units mapped farther north. Locally exposed at the base of
the Pantano section, but disconformable beneath the
overlying sedimentary strata, is a lens of 34-35 Ma
rhyolitic ash-flow tuff with a maximum observed thickness
of 1 5 m (Balcer, 1984). We infer that a comparable lens of
similar ash-flow tuff up to 25-50 m thick at the base of the
type Mineta Formation may be a product of the same
ignimbritic eruptions (the 25 Ma K-Ar age is clearly
spurious from local stratigraphic relations). The lengths of
the time gaps represented by disconformable contacts at
the top of these lower Oligocene ignimbrites are unknown,
but could readily be as much as about five million years, for
the oldest dated horizons in the Pantano Formation, and in
the generally correlative Helmet Fanglomerate, are about
30 Ma.

Intercalated within sedimentary strata near the middle of
the Pantano Formation, as exposed in Cienega Gap, is a 25
Ma porphyritic intermediate lava of "Turkey-Track" type
(Cooper, 1961) correlative with the Galiuro Volcanics,
which overlie the Mineta Formation concordantly in the
San Pedro trough. Pantano strata below this volcanic
horizon are inferred to be correlative, at least in part, with
the Mineta Formation, whereas Pantano strata above this
volcanic horizon are inferred to be correlative, in whole or in
part, with thick sections of the Cloudburst and San Manuel
Formations exposed still farther north.

Deposition of the Pantano Formation may thus have
spanned much or all of the interval from mid-Oligocene to
mid-Miocene time, whereas the Mineta Formation was
apparently deposited entirely within some part of mid-
Oligocene time. In Redington Pass, lying between the
Santa Catalina and Rincon Mountains of the Catalina core
complex, structurally complex extensional klippen lying
above detachment fault surfaces (Benson, 1981) include
isolated exposures of mid-Tertiary redbeds regarded here
as Mineta Formation but mapped previously as Pantano
Formation (Thorman and Drewes, 1981). We treat similar
strata in analogous structural position at Happy Valley be
tween the Rincon and Little Rincon Mountains as Mineta
Formation as well, but they were also referred to the
Pantano Formation by Drewes (1974). Within the Mineta
Formation, widely distributed clasts derived from the
Galiuro Volcanics, or a similar source, suggest that the
onset of post-Mineta volcanism was time-transgressive
and that the Mineta Formation and the Galiuro Volcanics
may in part be facies equivalents.
A lens of volcaniclastic strata ("Whitetaii Conglom

erate") beneath the Galiuro Volcanics In Aravalpa Canyon
contains a 33.5 Ma alr-fall tuff comparable In age to alr-fall
tuff in the Whitetall Conglomerate that lies deposltlonallv
beneath Miocene Apache Leap Tuff near the Ray Mini
north of the Glla River (33.2 ± 0.6 Ma of Banks ani
others, 1972; #903 of Reynolds and others, 1986) Thp
relationship between these lower Oligocene strata and the
Mineta Formation exposed farther south remains uncertain
but they may be correlative in part.
The volcanic lower member of the Cloudburst Formation

exposed north of the Catalina core complex Is composed of
lavas and breccias lithologlcally similar to counterparts in
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the Galiuro Volcanics farther east, and both assemblages
of intermediate volcanics are late Oligocene in age. Further
work may succeed in establishing detailed correlations
between specific volcanic units. For now, different strati-
graphic names are retained for the two sequences because
lavas and breccias of the Galiuro Volcanics are intercalated
with and overlain by extensive sheets of ash-flow tuff,
whereas the volcanic member of the Cloudburst Formation
generally lacks intercalated ash-flow tuff and is overlain
gradationally by thick conglomeratic beds in the sedi
mentary upper member of the Cloudburst Formation. Con
glomeratic strata of the Cloudburst Formation, including
the Hackberry Wash fades, commonly display red colora
tion that is generally absent from overlying beds that are
otherwise lithologically similar in the San Manuel Forma
tion. Thin lavas and tuffs interbedded locally with sedimen
tary strata of the Cloudburst Formation indicate that Cloud
burst sedimentation spanned the Oligocene-Miocene time
boundary.
Exposed contacts between sedimentary sequences of

the Cloudburst and San Manuel Formations are typically
concordant, with no evidence of significant hiatus at the
contact, although the mean dip of Cloudburst strata is con
sistently greater than the mean dip of overlying San Manuel
beds where the two form parts of the same homoclinal sue-

the formational contact is un-

Tf th ' e'®'' mappable angularity. Moreover,
^ MorupH rpmna". Formation commonly overstep
S-S on nrp r Cloudburst Formation to restdirectly on pre-Oligocene rocks. We infer from these

faulting, tlltlns, andduring extensional deformattor^ ""ferway
evidently preserved only wSL u®'®
where they were protectLTom ^°wndropped grabens
sedimentation produced esslnt^ii®'®®'®?" Continuation of
with the overlying San Manu^^F? conformable contacts
burst Formation was not erodoH'^n'®" u*^®'®
San Manuel beds graduallv mffri ^'®®;fhefe, correlative
horsts or tiltblocks alonq E ''''®
erosion wore down uplifted area^L k®. ""?o"^o"ti'ties as
ment accumulation built up oJ^lraii !l® ""'"^errupted sedi-
adjacent basins or subbas?ns ^ct^'ment thicknesses in

