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SAGINAW AREA, TUCSON MOUNTAINS, ARIZONA
Joln E. Kinnison

INTRODUCTION

Data presented in this paper were cobtained during field mapping in
the early 1950's and is dispussed in more detail in a University of Arizona
thesis (Kinnison, 1958).

The Saginew area lies near and south of the Ajo Road in the extreme
southern tip of tie Tucson Mountains, about 6 miles southwest of Tucson, Arizona.
Saginav Hill, (Pl. 1 and Pl. 1, "Chaotic breccias in the Tueson Mountains",
this guidebook) is the site of & porphyry intrusive plug and & surrounding
weakly mineralized area. The general geologic setting of the Tucson Mountains
is described in "Chaotic breccias in the Tucson Mowntains”, this guidebook,
Pe o

The dominant elements of Laramide structure are folds, and associated
thyust and tear faults (Pl. 1 and 1A). These structures pre-date the Tucson
surface ("Chaotic breceias in the Tucson Mowntains", p. , this guidebook)
and were presumably formed during the late Cretaceous or early Tertiary.

A complete understanding of these structures is retarded by the stratigraphic
uncertainties within the Cretaceous Amole group, but enhanced by its generally
well developed bedding.
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There are four orders of folds, three of which are observable in the
field. The first order is established by interpretation, i.e., I interpret the
major structure to be a synclinorium on vhich are superposed folds of the
other orders. Folds of the second order have wave lengths which range from 200
to over 1000 feet, and their asymmetry is controlled by the inferred synclinorium.
On the limbs of these second order folds are smaller, third oxrder, drvag folds,
not mapped precisely but shown diagrammetically on the cross-sections (Pl. 1-A).
The asymmetry of each third oxder fold is controlled by a second order fold.
Finally, fourth order drag folds, generally only a few feet in amplitude , are
superposed upon and owe their asymmetry to third order folds. These relations
should be considered in future studies of this area because, for example, the
direction of asymmetry or overturning of third order folds is mesningless with
respect to the first order synclinorium.

Associated with the synclinorium are thrust and tear faults, whose exiw-
tence 18 largely a matter of interpretation of the surface outcrop pattern.

Synclorium
The existence of a large synclinorium is inferred fyom the direction of

asymetry and overturning of second order folds. Its axis is indefinitely located,
but probably lies between the Five and Burger faults (Pls. 1 aml 1-A). East of
mu»mswmmmmmmwum.
to the east, and west of the Five fault they are overtwrned and asymetrically
inclined toward the west. West of the Five fault all of the folds plunge south-
east, vhereas east of it the plunge is northwest. The reason for this is not
mmuwuma-mmwmmwmmm
to allov folds on either side of that fault to form seperate plunge patterns.
Under the above interpretation, the Permian Snyder Hill formation ex-
posed south of Cat Mountain (Pl. 1) is on the east limb of the synclinorium and
&t Snyder Hill is on the west limb. This interpretation is in disagreement with
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that of Brown (1939), who considered these Pemmian outcrops to be klippen.
dipping and more open folds on the east limb, suggests that the synclinorium is
asymetrically inelined toward the northeast.

Normal Feults

It can probebly be assumed that at least some high-sngle nowmel faults
vere formed shortly after the laremide folding, but I identified nome in the
fleld. The fault extending mortheast from Saginaw Hill, oceupied by the Saglnaw
porphyry dike, has definitely undergome displacement because the beds on either
side do not match, but the magnitude is wnknown. The displacement of the Tertiary
Cat Mowntain rhyolite along this fault is slight, if any. This may be, then,
a pre-Cat Mountein rhyolite fault which was reactivated in the late (7) Tertiary
with very slight displacement. Many of the other faults which cut the Tertiary
ports nor disproves this possibility.

TERTTARY STRUCTURE
Bigh-Angle Foults
High-angle faults dominate the Tertiary structure, and although it is
generally impossible to measure dips (few fault outerops are present) at least
wost of them probably are nommal faults. Such fault surfaces as are exposed shov
gently dipping slickensides, suggesting that horizontal movement may have been
important.
The fault pattem is highly complex and it is not clear which faults
Brmed firet, or vhether movement was contemporancous on all of them.
Some faulting took place during Cat Mowntain rhyolite time, and some struc-
twal deformation in the form of local tilting preceded slightly extrusion of
the upper wnit of the Tertiary volcanic pile (Shorts Ranch andesite). Most
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of the faulting is probably post-Shorts Rench andesite, but e minimum age cannot
be established. Faults displace the flat-lying besalts of Tertiary-Quaternary

" age at "A" Mountain (Brown, 1939), but enough time must have elapsed since the

last period of faulting to pemmit erosion to form the extensive pediment on the
western side of the venge and remove mich of the Tertiary strata. It is note-

worthy in this comection that nearly all the faults form obsequent fault line

searps with the downthrown sides topographically high.