Data are inadequate to oci-^ui*
.tuueen redhfiris of the ri,f Whether the contact

the ov?i " Formation and gray odiachronous from one arir?rf ^®" '^®""el Formation is
probable diagenetic origin of the another. Thei^dniies that the . _ ® colotation in the older unit

between redbeds of the Cloudburst Fn .®' ®,i
tawny strata of the overlylnn cfn m ? c®"'' ®'
diachronous from one area of o Manuel Form
probable diagenetic origin of the rn^®®"*^® ®"®^'^
implies that the contact cannot h^Jt-® .®" ^'^® °'^®^
the stratigraphic positions ̂ ^® ®^'''ctly isochronous, butapparently constraiS af eJoosed '^®'®^ '®^®®
part of the lower Miocene intl contacts to some lower
ar®as, ®livin®-b®®ring mafic lavasTil 22^M 7°
near the base of the San Mannei 1 '^^"22 Ma) occur at or
marker units bear close nth®, .''"^®^'cn. These volcanic
olivine-bearing "andesite of Tahie^M ""cseniblance to the
the top of the Galiuro Volcanics '22-8 Ma) at
the nearly synchronous eruotion n/Ik®^ ®®®*'
described variously as basalt ®®® c''wne-rich lavas,
diagnostic petrogenetic staoe in th®»"^.®®'"®' represented a
the study area. The limits ox '"7e structural evolution of
dated samples almost overlao a?ak^'®®!,®^^®'' ^'^® *^'®®

thus assign nominally to tho k®"^ Ma, the age that
Jirmation. The thin Apsey Co ®n' ® ®®" '^®""®'
galiuro Volcanics beneath the 'S®'®*® '^®'"''®r
S' is svidentiv »qulv™„, i' Table Moun-
!fl Cloudburst Formation, The H.I uTn"''''?' •
^  u n./oriips thp rpii. t, . ' "Ole Conglomerate,^bicb overlies the Galiuro Volcanics unconformably near

the head of Aravaipa Canyon along the eastern flank of the
Galiuro Mountains (outside the study area), is apparently
correlative at least in part with the San Manuel Formation
but is essentially flat-lying except where deformed locally
by an abrupt monoclinal flexure above a subsurface fault
(Simons, 1964).

In the Gila River valley, about 10 m of pink ash-flow tuff
intercalated within the upper part of the San Manuel For
mation is regarded on lithologic grounds as a distal finger of
Apache Leap Tuff (correlation first suggested to us by P. E.
Damon). This ignimbrite unit, formerly known as "Superior
Dacite," is distributed over a large region to the northwest
where it reaches a maximum thickness of nearly 1,000 m
(Peterson, 1968). Our biotite K-Ar age of 19.6 ± 0.5 Ma
is analytically indistinguishable from 20 Ma K-Ar ages
reported for Apache Leap Tuff from the type area near
Superior: (a) 19.9 ± 0.6 Ma by Creasey and Kistler
(1962) [#486 of Reynolds and others, 1986] and (b) 20.4
± 0.9 Ma by Damon and Bikerman (1964) [#506 of
Reynolds and others, 1986]. Air-fall tuff layers that are
also about 20 Ma in the San Manuel Formation of the near
by Tortilla Mountains are interpreted here as co-ignimbrite
air-fall ashes produced by Apache Leap eruptions. A some
what younger (17.5 Ma) air-fall tuff farther upsection in
the San Manuel Formation of the Tortilla Mountains is cor
relative with the Sleeping Buffalo Rhyolite exposed farther
north across the Gila River where Creasey and others
(1983) reported an age of 1 7.5 ± 0.7 [#41 5 of Reynolds
and others, 1986]. Fission-track ages for impure tuffs
within the San Manuel Formation are imprecise, but are
concordant with available K-Ar ages and imply that no part
of the sequence is younger than 1 5 Ma.
The lower Miocene San Manuel Formation is commonly

overlain unconformably by upper Miocene or younger beds
of the Quiburis Formation. The intra-Miocene duration of
the hiatus between the two formations is nowhere closely
controlled by available data. The Quiburis Formation,
togSSer with overlying terrace
forms the largely undeformed basin fill of the San Pedro
t^olTgh. Strata displaying approximately depositional atti
tudes are extensive in exposures of the Quiburis Forma
tion, although steeper dips occur locally near offsetting
faul s, compactional drape over basement irregularities
accounts for anomalous local dips in other areas, and rnild
warping of uncertain origin has caused widespread but
gentle subregional tilting of Q"ibuns strata elsewhere.

In widely separated localities, the contact between
moderately tilted San Manuel and Quiburis strata js con
cordant. In these areas, the uppermost San Manuel Forma
tion includes one or more reddish paleosol horizons. As
deformation waned and tilting of syntectonic suata grad
ually ended, periods of downweathering marked by wide
spread soil development may have interrupted sedimenta
tion producing condensed sections. As su sequent aggra-
dation of the Quiburis Formation progressively masked the
residual relief of fault-block topography within the San
Pedro trough, homoclines of tilted mid-Tertiary strata and
intervening tilt-blocks and horsts of older bedrock were
eventually buried beneath the gradually thickening basin
fill.

At its type locality. Big Dome on Mineral Creek near the
Gila River, the Big Dome Formation of Krieger and others
(1974) is regarded here as laterally equivalent in both age
and lithology to the Quiburis Formation of the San Pedro
River valley to the southeast. The name Quiburis has
precedence (Heindl, 1 963) and is adopted here in prefer
ence to the name Big Dome. In local areas near the Gila
River between Big Dome and the mouth of the San Pedro
River, some strata mapped as lower Big Dome Formation

[ISOCHRON/WEST, no. 52, March 1989]



23

by previous workers are regarded here as part of the San
Manuel Formation, which underlies the Quiburis Formation.
However, near the mouth of the San Pedro River, strata
mapped as Big Dome Formation along the Gila River valley
(Banks and Krieger, 1977) pass laterally without break into
contiguous strata mapped as Quiburis Formation along the
San Pedro River valley (Krieger, 1974a). In our view, all
basin-fill successions laterally contiguous with the Quiburis
Formation of the San Pedro trough should be designated by
that formational name. We also refer to the Quiburis For
mation some strata previously mapped as Nogales Forma
tion in Cienega Gap.
The Quiburis Formation onlaps both flanks of the San