Tilted blocks and Folds

The Tertiary rocks generally dip at gentle angles. The measurement of
structural tilt in the volcanic rocks is subject to error because part of the
dip of the flow structure might have been due to original dip of the flow. I
have observed, however, that the volcanic flow structure in the Tucson Mountains,
as well as swrounding ranges, comsonly dips gently (five to 35 degrees) in a
northeast to east direction, which suggests that most of the dip is due to regio-
nal tilting. Also, the Tertiary sedimentary rocks, such as the Safford forma-
tion, show this seme direction of dip. In considerstion of these facts, the
aip of flov structure may be assumed to have been essentially horizontal when
formed, and its present dip wmay be considered to be a measure of the amount
of structural tilting. '

In the complexly faulted area south of the Ajo Road the Tertiary rocks
exhibit folded structures and variable directions of dip; en apparently rare oc-
currence in other parts of the Tucson Mountains and in surrounding renges. For
the most part, however, these folds can be postulated to be the result of fault
drag. Some of the small fault blocks show no relation to the adjacent folded
structures, and exhibit independent homoelinal dips. |

Where the vocks are not affected by these small folds, the dominant
direction of dip is northeast to east.
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. Thrust Faults
The theoretical possibility of renewed activity along a Laramide thrust
fault during deposition of the Tucson Mountain chaos is discussed in "Chaotic
Breccias in the Tucson Mountains" (this guidebook). A small outerop of lake
beds, in the southern tip of the range, may be thrust over the Shorts Ranch
andesite, a suggestion wede by Brown (1939), or they may be deposited on the
andesite, as suggésted by Kinnison (1958). There are no other indications of
Tertiary thrust faulting in the Saginaw ares.

REIATION TO REGIONAL STRUCTURE
laramide
The Amole group is folded into a broad, open syncline in the central
part of the Tueson Mounteins (Brown, 1939). The intricately folded synclinorium
in the Saginaw ares may be a part of that structure, but a positive correlation
camnot be made with the date at hend. | '
As noted previously, the southwest limb of the synclinorium exhibits
generally steeper and tighter folds, which suggests that the synclinorium is
inclined asymmetrically to the northeast. It would then appear that any regio-
ual overthrust movement was towerd the northwest.
Tertiary
The post-volecanic Tertiary structure is discussed at some lengbh by
Brown (1939), and although I do mot conewr with all of the implications of his
vemarks, I refer the veader to them for an excellent presentation of local and
reglonal strusture.
The prinecipal elements of Tertiery structure sre internal faults, in-
ferred range-boundary faults, and tilted blocks.
The internal faults which displace Tertiary rocks are not mapped pre-
cisely or completely enough for detailed analysis, but the degree of accuracy
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is sufficient for some generelized conclusions. Brown noted (1939) that east or
northeast faults ave nearly always downthrown of the south. This is not true
in detail in the Saglnew area, where many reversals occur, although the aggre-
gate effect may still tend towards a downthrow on the south. Brown (1939) pointed
out that this direction of throw was in harmony with the structurally high Tor-
tillita Mountain block to the north. :

Reconnaissance observations in the Reskruge Mountains to the west, and
the Tortillita Mountains tothe north, suggest that those ranges are tilted north-
east or easterly. The Tertiary volcanics of the Santa Rite Momntains to the
southeast dip northeast (Schexder, 1915). The Catalina Mountains to the east
vere believed by Devis (1931), on physiogrephic evidence, to have been tilted
northeast or easterly. It is probable, then, that the Tucson Mountains are a
pert of a widespread pattern of northeasterly regional tilting. The folded
structures of the Saginaw area, however, are of local origin.

There is little evidence to indicate whether the inferred marginal
faults, covered by alluvium, are single faults along the borders of the ranges,
or whether there eve meny faults distributed through the intermontane valleys.
0f course, it is also poséible that there are two separate systems of faults;
those that initially distributed the tilted blocks, and others of a later age
Sults of some kind must be inferred to break the easterly tilt of the ranges,
and form a series of mountain blocks with an aggregate downthrow progressing
westerly.



CHAOTIC BRECCIAS IN THE TUCSON MOUNTAINS, ARIZONA

John E. Kinnison

ABSTRACT

-

The rock column of the Tucson Mountains, west of Tucson,
Arizona, may be divided into two dominant sequences. These are
(1) a thick sequence of Paleozoic and Cretaceous-Tertiary(?) sedi-
ment, overlain by (2) Tertiary volcanics and interbedded sediments.
The older group was highly deformed during the Laramide revolution,
and the younger group was affected by gentle tilting and block
faulting.

Separating these two rock groups is a tabular breccia zone,
named the Tucson Mountain chaos, which contains fragments of all of
the pre~Laramide rocks disposed in a disoriented, or chaotic, manner.
The chaos-fragments range in size from less than a foot to larger
than 200 feet. The thickness of the Tucson Mountain chaos attains
a maximum in excess of 400 feet, and is perhaps 200 feet on the
average. The dip of the unit parallels that of the overlying vol-
canics. Locally a well-rounded conglomerate occurs at its base, and
angular conglomerates are erratically distributed within.

Field observations have hoon(ég&isnx-ﬂ)principally of a
reconnaissance nature, but from these oboorvaiinn- I suggest that the
Tucson Mountain chaos is a sedimentary breccia, and that it rests
on a post-Laramide erosion surface, named the Tucson surface. Its
origin is postulated to involve a seismically active fault scarp
supplying the chaos-~fragments which were transported and deposited
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by mudflow, landslide, and intermittent stream action.