Pedro trough and contains detritus derived from the diverse
bedrock units exposed in the adjoining uplands. Within the
Quiburis Formation, coarse alluvial fan facias deposited
along the flanks of the San Pedro trough grade laterally
inward to and prograde above finer grained braidplairi and
lacustrine facias that occupied the depositional axis of
the San Pedro trough (Agenbroad, 1967; Utiey, 1980).
Mammalian remains and magnetostratigraphic studies
within the Quiburis and St. David Formations of the San
Pedro River valley indicate that deposition of basin fill had
begun by late Miocene time and continued through much of
Pliocene time (Smith, 1967; Johnson and others, 1975).
Erosion of the basin fill initiated by integration of the Gila
River drainage system (Cooley, 1968) locally exhumed tilt-
blocks in Pliocene or later time to expose Paleozoic to
Qligocene strata. _ . ..
The Cenozoic stratigraphy of the Tucson Basin sou h-

west of the Catalina core complex is poorly known because
stratigraphic relationships are hidden in the subsurface.
Probable equivalents of the ®
termed "Tinaja beds" by Davidson (1973) but n^
multiple disconformities (Anderson, 19®^'-
the underlying Pantano Formation in foothiHs and
pediments around the northeastern . p__u|
son Basin were described by Voelger
(1966) as "Rillito I" ("Rillito II and RiHito III being
roughly synonymous with "^'"sja beds ). n
depocenter, Eberly and Stanley '/®'^ ' f 54 lyia
Miocene and younger basin fill above , . .
volcanics and underlying Qligocene J®"^
Formation. The subsurface section of "^'"f®"® ®" ̂
er basin fill is comparable in aggrega e Manuel
quences of tilted and dissected strata ^® J®" M®""®'
and Quiburis Formations of the San underlvina
thickness of intercalated volcanics and redbeds unde^^^^^
this Neogene basin fill is comparable to that of the PantanoFormation as e;<POse.J

un^ stuTbV K W pSrce and the junior author.

DEFORMATIONAL HISTORY

The chronostratigraphic relations provide no insight into
th^complex geometry of mid-Tertia^ extensional de-
fo?mSn However, the geochronologic data do set con
straints on the timing of that deformation.

In the Mineta and lower Pantano Formations, coarse con
glomeratic strata derived from source rocks exposed near-
bv in uplifted blocks of rugged relief, and associated
lacustrine facies ponded in discrete local basins, imply that
mid-Tertiary tectonism was initiated by 30 Ma (mid-
Oligocene time). However, broad areas display no record of
this incipient extensional tectonism. Instead, laterally ex
tensive upper Qligocene (24-30 Ma) volcanic fields con
tain no significant thicknesses of coarse clastic strata.
Plutonic equivalents of these mid-Tertiary volcanics were
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emplaced within the same general time frame, and have
been exposed largely through subsequent tectonic denuda
tion of the Catalina core complex.

Shortly after eruption, the widespread mid-Tertiary
volcanic blanket was intricately disrupted by extensional
faulting, and allowed downfaulted portions of the volcanic
field to be covered by thick sequences of coarse conglom
eratic strata. Sedimentation of this kind occupied much or
all of lower Miocene time (16?-or 18-24 Ma).

After about mid-Miocene time, much reduced rates of
extensional deformation were accompanied by progres
sive aggradation that buried the rugged mid-Tertiary
paleotopography beneath basin fill along the San Pedro
trough and within the Tucson Basin. During this phase of
basin filling, steep faulting blocked out prominent range
fronts locally, but stratal tilting had become rare. Pliocene
or younger dissection of basin fill has occurred on a grand
scale along the San Pedro trough, but has been com
paratively slight in the Tucson Basin.

In summary, extensional deformation began in late
Qligocene time (24-30? Ma), was most intense during
part of early Miocene time (167-24 Ma), waned during
mid-Miocene time, and has proceeded at much reduced
rates since then. Numerous reset or partially reset K-Ar and
fission-track ages (Reynolds and others, 1986) range
downward from 40 to 20 Ma for various mylonitic proto-
liths within the Catalina core complex. These data suggest
that mid-Tertiary movements on the ductile shear zone
associated with the main detachment fault also culminated
in eariy Miocene time but do not preclude initial deforma
tion as early as late Eocene time.

SAMPLE DESCRIPTIONS

1. UAKA 85-70 K-Ar
Feldspar concentrate from trachyandesite
(32°34.83'N, 111°7.55'W; Tortolita Mountains
quad., Pinal Co., AZ) of volcanic lower member of
Cloudburst Formation (fig. 4, col. V) exposed in fresh
bulldozer cut on southernmost peak of Qwlhead
Buttes as basal Tertiary unit of the Guild Wash
detachment system. Analytical data: K = 6.625
6.690, 6.664, 6.697%; ̂ ^Ar = 278.4, 278.7',
277.8, 280.2 pm/g; atm. Ar = 12.3, 12.6, 12.7,
12.6%.

(feldspar) 24.0 ± 0.6 Ma

2. UAKA 82-104 K-Ar
Quartz latite ash-flow tuff (33°4.94'N,110°55.12'W;
Kearny quad., Pinal Co., AZ) intercalated within upper
part of San Manuel Formation (fig. 4, col. II) ("Big
Dome Formation" of Cornwall and Krieger, 1975a).
Analytical data: K = 7.136, 7.136, 7 148
7.136%; ♦oAr = 245.6, 243.0, 244.0, 240.7
pm/g; atm. Ar = 35.5, 35.7, 35.6, 35.9%. K-Ar
ages reported by Banks and others (1972) for a sam
ple collected nearby from the same horizon are 14.7
± 0.3 and 17.6 ± 0.3 m.y. for biotite and horn
blende, respectively (#333 and #418 of Revnolds
and others, 1986).