Brown (1939) believed the chaos zone to be the remnant of
a large Laramide overthrust sheet, and he only partly recognized its
individuality as a distinct formation. The origin now proposed,
therefore, involves also a new interpretation of the structural his-
tory of the Tucson Mountains.

I UCT ION

The Tucson Mountains, located a few miles west of Tucson,
Arizona, comprise a relatively low elongate range tranding north-
westerly. Numerous writers have contributed to the gemeral fund of
geologic information; the most comprehensive work was donme by W. H.
Brown (1939), who puhlh&d a geologic map and detailed report on
the stratigraphy, structure, and geomorphology of the eantire range.
In & recent thesis (Kinnison, 1958), I recorded certain revisioans
in the southern part of the mountains, and described the subject
formation in more detail than is presented here.

The object of this paper is to record a generally unrecog-
nized and unusual formation, and to stimulate discussion and further
study. I am aware that the opinions presented are based in part on
incomplete data; they should be considered within that limitation.

Acknowledgement is gratefully givem to J. H. Courtright,
who materially assisted the preparation of this field trip and re-
port, and to k. E. Richard, J. F. Lance, and L. A. Heindl who have
offered many helpful suggestions. It should be understood, however,
that these men do not necessarily agree with all of the opinions
presented.



GEOLOGIC SETTING

Physiographically, the Tucson Mountains can be divided into
3 principal divisions (Brown, 1939): the pedimentg, western escarp-
ment, and eastern dip slope. A well developed pediment, carved on
clastic sediments of Mesozoic age, extends along the western margin
of the range. Tertiary volcanics form an escarpment line om the
west, and their gentle easterly dips provide the outline for a mod-
erately incised dip slope. The range is surrounded by alluvium of
, the Santa Cruz and Altar valleys.

The rocks of the range record 3 distinct geologic episodes.
Paleozoic rocks consist mainly of limestone, although the Cambrian
and parts of the Permian consist dominantly of quartzite and shale.
Outcrops of Paleozoic rocks are m!ﬁ.a only a few localities,
but measurements from these, and comparisou with other nearby ranges,
indicate that the Paleozoic section is somewhat over 4500 feet thick.
The Amole group (Kinnison, 1958 and Brown, 1939), which consists
mainly of arkose und. shale, overlies the Paleozmoic rocks with ero-
sional disconformity, and may be in excess of 8000 feet. Its age is
regarded (Kinnison, 1858) as spanning both Lower and Upper Cretaceous,
m’qu-lttoubly extending into the early Tertiary. The Recreation
redbeds (Brown, 1939) and possibly andesitic volcanics occur within
the section of Amole group sediments (Kimmisom, 1958), but their
exact stratigraphic positions are debatable. The thickness of red-
beds and volcanics is not established, but may be over 1500 feet.

The second division consists of Tertiary volcanics and an
interbedded unit of lake deposits and tuffs. The chaotic brecciss of
this paper separate the first two divisions.
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The third division, limited in areal outcrop and time span,
consists of flat-lying Tertiary(?)-Quaternary basalts (Brown, 1939)
which crop out on the eastern margin.

A granitic stock in the northern part of the range may be
older than the Tertiary volcanics in that area (Brown, 1039). In
the southern part a small monzonite porphyry intrusive is younger than
the Tertiary volcanics and is the site of porphyry copper-type alter-
ation and sulphide mineralization (Kinnison, 1958)., Other intrusives
which cut these volcanics but which are closely related to them in
time, include rocks ranging from andesite to rhyolite.

Structurally, two events are dominant. The first comnsisted
of broad folding in the northern and intense deformation in the
southern parts of the range. This deformation, which affected the
Cretaceous~Tertiary(?) Amole group and older rocks, is assigned to
the Laramide revolution. The second event, which consisted of block
failting and tilting, began sometime later in the Tertiary and post-
dates the Tertiary volcanic pile. Faulting continued through the time
of basalt eruption.

The post-volcanic (second division) porphyry intrusions and
mineralization in the southern area is of thi type provisionally
assigned to the Lar.lid; by many writers. There is, of course, the
problem of how far into Tertiary time the term “Laramide revolution”
should be extended, but a discussion of that problem is beyond the
scope of this paper. It is clear that in the Tucson Iéuntains in-
tense deformation affecting the Amole group is separated from later
volcanism and faulting by a‘pnriod of extensive erosion which formed
the Tucson surface (this guidebook p. 14). This surface of erosion
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marks a major change in the course of geologic events, and probably
forms a surface of major unconformity throughout Southern Arizona.
Post Tucson-surface structure, for present purposes, is distinguished

from Laramide structure and referred to only as "Tertiary structure.”

CHAOTIC BRECCIAS
General Statement

The Tucson Mountain chaos (Kinnison, 1958), a formational
unit of speculative origin, separates the highly deformed Cretaceous-
Tertiary(?) and older rocks (pre-Laramide) from the gently dipping
Tertiary volcanic sequence. Its striking ehuraotortsﬁie is that it
contains very large fragments of all the pre-Laramide rocks in a
disoriented, or chaot;c, arrangement. Noble (1941), who first de-
scribed a formation of this type, states: "The Amargosa chaos or
features resembling it are widespread in the southern Death Valley
region, and if they occur in other regions the term chaos, as a common
noun, may prove to be a useful geological term." Thus this formation,
which occurs throughout the Tucson Mountains, derives 1t§ name from
its location and from the word chaos as used by Noble.