(biotite) 19.6 ± 0.5 Ma

3. ^AKA 83- 7 and 83-170 K-Ar and fission-track
Waterlaid silicic air-fall tuff (33® 1.32' and 1 33'M
110°58.95'W; Kearny quad., Pinal Co., AZ) in lensoid
bed near base of tuffaceous middle member of San
Manuel Formation as exposed along upper Ripsey
Wash (fig. 4, col. I). Analytical data: biotite: K =
6.083, 6.098, 6.037, 6.068%; *°Ar = 21B.0,
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214.8, 215.7, 215.5 pm/g; atm. Ar = 49.2, 49.1,
49.0, 49.1%; zircon, DF-5118, DF-5110, 17 grains:
Ps = 1.94 X 10* tracks/cm^ (2543 tracks counted); Pj
= 5.16 X 10* tracks/cm^ (3379 tracks counted);
neutron dose = 9.08 x 10'* N/cm*; uranium = 180
ppm; counted by C. W. Naeser and M. Shafiqullahi;
apatite, DF-5117, 13 grains: Ps = 0.05 x 10*
tracks/cm' (112 tracks counted); Pj = 1.09 x 10®
tracks/cm^ (1161 tracks counted); neutron dose =
7.1 X 10" N/cm^; uranium = 6.1 ppm; counted by M.
Shafiqullalt.

K-Ar (biotite) 20.3 ± 0.5 Ma
F-T (zircon) 20.4 ± 1.4 Ma
F-T (apatite) 20.6 ± 4.2 Ma

4. UAKA76-133 K-Ar
Silicic air-fall tuff (32°58.75'N, 110°56.71'W;
Crozier Peak quad., Pinal Co., AZ) intercalated within
synclinally folded San Manuel Formation as white ash
bed 2 m thick exposed along Jim Thomas Wash (fig.
4, col. III). Analytical data: chloritized biotite: K =
6.238, 6.176%; *OAr = 211.0, 213.8, 220.4,
225.2 pm/g; atm. Ar = 57.5, 56.9, 55.9, 57.6%;
hornblende: K = 0.566, 0.568%; *®Ar = 23.23,
23.23, 22.92 pm/g; atm. Ar = 52.7, 52.7, 54.1 %;
plagioclase: K = 0.786, 0.779%, «0Ar = 34.98,
34.98 pm/g (plagioclase crystals contain excess
argon). Krieger (1974b) reported K-Ar ages of 18 Ma
on biotite and 24 Ma on sanidine for a sample from

*721 of Reynoldsand others, 1986; after Scarborough and Wilt, 1979).
(biotite) 20.1 ±0.5 Ma

(hombiende) 23.4 ± 0.6 Ma
(plagioclase) 25.6 ± 0.6 Ma

5. UAKA 83-73

'ava (32°57.89'N,
•  ♦ Crozier Peak quad., Pinal Co AZ)
bureT FSmatte^^'I Wash fades of Cloud-
4 col mnbout® Wash (fig.
Icon^ mhJ il ° T ®»^®t'9faphically above basal
wS sTn "andesitic volcanic rocks"
2.860, 2.843, 2.860%: "fa
126.8, 127.0, 127.0, 126 1 125 9 126 1 nm/n:
atm. Ar = 147 14.0 ia 1
15.1,15.0% ^^^0' 14.4, 14.2,

(groundmass feldspar) 25.4 ± 0.6 Ma
6. UAKA 81-11

?1 o"4?9^? j^Jtn^ri? <32®47.3'n!
along tributarv to r ^uad., Pinal Co., AZ)
Sucker Wash to the N ai^d p"*i between Blood
base of San ManSe^ IT ^^^® ̂  at
Analytical data: r~ o30.19, 29.83, 30 . o „®V °-780, 0.783%; *»Ar =
40.3%. Aoe renortL T = 40-2, 40.8,
(1981) (#569 of ReJnoM®'® 1'^®"'®'or Reynolds and others, 1986).

(groundmass feldspar) 22.1 ± 0.5 Ma
7. UAKA 81-28

Anak/tiralHata-Mc Cloudburst Formation.
7  3-363%; --Ar = 1 54.8,1 Ob.2, 1 56.5 pm/g; atm. Ar = 8.2, 8.3, 8.2%. Age

first cited by Weibel (1981) (#584 of Reynolds and
others, 1986).

(feldspar) 22.5 ± 0.5 Ma

8. UAKA 76-96 K-Ar
Andesite lava (32°49.74'N, 110°31.26'W; Holy
Joe Peak quad., Pinal Co., AZ) from base of massive
flow in middle part of andesite of Table Mountain,
which is the uppermost unit of Galiuro Volcanics
overlying Apsey Conglomerate Member (fig. 4, col.
Vll). Analytical data: K = 1.785, 1.798, 1.781%;
*oAr = 69.66, 71.96, 71.56 pm/g; atm. Ar = 12.0,
11.6, 11.8% (#595 of Reynolds and others, 1986;
after Scarborough and Wilt, 1979).

(groundmass feldspar) 22.8 ± 0.5 Ma

9. UAKA 85-69 K-Ar
Dacite in readout (32°29.9'N, 110°40.7'W; Mt.
Bigelow quad., Pima Co., AZ) nearly surrounded by
Neogene alluvial deposits and probably a mid-Tertiary
dike intruding uppermost Cretaceous and/or lower
most Paleogene American Flag Formation (Janecke,
1986). Analytical data: K = 6.734, 6.799,
6 849%; *®Ar = 325.2, 328.0, 324.1 pm/g; atm.
Ar = 38.4, 38.3, 38.7%.