The Tucson Mountain chaos has been previously interpreted
a complex overthrust block by Brown (1939) who said, in part:

"Along the western escarpment at the base of the cliff-forming
lavas and at the top of the slope-forming Cretaceous sediments is a
conspicuous belt of boulder-like masses of Carboniferous limestone
as much as 100 feet in diameter and less conspicuous Cretaceous
volcanic rocks....

"These masses of Carboniferous limestone clearly rest on the
Cretaceous, and the Cretaceous volcanic rocks also rest on the Amole

arkose in the same belt....
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"These relations have been interpreted as a great thrust
fault, which practically parallels the surface of pre~Tertiary erosion,
and whose overthrust block was largely removed by erosion."”

Brown (1939) was partly aware of the chaotic nature of this
zone, because he states:

. "....The distribution of outcrops aldng the covered base of
the vustcrnvouoarpnont suggests that this belt of overthrust masses
is 2 jumble.... In thiuf;unble zZone....are many rubble breccias....
Recently, B, S. Bu%loi has discovered on the eastern side of the
range an outcrop which....is clearly a conglomerate....This conglo~-
merate occurs between one of the larger limestone blocks and the
Cretaceous formations, suggesting that the fault may have extended
out onto the surface...." A

The suggestion which I offer on the following pages is that
this zone is a sedimentary formation, and that although 1£ might
have been l&cunulutod from a thrust fault scarp, such thrusting would
have been post-Laramide, of short duration, and not necessarily

regional in character.

Distribution

The Tucson Moumhin chaos crops out on the pediment and es-
carpment line south of the Ajo Road (Fig. 28). To the narth are
excellent exposuftes in steep gullies on the south slope of Cat Moun-
tain. Although generally covered by talus, it is exposed at scattered
points at the base of the western escarpment in the area between
Cat Mountah and Gates Pass and possibly extends northwesterly to
Amole Peak. It is also exposed on the eastern dip slope throughout
the south and central portions of the range. In the northern part
of the range, a few miles south of the 0ld Yuma Mine, the northern
extent of the chaos is terminated in an unknown manner and below
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the Tertiary volcanics are dark colored andesitic rocks (Fig. 28).

Description

General Statement

Although the individual blocks are too small to map sepa-
rately, the total of this heterogeneous mass comprises a tabular
unit easily recognized as a distinct formation. Its thickness varies
tmi!n feet in the very southernmost exposures to a maximum in
excess of 400 feet on the central east side of the range. Its long
dimension, trending northwesterly, in the Tucson Mountains is approx-
imately 14 miles, and its short dimension, exposed to erosion on
both sides, varies from 2 to 4 miles.

Its stratigraphic position is always the same, i.e., above
the steeply dipping rocks of pre-Laramide age, and below the Tertiary
Cat Mountain rhyolite.

The best exposures in the southern part of the range underlie
the pediment south of the M_o road, crop out in the steep gullies
cut in the south slope of Cat Mountain, and alse oceur at the base
of the western escarpment 1/2 mile south of Gates Pass.

In the southern part of the range the fragments of the Tucson
Mountain chaos consist mainly of clastic rocks of the Cretaceous-
Tertiary(?) Amole group, with numerous blocks of Paleozoic limestone
and Cretaceous(?) Recreation redbeds. A few blocks of andesite por-
phyry are present and very rarely a block of granite. At widely
scattered places are blocks of a gray sericite-quartz schist which
resembles the pre~Cambrian Pinal schist. No members of the overlying
Tertiary voleanic sequence are recognized, but farther morth andesite
ani andesite breccias or conglomerates of Cretaceous or early Tertiary
age are a common fragment type.



Because I made no attempt to analyze statistically fragment
composition or size, the following observations are based on impres-
sions gained in the field, and as such are subject to error. The
size of the fragments varies greatly. Fragments of the Amole group
constitute about 60 per cent of the total, and range in size from
fragments of about 1 foot to large blocks with a long dimension
greater than 200. Many are on the order of 100 feet. Blocks of
Paleozoic limestone, although prominent due to differential weathering,
rarely exceed 100 feet where exposed south of Cat Mountain; but far-
ther north they occasionally exceed 200 feet. The blocks of thin-
bedded Amole group or redbeds tend toward a tabular shape, and the
more uniform Paleozoic limestones and other directionless rocks tend
toward a more equidimensional shape. The majority of all blocks range
in size between 10 and 40 feet, with a second abundant size raanging
from 1 to 10 feet. These smaller blocks fill the interstices between
‘the larger blocks. As seen in the exposures on Cat Iouittin the
blocks are separated by gouge or earthy material.

Individual Hocks are randomly oriented within the formation.
It is worthy of note that the bedding within the blocks usually is
not distorted, even in the thin-bedded shales of the Amole group.

As exposed near Gates Pass and on Cat Mountain, the thickness
of the Tucson Mountain chaos is about 200 feet. South of the Ajo
Road it thins rapidly and may pinch out entirely farther south. The
chaos is absent on the southwest slope of Golden Gate Mountain, only
1/2 mile west of the Gates Pass exposure. These differences may be
be due chiefly to original variation in thickness, but they could be
caused by pre-~Cat Mountain rhyolite erosion. ‘
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Angular limestone conglomerate lenses(?) are erratically
distributed throughout the Tucson Mountain chaos, but have no well
defined boundaries. That they are conglomerates and not fault
‘breccias is indicated by the rounded shape of some pebbles and by
local stratification and sort ing. The conglomerates are most pre-
valent near limestone blocks, amimany are quite conspicuous due to
weathering of pebbles which are surrounded by siliceous cases, whigch
stand out as angular ribs. BSome of the large limestone blocks are
enclosed by a shell of angular conglomerate or breccia.

A few conglomerates consisting of pebbles and cobbles of
dark colored andesite porphyry are present, and are distributed in
the same erratic manner as the limestone conglomerates mentioned
above. Some of these are chaos fragments of andesite-pebble con-
gloncratd, but others may derive from nearby blocks of andesite in
the Tucson»iountaan chaos.

Light colored rhyolite which I tentatively correlate with
the Spherulitic rhyolite (Brown, 1939) of Tertiary age intrudes the
Tucson Mountain chaos with an irregular and intricate pattern. These
small bodies of rhyolite commonly appear as poorly exposed patches
up td about 30 feet in diameter. Spherulitic rhyolite also appears
to intrude as ribbons between chaos-fragments with the flow structure
curving around the fragments parallel to their edges. Larger bodies
which are definitely Spherulitic rhyolite intrude the Tucson Mountain
chaos as dikes and plugs, and frequently are crowded with inclusions
of it-.-tono, arkose, and redbeds.
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Type Locations

Certain locations present typical examples and are worth qf
individual discussion.

1. South of Ajo road (Stop 2). This area affords an excell-
ent two-dimensional view of the Tucson Mountain chaos. The topo-
graphy is gentle and rolling, and the effect of differential erosion
on the various blocks is pronounced. This type of weathering, common
to chaos outcrops, produces knobs rising slightly above the terrain,
and separated by flat areas covered with loose debris. It is evident
that the blocks are of different rock types, different sizes, and
different orientations.

2, Cat Mountain. The base of the Cat Mountain rhyolite has
been elevated in a fault block along the southern slope of Cat Moun-
tain. There several steep gullies afford excellent cross-sectional
exposures of the Tucson Mountain chaos, and in one (dtop 3) of these
both its upper and lower contacts are exposed (Fig. 29A). At the
base is a well-rounded, reddish-brown cobble conglomerate with num-
erous boulders. The basal portion of the conglomerate is poorly con-
solidated, and bedding is marked by sorted pebble lenses and aligned
elongate cobbles. The cobbles and boulders consist of arkose and silt-
stone of the Amole group, Recreation redbeds, and dark andesite -
porphyry. The upper portion of the conglomerate contains more numerous
boulders and is well consolidated (Fig. 30B). Above the conglomerate
is a thin bed of arkose and a block(?) of andesite. Typical Tucson
Mountain chaos above the conglomerate is sbout 150 feet thick and is
capped by the Cat Mountain rhyolite. Near its base the rhyolite con-
tains numerous blocks of the Amole group, some of which are as large
as 10 feet.



The chaos fragments in this exposure are generally less than 5 feet
in diameter and are surrounded by a thin layer of clastic material
(Fig. 30A) which locally shows layering concordant with the block~
outline. Other nearby gullies, however, expose larger fragments.
Figure 30C shows the contact between a 100~foot long block of redbeds
and a 30-foot block of siltstone. The thin bedding within the redbed
fragment is not distorted, and the contact with massive siltstone

is marked by a one~foot layer of pebbly material.

There is no evidence of erosion at the top of the Tucson
Mountain chaos; the contact appears, in fact, gradational, The con-
alo-qnato at the base of the chaos appears to be thinmer in adjacent
gullies, but it is poorly exposed.

3, Gates Pass. A section of the Tucson Mountaim chaos is
fairly well exposed on the steep western slope of the peak south of
Gates Pass and east of Golden Gate Mountain (Fig. 29B). The parti-
cularly interesting feature at this locality is the presence, in
the basal half, of a crudely stratified conglomeratic unit consisting
of rounded cobbles of arkose and volcanics with a small amount of
sandy(?) matrix, and containing a few intercalated thin silty beds.
The fragments within this unit are cobbles and boulders up to 10
feet in diameter, gemerally surrounded by a thin concentric layer
of gouge. The overall appearance of this material is suggestive of
mud flow accompanied by intermittent stream action. The mud flow(?)
matekial rests on a limestone-cobble conglomerate, which may repre-
sent the base of the chaos. The total thickness of chaos isapprox-
imately 275 feet.