(biotite) 27.4 ± 0.7 Ma

10. UAKA 78-62 K-Ar
Flow-banded rhyolite (32°28.05'N, 110°19.24'W;
Redington quad., Graham Co., AZ) in Galiuro Vol
canics exposed at bottom of Jackson Canyon W of
trail from Jackson Cabin to Redfield Canyon in Galiuro
Mountains (fig. 4, col. VIII). Analytical data: K =
4 074, 4.102, 4.096%; *°Ar = 174.2, 174.5
pm/g; atm. Ar = 6.6, 6.9%.

(feldspar) 24.4 ± 0.5 Ma

11. UAKA 78-60 K-Ar
Rhyolite dike (32°24.54'N, 1 10° 1 6.1 2'W;
Redington quad., Graham Co., AZ) cutting Galiuro
Volcanics near road from Pride Ranch to Jackson
Cabin in Galiuro Mountains. Analytical data: K =
4.851, 4.842, 4.786%; *°Ar = 211.2, 211.9,
210.4 pm/g; atm. Ar = 9.2, 9.8, 9.1%.

(feldspar) 25.1 ±0.5 Ma

12. UAKA 83-75 K-Ar
Basaltic andesite clast (32<'21.15'N,110°26.08'W;
Soza Canyon quad., Cochise Co., AZ) from sedimen
tary megabreccia intercalated within Soza Canyon
facias of San Manuel Formation, but composed of
debris reworked from Galiuro Volcanics overlying
Mineta Formation nearby (footnote 25, fig. 4, col.
IX); megabreccia horizon is stratigraphically about
1 GO m below concordant contact with overlying
Quiburis Formation. Analytical data: K = 1.908,
1.906, 1.912, 1.913, 1.914, 1.910, 1.900,
1.912%; *°Ar = 85.70, 85.16, 85.56, 85.52,
84.46, 83.89, 83.93, 84.09, 85.06, 83.74,
84.27, 84.08, 84.46 pm/g; atm. Ar = 13.0, 12.6,
12.9, 12.4, 13.5, 14.8, 14.4, 14.2, 13.6, 16.1,
13.9, 14.6, 15.0%.

(groundmass feldspar) 25.5 ± 0.6 Ma

13. UAKA 78-33 K-Ar
Rhyolitic ash-flow tuff (32»17.rN, 110°27.28'W;
Redington quad., Pima Co., AZ) resting depositionally
beneath type Mineta Formation; rock is altered and
age is suspect from known stratigraphic relations (fig.
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4, col. iX). Analytical data: K = 3.736, 3.734,
3.721%; ♦"Ar = 163.9, 163.8, 162.7 pm/g; atm.
Ar = 40.6, 41.2, 38.8% (#693 of Reynolds and
others, 1986; after Scarborough and Wilt, 1979).

(groundmass feldspar) 25.1 ±0.6 Ma

14. UAKA 78-41 K-Ar
Basaltic andesite lava of basal Galiuro Volcanics
(32°17.07'N, 110°16.40'W; Redington quad.,
Cochise Co., AZ) Intercalated locally with uppermost
Mineta Formation (Grover, 1982) in Teran Basin area
(fig. 4, col. VIII). Analytical data: K = 1.985, 1.971,
1.969%; ♦"Ar = 94.01, 94.28, 94.25 pm/g; atm.
Ar = 15.5, 15.9, 16.3% (#789 of Reynolds and
others, 1986; after Scarborough and Wilt, 1979).

(groundmass feldspar) 27.3 ± 0.6 Ma

15. UAKA 87-182 K-Ar
Ash-flow tuff (31''59.75'N, 110°37'Vy; The
Narrows quad., Pima Co., AZ) resting depositionally
below Pantano Formation (Balcer, 1984) in roadcut
along 1-10 Freeway near Davidson Canyon W of
Cienega Gap (fig. 4, col. X). Analytical data: K =
7.284, 7.256, 7.289, 7.207%; ""Ar = 439.3,
436.7, 434.8, 437.8 pm/g; atm. Ar = 12.0, 12.7,
1 2.8, 12.7%. Damon and Bikerman (1964) reported
concordant K-Ar ages, for samples collected nearby
from the same horizon, of 33.6 ± 2.7 and 37.6 ±
1.7 on biotite and sanidine, respectively (#909 and
#936 of Reynolds and others, 1986).

(biotite) 34.4 ± 0.8 Ma

16. UAKA 87-146 .
Air-fall tuff in Hell Hole Cany^ of Deer Cre^,tributarv of Aravaipa Creek (32°54.5 N, 110 28^,
Boost Canyon auad., Pinal Co., AZI wBhln
flat-lying Hell Hole Conglomerate (fig. 4, co'- y" '
which fills a basin bounded by buttress unconformi
ties with fiat-lying Galiuro Volcan.es the west and
tilted Horse Mountain Volcanics to the .Analytical data: K = 5.867, 5 792, 5 884, 5 867
5.863%; -Ar = 196 9 195.8, 193.9pm/g; atm. Ar 40. , • ^ ± 0.5 Ma

M. UAKA 83-166 r Wash I32%'9 47'N
Silicic air-fall tuff along Smelter Wash (32 39.47 N.
110®39 16'W; Mammoth quad., Pmal Co., AZ) m,Vro,l«ei a, te;»o,d body «i.bin S,„ Manual ^nna-
- 2 66 X 10" tracks/cm^ (1376 tracks counted);
n'eutmn dose = 7.10 x 10" N/cm; uranium = 14.9ppm; counted by M. Sbafiqullah^^^^^ ^ ^

18. WAATA 76-/27 111oi1.2'W; Tortolita
Mountains quad., Final Co., AZ) of porphyritic flowfmTsmSlI butte near The Huerfano butte (table 2, E).SySr/ata; K = 6.432, 6.356, 6.392%; -Ar =
281.8, 280.5, 282.4 pm/g; atm. Ar = 12.5, 12.8,
12 6%.

(biotite) 25.1 ± 0.5 Ma

REFERENCES

Agenbroad, L. D. (1967) Cenozoic stratigraphy and paleo-
hydrology of the Redington-San Manuel area, San Pedro
valley, Arizona: University of Arizona, Ph.D. thesis.

Anderson, 8. R. (1987) Cenozoic stratigraphy and geologic his
tory of the Tucson Basin, Pima County, Arizona: U.S.
Geological Survey Water-Resources Investigations Report
87-4190.

Balcer, R. A. (1984) Stratigraphy and depositional history of the
Pantano Formation (Oligocene-early Miocene), Pima County,
Arizona: University of Arizona, M.S. thesis.

Banks, N. G. (1980) Geology of a zone of metamorphic core
complexes in southeastern Arizona: Geological Society of
America Memoir 153, p. 177.

Banks, N. G., Cornwall, H. R., Silberman, M. L., Creasey, S. C.,
and Marvin, R. F. (1972) Chronology of intrusion and ore
deposition at Ray, Arizona—Part I, K-Ar ages: Economic
Geology, v. 87, p. 864.

Banks, H. G., Dockter, R. D., Briskey, J. A., Davis, G. H., Keith,
S. B., Budden, R. T., Kiven, C. W., and Anderson, P. (1977)
Reconnaissance geologic map of the Tortolita Mountains
quadrangle, Arizona: U.S. Geological Survey Miscellaneous
Field Studies Map MF-864.

Banks, N. G., and Krieger, M. H. (1977) Geologic map of the
Hayden quadrangle: U.S. Geological Survey Geologic Quad
rangle Map GQ-1391.

Banks, N. G., McKee, E. H., Keith, S. B., Shafiqullah, M., and
Damon, P. E. (1979) Radiometric and chemical data for rocks
of the Tortolita Mountains 15' quadrangle, Pinal County,
Arizona: Isochron/West, no. 22, p. 17.

Barter, C. F. (1962) Geology of the Owl Head Mining District,
Pinal County, Arizona: University of Arizona, M.S. thesis.

Benson, G. S. (1981) Structural investigations of the Italian Trap
allochthon, Redington Pass, Pima County, Arizona: University
of Arizona, M.S. thesis.

Berry, A. L., Dalrymple, G. B., Lanphere, M. A., and Von Essen,
J. C. (1976) Summary of miscellaneous potassium-argon age
measurements, U.S. Geological Survey, Menio Park, Cali
fornia, for the years 1972-1974: U.S. Geological Survey Cir
cular 727.

Bikerman, M., and Damon, P. E. (1966) K-Ar chronology of the
Tucson Mountains, Pima County, Arizona: Geological Society
of America Bulletin, v. 77, p. 1225.

Brennan, D. J. (1957) Geological reconnaissance of Cienega Gap,
Pima County, Arizona: University of Arizona, Ph.D. thesis.

D. J. (1962) Tertiary sedimentary rocks and structures
of the Cienega Gap area, Pima County, Arizona: Arizona
Geological Society Digest, v. 5, p. 45.

Budden, R. T.(1975) The Tortolita-Santa Catalina Mountain
complex: University of Arizona, M.S. thesis.

Bykerk-Kauffman, A., and Janecke, S. U. (1987) Late Cretaceous
and early Tertiary ductile deformation—Catalina-Rincon meta
morphic core complex, southeastern Arizona: Geology v 1 5
p. 462. ' * '

Chew, R. T., Ill (1952) Geology of the Mineta Ridge area,
Pima and Cochise Counties, Arizona: University of Arizona'
M.S. thesis. '

(1962) The Mineta Formation, a middle Tertiary unit in
southeastern Arizona: Arizona Geological Society Digest, v. 5
p. 35. ' '

Clay, D. W. (1970) Stratigraphy and petrology of the Mineta For
mation in Pima and Cochise Counties, Arizona: Universitv of
Arizona, Ph.D. thesis.

Cooloy, M. E. (1968) Some notes on the late Cenozoic dralnaoe
patterns in southeastern Arizona and southwestern New Mex-
ico; Tucson, Arizona Geoiogicai Society Guidebook III n 7r

Cooper, J. R. (1961) Turkey-Track Porphyry, a possible guide for
correlation of Miocene rocks in southeastern Arizona: Arizona
Geological Society Digest, v. 4, p 17

n ^ ' 964) Geology and ore deposits ofthe Dragoon quadrangie, Cochise County, Arizona- u s
Geoiogicai Survey Professional Paper 416.

Cornwall, H. R., and Krieger, M. H. (1975a) (Geologic map of the
Kearny quadrangle, Pinal County, Arizona: U.S. Geoloaical
Survey Geologic Quadrangle Map GQ-1188.

[ISOCHROIM/WEST, no. 52, March 1989J



26

(1975b) Geologic map of the Grayback quadrangle: U.S.
Geological Survey Geologic Quadrangle Map GQ-1 206.

Creasey, S. C. (1965) Geology of the San Manuel area, Pinal
County, Arizona: U.S. Geological Survey Professional Paper
471.

Creasey, S. C., Banks, N. G., Ashley, R. P., and Theodore, T. G.
(1977) Middle Tertiary plutonism in the Santa Catalina and
Tortolita Mountains, Arizona: U.S. Geological Survey Journal
of Research, v. 5, p. 705.

Creasey, S. C., Jinks, J. E., and Meeves, H. C. (1981) Mineral
resources of the Galiuro Wilderness and contiguous further
planning areas, Arizona: U.S. Geological Survey Bulletin 1490.