4. SweetwatEr Drive. On the eastern dip slope in the central
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Tucson Mountains, near Sweetwater Drive, a large area of rolling hills
is composed of the Tucson Mountain chaos. In this area dark brown
and purple andesites, andesite agglomerates, and andesite~pebble
conglomerates comprise a common fragment type. As in other localities,
arkose, shale, redbed, and limestone blocks are mumerous. Near the
Thunder Bird Mine, about 2 1/2 miles northwest o!.lv-ut'ntor Drive,
a remnant of Cat Mountain rhyolite is present to mark the upper
contact and it is evident that unless unknown structural complications
of considerable magnitude are present, the thickness of the Tucson
Monntain chaos must be at least 400 feet, and may be greater, as the
base is not exposed.

in the Sweetwater area two divisions are recognizable. The
first, which constitutes most of the aerial exposure, may be consid-
ered as typical chaos, similar to that exposed at the localities
described on preceding pages. The principd difference is that the
blocks appear generally to be larger, especially near the Thunder
Bird Mine, and there are fewer interstitial small blocks. One of
the Paleozoic limestone blocks is approz;natoly 225 feet long. The
second division comprises a group of separated blocks of Paleozoic
limestone which I believe may be correlated as a single unit. These
blocks cap several small knobs which range in size from 200 to about
1000 feet. Although the contacts with the underlying chaos are not
well exposed, they can be located closely enough to determine that
the limestone blocks overlie the chaos with an approximately hori-
zontal contact.

That this upper division, consisting of the limestone blocks

of easterly strike and northerly dip, was once one continuous unit
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is suggested by their similarity of strike and dip, and similar ele~
vation. In the entrance to a quarry cut in the north side of the
largest block is an exposure of chaos deposited against a steep con-
tact with the limestone block. Fragments in the chaos are limestone,
redbeds, and andesite. The debris contains stratified silt and gyp-
sum which dips northerly. This particular exposure may be interpre-
ted either as material deposited against an advancing thrust fault
scarp, or more simply as a huge landslide block in the chaos.

Associated Volcanics
Brown-and purple~colored andesite and andesite breccia and/or

conclanbruto crop out Qouth of the Ajo road near Stop 2 (Fig. 28,
and Fig. 31, Saginaw Structure), east of Stop 2 near Mission Road,
and in a small basin northwest of the Mission and Ajo Road intersec-
tion. In the northern part of the range, andesites megascopically
similar to those in the southern part crop out over a large area.
As noted previously, rocks of the general type are common as chaos-
fragments.

Near Stop 2 the andesites are overlain by the Tucson Mountain
chaos, with a thin conglomerate along the contact, and similarly,
in the basin north of the Ajo Road, the chaos appears to overlie
andesite. The relation between the Tucson Mountain chaos and the
andesites in the northern part of the range is not presently known.
These northern andesites are overlain by Tertiary volcanics which
may or may not be time-equivalents of the Tertiary sequence in the
central and southern parts of the range.

The age of these various andesites and andesite breccias,
and their relation to the Amole group and the Tucson surface, is not
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known. The steep dips of thin clastic beds in the andesites in the
northern part of the range, and the large areal extent of these rocks,
suggest that the series is several thousand feet thick (Brown, 1939).
The relation of these rocks to any formations other than the uncon-
formably overlying Tertiary volcanics is unknown, although future
work may yet disclose their relation to the Tucson Mountain chaos,
Brown (1939) regarded these rocks as Cretaceous, and believed that
they /und.rl:le the Recreation redbeds. If so, they lie stratigraphi-
cally within the Amde group (Kinnison, 1958). In the southern part
of the range, the andesites near Stop 2 lie on the strike-projection
of folded Amole group sediments which crop out only 3&2'n110'to the
northwest. This suggests (Kinnison, 1958) that in depth these ande~
sites lie on the truncated edges of Amole group sediments, and there
form a thin layer between the Tucson Mountain chaos and the under-
lying folded Amole group (cross sectien C~C', Fig. 32, Saginaw struc-
ture). Whether or not this Fslub" of andesite is above or below the
Tucson surface is a completely speculative matter. It is possible
that some of the andesites are intrusive, in which case they undoubt-
edly lie below the Tucson sugface.

An eventual solution to the problems of age and origin of these
andesites is pertinent to a complete understanding of the Tucson Moun-
tain chaos, Some of the most pressing problems are: Do thollnd.litCI
belong to only one series of rocks? Are they all extrusive? Are
they part of the Bcological basement block below the Tucson surface?
Do they form a thin slab between the chaos and pre-Laramide sediments,
and if io how did they come to occupy such a position?
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Origin of the Chaos

Any theory of formation of the chaos must explain the follow~
ing facts which are fairly well established by field evidence.

1.

3.

4.

7.

The blocks include all of the pre-Laramide formations.
The gray sericite schist and granite may be pre~Cambrian.
The blocks range in size from less than one foot teo a
maximum greater than 200 feet. Themmaller blocks appear
to act as interstitial filling between the larger blocks.
The thickness varies from zmero to greater than 400 feet,
but 200 feet is probably the most common. In aerial dis-
tribution it is 14 miles long and a minimum of 3 miles wide.
The size of the blocks appears to vary directly with the
thickness of the chaos, i.e., the thicker sections have
generally larger blocks,

The chaos rests on an erosion surface. This is demon-
strated by the conglomerate at Cat Mountain., It also
may overlie an erosion surface on top of the andesiteés
south of the Ajo road.

Limestone conglomerates occur throughout the chaos. They
are not continuous as would be expected in a well-developed
stream, but rather are suggestive of essentially residual
erosion and deposition along small irregular rills. But
under any interpretation, these conglomerates show that
the chaos was subjected to sedimentary action during its
formation.