Creasey, S. C., and Kistler, R. W. (1962) Age of some copper-
bearing porphyries and other igneous rocks in southeastern
Arizona: U.S. Geological Survey Professional Paper 450-D,
p. 01.

Creasey, S. C., and Krieger, M. H. (1978) Galiuro Volcanics,
Pinal, Graham, and Cochise Counties, Arizona: U.S. Geological
Survey Journal of Research, v. 6, p. 11 5.

Creasey, S. C., Peterson, D. W., and Gambell, N. A. (1983)
Geologic map of the Teapot Mountain quadrangle, Pinal Coun-

Arizona: U.S. Geological Survey Geologic Quadrangle Map
GQ-1 559.

Damon, P. E., and Bikerman, M. (1964) Potassium-argon dating
of post-Laramide Plutonic and volcanic rocks within the Basin
and Range province of southeastern Arizona and adjacent
areas: Arizona Geological Society Digest, v. 1, p. 63.

Damon, P E., Shafiqullah, M., and Clark, K. F. (1983) Geo-

min°Br» itav " ^opper deposits and related
V. 20 p i 052 ■ Journal of Earth Sciences,
rScson^B^in^ Geohydrology and water resources of the
JaSer isll'ri p"eT= Water-Supply

'^^^ore^c^olexa'^' Structural characteristics of metamorphlc
America Memoir' Society of

Davis, G. H., and Hardy, J. J jr (1901, VL c . 0 ^

Cochise ̂ oun^*Arizone*'^°m Canyon area,
laneous Map sLes MM 86 C Survey Mlscel-
and San Pedro troSlSna'0^010 complex
Map Series MM-87-A Geological Survey Miscellaneous

trough:Arizona complex and SanPedro trough: Arizona R«ni««- • o end San
Series MM-88-C. ogical Survey Miscellaneous Map

Dickinson W. R., and Olivares, M D (1QP7^ p
geologic map of Mineta njH«' 1, ReconnaissanceCochise CountierAriz^^^^^ ®^®e, Pima and
laneous Map Series MM-87-c'^°"^ Geological Survey Miscel-

structural relations of^syntecto^^ Stratigraphic and

Drewes, Herald (1 STAl Ger^^nr/ ® ''S. "o. 5, p. 351.
Valley quadrangle, Cochise Happy
Survey Miscellaneous Investlaatrn Geological

(1977) Geolooio ™ ® ® Series Map 1-832.
quadrangle, PIma County"
Miscellaneous Investlgatlo'ns Seri2f m i" Survey

Eberly, L. D., and Stanley T 8 Jr mI
and geologic history of southw....
Society of America Buitetln, v! sT p

FInnell, T. L. (1970) Pantano Formation- 11«? Vb^i • loBulletin 1294-A, p. A35. ^ Geological Survey
Graver, J. A (1982) The geology of Teran Basin, Cochise

County, Arizona; University of Arizona, M.S. thesis.

(1984) Petrology, depositional environments and struc
tural development of the Mineta Formation, Teran Basin,
Cochise County, Arizona: Sedimentary Geology, v. 38, p. 87.

Hansen, J. B. (1983) Style of deformation of upper plate rocks
of the San Manuel-Camp Grant low-angle normal fault system.
Black Hills, Pinal County, Arizona: University of Arizona, M.S.
thesis.

Heindl, L. A. (1958) Cenozoic alluvial deposits of the upper Gila
River area. New Mexico and Arizona: University of Arizona,
Ph.D. thesis.

Heindl, L. A. (1963) Cenozoic geology in the Mammoth area,
Pinal County, Arizona: U.S. Geological Survey Bulletin
1141-E, p. El.

Janecke, S. U. (1986) Structural geology and tectonic history of
the Geesaman Wash area, Santa Catalina Mountains, Arizona:
University of Arizona, M.S. thesis.

Johnson, N. M., Opdyke, N. D., and Lindsay, E. H. (1975)
Magnetic polarity stratigraphy of Pliocene-Pleistocene ter
restrial deposits and vertebrate faunas, San Pedro valley,
Arizona: Geological Society of America Bulletin, v. 86, p. 5.

Keith, S. B., Reynolds, S. J., Damon, P. E., Shafiqullah, M.,
Livingston, D. E., and Pushkar, P. B. (1980) Evidence for
multiple intrusion and deformation within the Santa Catalina-
Rincon-Tortolita crystalline complex, southeastern Arizona:
Geological Society of America Memoir 1 53, p. 21 7.

Keith, S. B., and Wilt, J. C. (1985) Late Cretaceous and Cenozoic
orogenies of Arizona and adjacent regions-a strato-tectonic
approach: Society of Economic Paleontologists and Min
eralogists, Rocky Mountain Section, Rocky Mountain Paleo-
geography Symposium 3, p. 403.

Krieger M H. (1968a) Geologic map of the Brandenburg Moun
tain quadrangle, Pinal County, Arizona: U.S. Geological Survey
Geologic Quadrangle Map GQ-668.

(1 968b) Geologic map of the Holy Joe Peak quadrangle,
Pinal County, Arizona: U.S. Geological Survey Geologic Quad
rangle Map GQ-669. ^ ,

M974a) Geologic map of the Winkelman quadrangle.
Final and Glla Counties, Arizona: U.S. Geological SurveyGeologic Quadrangle Map GQ-1106. . „ . .

(1974b) Geologic map of the Crozier Peak quadrangle.
Final County, Arizona: U.S. Geological Survey Geologic Quad
rangle Map GQ-1107. , ol 1 ».

(1974c) Geologic map of the Black Mountain quad-
Final County, Arizona: U.S. Geological Survey Geologic

Quadrangle Map GQ-1108. ..i u j ■
(1974d) Geologic map of the Putnam Wash quadrangle.

Final County, Arizona: U.S. Geological Survey Geologic Quad
rangle Map GQ-1109. _

(1977) Large landslides, composed of megabreccia,
Interbedded In Miocene basin deposits, southeastern Arizona:
U.S. Geological Survey Professional Paper 1008.

(1979) Ash-flow tuffs of the Galiuro Volcanics In the
i^^ern Galiuro Mountains, Final County, Arizona: U.S.
Geological Survey Professional Paper 1104.

Krieger, M. H., Cornwall, H. R., and Banks, N. G. (1974) Big
Dome Formation and revised Tertiary stratigraphy In the Ray-
San Manuel area, Arizona: U.S. Geological Survey Bulletin
1394-A, p. A54.

Krieger, M. H., Johnson, M. G., and BIgsby, P. R. (1979) Mineral
resources of the Aravalpa Canyon Instant Study Area, Final
and Graham Counties, Arizona: U.S. Geological Survey Qpen-
File Report 79-291.

Lingrey, S. H. (1982) Structural geology and tectonic evolution of
the northeastern Rincon Mountains, Cochise and Pima Coun
ties, Arizona: Tucson, University of Arizona, Ph.D. thesis.

Lowell, J. D. (1968) Geology of the Kalamazoo orebody, San
Manuel district, Arizona: Economic Geology, v. 63, p. 645.

Marvin, R. F., and Dobson, S. W. (1979) Radiometric ages-com
pilation B, U.S. Geological Survey: Isochron/West, no. 26,
p. 3.

Marvin, R. F., Stern, T. W., Creasey, S. C., and Mehnert, H. H.
(1973) Radiometric ages of igneous rocks from Pima, Santa
Cruz, and Cochise Counties, southeastern Arizona: U.S.
Geological Survey Bulletin 1379.

Melton, M. A. (1965) The geomorphic and paleoclimatic signifi
cance of alluvial deposits in southern Arizona: Journal of
Geology, v. 73, p. 1.

[ISOCHRON/WEST, no. 52, March 1989]



27

Naeser, C. W. (1976) Fission track dating: U.S. Geological Survey
Open-File Report 76-190.

Naruk, S. J., Bykerk-Kauffman, Ann, Currier-Lewis, D. A., Davis,
G. H., Faulds, I. E., and Lewis, S. W. (1978) Kink folding in an
extended terrene. Tortilla Mountains, southeastern Arizona:
Geology, v. 14, p. 1012.

Pashley, E. F., Jr. (1966) Structure and stratigraphy of the cen
tral, northern, and eastern parts of the Tucson Basin, Arizona:
University of Arizona, Ph.D. thesis.

Percious, J. K. (1968) Geology and geochronology of the Del Bac
Hills, Pima County, Arizona: Arizona Geological Society
Guidebook III, p. 199

Peterson, D. W. (1968) Zoned ash-flow sheet in the region around
Superior, Arizona: Arizona Geological Society Guidebook III,
p. 215.

Rehrig, W. A, and Reynolds, S. J. (1980) Geologic and geo-
chronologic reconnaissance of a northwest-trending zone of
metamorphic core complexes in southern and western
Arizona: Geological Society of America Memoir 1 53, p. 131.

Reynolds, S. J., Florence, F. P., Welty, J. W., Roddy, M. S.,
Currier, D. A., Anderson, A. V., and Keith, S. B. (1986) Com
pilation of radiometric age determinations in Arizona: Arizona
Bureau of Geology and Mineral Technology Bulletin 197.

Scarborough, R. B. (1975) Chemistry and age of late Cenozoic
air-fall ashes in southeastern Arizona: University of Arizona,
M.S. thesis.

Scarborough, R. B., and Wilt, J. C. (1979) A study of uranium
favorability of Cenozoic sedimentary rocks. Basin and Range
province, Arizona: U.S. Geological Survey Open-File Report
79-1429.

Schmidt, E. A. (1971) A structural investigation of the northem
Tortilla Mountains, Final County, Arizona: University of
Arizona, Ph.D. thesis.

Shafiqullah, M., Damon, P. E., Lynch, D. J., Kuck, P. H., and
Rehrig, W. A. (1978) Mid-Tertiary magmatism in southeastern
Arizona: New Mexico Geological Society Guidebook, 29th
Field Conference, p. 231.

Shafiqullah, M., Damon, P. E., Lynch, D. J., Reynolds, S. J.,
Rehrig, W. A., and Raymond, R. H. (1980) K-Ar geo
chronology and geologic history of southwestern Arizona and
adjacent areas: Arizona Geological Society Digest, v. 12,
p. 201.

Simons, F. S. (1964) Geology of the Klondyke quadrangle,
Graham and Final Counties, Arizona: U.S. Geological Survey
Professional Paper 461.

Smith, W. J. (1967) Cenozoic stratigraphy near Redington, Pima
County, Arizona: University of Arizona, M.S. thesis.

Spencer, J. E. (1984) Role of tectonic denudation in warping and
uplift of low-angle normal faults: Geology, v. 12, p. 95.

Thorman, C. H., and Drewes, H. D. (1981) Geology of the Rincon
Wilderness Study Area, Pima County, Arizona: U.S. Geological
Survey Bulletin 1500-A, p. 5.

Utiey, K. W. (1980) Stratigraphy of the Pliocene Quiburis Forma
tion near Mammoth, Arizona: Arizona State University, M.S.
thesis.

Voelger, Klaus (1953) Cenozoic deposits in the southern foothills
of the Santa Catalina Mountains near Tucson, Arizona: Univer
sity of Arizona, M.S. thesis.

Weibel, W. L. (1981) Depositional history and geology of the
Cloudburst Formation near Mammoth, Arizona: University of
Arizona, M.S. thesis.

[ISOCHRON/WEST, no. 52, March 1989]