The unit dip of the tabular-shaped chaos is essentially
parallel to that of the overlying Cat Mountain rhyolite.
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8. The stratified material exposed on Cat Mountain and at
Gates Pass dips in the same direction as that of the over-
lying Cat Mountain rhyolite, although possibly at a steep-
er angle.

9. The chaos locally overlies andesite.

10. The appearance of the chaos at Cat Mountain and Gates
Pass suggests analogy to modern talus slopes. Also, the
basal half of the chaos at Gates M is suggestive of
a mud flow.

0f the above statements, numbers 2, 5, 6 and 10 collectively
suggest a dominantly sedimentary origin for the Tueses Mountaia chsos.

The large blocks of the chaos must have derived from a moun-
tainous area or steep scarp. The most reasonable assumption is that
the postulated high area resulted from a structural scarp; either a
low-angle thrust fault, or a high-angle reverse or normal ﬁult.
The basic assumption in the following discussion, then, is that the
chaos resulted from a combination of tectonics and sedimentation.

In tie Tucson Mountains the pre-chaos orogeny (Laramide) of
Early Tertiary time caused  intense deformation of the pre-Laramide
rocks, and produced both folds and local thrust faults (Xianison,
1958). After this deformation, a period of erosion planed these de-
formed rocks to a surface of moderate or gentle relief, for which
I proposed the name "Tucson surface” (Kinnison, 1958). A post-erosion
fault scarp could be expected to expose rocks of diverse ages, be-
cause such rocks were brought together by the preceding complex
structural deformation. Such a scarp,  if it continued to move during
the - formation of the chaos, would continue to expose a variety of
rocks as the original scarp was eroded.
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In front of this postulated fault scarp, a thick talus accum-
ulated. The thickness of the pile and size of blocks within it were
probably related to the height of the scarp. This talus pile, sub-
Jjected to.sﬁi:mic activity associated with concurrent faulting, would
be especially susceptible to landslide and mud flow movements. Even
in an arid climate, large mud flows have resulted when semi-stable
talus piles wepe sufficiently lubricated during torrential cloud
bursts; and it wmay well be that the chaos was formed during a much
wetter climate than now exists., ;

As each landslide or mud flow occurred, carrying with it the
very large fragments accumulated near the scarp, the talus pile would
be locally thinned, but expanded laterally. The muddy matrix of the
mud flow or landslide mass would produce a breccia and gouge-like
zone around the larger blocks of the chaos, and might even produce
slickensided surfaces. :

Undc; proper conditions of lubrication, extremely larfe blocks
can slide for comsiderable distances, impelled hy gravity, down a
gradient of only a few degrees. It is further logical that if a
single block can move by gravity along a'gentli slope, so also can
large masses of many rock fragments. Landslide and mud flow masses
together with large single blocks would be set in motion by seismic
vibrations alpng the active fault scarp, and would slide, in response
to gravitational forces, down gentle slopes; the chaos would thus
be spread in a thin langﬁter a distance of several miles from its
source.

While the chaos was being deposited and spread out, it was
subjected to erosion, and deposition of conglomerate took place
along intermittent rills., The direckion and location of these small
water courses changed with each new earth movement, probably dis-
ripting the conglomerates previows ly deposited.
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The large limestone block with chaos piled along its edge
(p. 11) may have formed in one of two ways: (1) it may represent
a single large block which slid down the surface of the chaos, im-
pelled by gravity; or (2) the second possibility is that it may
represent a remnant of an overthrust scarp, with the chaos spread
out in front, in an area in which the scarp had been thrust over
previously deposited chaos. O0f course, if a high-angle normal fault
rather than a thrust fault were responsible for the formation of the
Tucson Mountain chaos, the first possibility is required.

Referring again to the ten basic characteristics of the chaos
(p. 13), No. 1 is satisfied by the assumption of an originally com-
plex area which was elevated along 2 fault scarp; Nos. 2, 3, 5, 6,
7, 8, 9, and 10 by the suggested mechanism of formation; Ne. 4 by
the probability that the thicker areas of chsos would be nearer the
source. The origin of pre-chaos andesites (No. 9) has been discussed
previously, and is admittedly not understood. The andesite blocks
in the chaos must derive, however, from these pre-~chaos andesites.

Subsequent to deposition of the Tucson Mountain chaos and
the overlying Tertiary volcanics, an important period of structural
deformation cauwsed tilting and faulting. The chaos, lying between
two geologic mta of very different character, is a natural zone of
weakness along which slippage and adjustment can take place. Rota-
tion of the chaos-fragments during late(?) Tertiary faulting may have
been an important factor in the origin of some or perhaps much of the
contact-gouge surrounding the larger fragments.

Chaos formations similar to the Tucson Mountain chaos have
bnn“urtbdbymmirt“n from other areas, only a few of
which are mentioned here.

Noble (1941) first described a formation of this type and
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. proposed the word "chaos". DNoble's investigation in the Virgian

Spring area of Death Valley, California, disclosed a chaotic sequence
about 2000 feet thick, which is divisible into three units on the
basis of fragment-type. Noble believed this formation, named the
Amargosa chaos, to be tectonic in origin, and that it represented

a brecciated overthrust sheet of post-Miocene age.

At a later date Johns and Engel (1950) summarized the chaos
formations of southern Califoraia as follows:

“Tabular to leanticular masses of unusual breccias are wide-
spread in both desert and coastal regions of Southern Califorania...."

"Many of the breccias are sedimentary rocks, interlayered
and intertongued with ulwsw&nm. and tuffs...., These
breccias resemble modern mud-flow and debris-flow accumulations...."

"Some of the breccias, including several types that have been
described as ‘chaos' have been interpreted as crackled ... parts of
low-angle thrust faults...." :

"Although certain breccias seem correctly interpreted as
essentially tectonic in origin, others so interpreted are wholly sedi-
mentary.... Only further studies, however, can accurately define
the respective roles of faulting and sedimentation in the development
of these rocks."

Jicha (1958) has mapped "landslide debris" in westera New
Mexico, which is similar to the Tucson Mountain chaos. He states,
in part:

".+.the northern flank of Mesa del Oro for a distance of 10
miles is an apron of slide blocks more than a mile wide.... Pico
Pintado, an outlier of Jurassic and Cretaceous rocks, has on its
east side two immense landslide blocks, more than one-half mile long
and several hundred yards wide."

The relief of the basalt-capped mesas from which these land-

slides originated is relatively slight, and the surfaces on which
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they are deposited are of gentle gradient. These landslides are

related to present topographic features, and they appear to be
features of the late Pleistocene (Jicha, 1958).

An account of a recent debris flow by Sharp aand Nobles (1952)

illustrates the inherent mobility of mudflows on a gentle gradient.

"On May 2, 1941, ~-- community of Wrightwood on the north
side of the San Gabriel lMountains was partly innundated by a series
of debris waves ....

", ..Debris was transported 15 miles by mass movement, and
on a gradient as low as 75 feet per mile at the outer extremity....
Velocities of most waves did not exceed 3-5 miles per hour (estimated).”

It appears that the Tucson Mountain chaos, of probable early
or middle Tertiary age, bears striking resemblance to other chaotic
breccias, some of which were formed in receant geologic time. Any
detailed study of the Tucson Mountain chaos should, therefore, in-

clude a program of comparison to similar formations of other
localities.
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ARIZONA GEOLOGICAL SOCIETY FIELD TRIP
April 14, 1957

Brecciag in the Tucson Mountainsg

Breccias of equivocal origin crop out extensively in the Tucson Mountaing.
These breccias are characterized by a wide variety of rock types, a range of
size from sandy gilt to house-sized boulders, and poor exposure. They occur
in zones reportedly associated with faulting and are generally topographically
above rocks of Cretaceous age and below volcanic rocks of possible Tertiary

age (Cat Mountain rhyolite). The origins suggested for these breccias may be
cutlined as follows:

I. Tectonic, due to
A. Nowrmal faulting
B. Thrusting, which may involve
1) Paleozcic and Cretaceous rocks, or
2) Paleoz:sic, Cretacecus, and Tertiary (Cat Mountain rhyolite)
roc -

II. Sedimentary, representing
A. Scree
B. Mudfiows
C. Rockflows
D. Rafting

IoI. Other
A. Blocks from over-riding thrusis
B. Residual conglomerate derived from ercded thrust plates
C. Others? :

%Y Critical evidence to support these several opinions must be compatible
. Thickness of breccia, locally in excess of 200 to 300 feect

. Distribution

Polymict composition (is Cat Mountain rhyolite present?)

Extreme gize range (Quomodo?)

Nature of under- and overlying contacts

. Nature of contacts within breceia between large boulders and matrix
. Fracture pattern in overlying volcanics

. Others?

m-am.vuhuno-n

Three areas will be vigited: 1) south slope of Cat Mountain north of Ajo
road; 2) west end of Sweetwater Drive; and 3) west slope of main ridge east of
Golden Gate Mountain and south of Gates Pass.

The assistance of D. L. Bryant, R. H. Courtright, J. B. Kinnison,

R. T. Moore, K. Richard, R. L. Whitney, end E. D. Wilson in the preparation
of this field trip is gratefully acknowledged.

L. A. Heindl
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ORIGIN OF THE CAT MOUNTAIN RHYOLITE—I-/
By

Michael Bikerman

Geochemical Section, University of Arizona, Geochronology Laboratories

INTRODUCTION

The main rock unit exposed in the southern half of the Tucson Mountains
was named the Cat Mountain Rhyolite by Brown (1939). He considered it to be a
series of rhyolite flows and mud flows which he assigned to the middle of Terti-
ary time. In later work (Kinnison, 1958; Taylor, 1959), a nuée ardente origin
was assigned to the unit and it became classified a welded tuff. Kinnison (1959)
described and mapped the chaotic megabreccia which underlies the Cat Mountain
Rhyolite, naming it the Tucson Mountain Chaos and postulating a sedimentary.
tectonic origin for the unit.

The current study suggests that the chaos is part of a volcanic sequence
which includes the Cat Mountain Rhyolite, the lower portion of Brown's Safford
Tuff in that area, and concludes with the spherulitic rhyolite intrusives. This
sequence has been assigned to Maestrichtian (uppermost Cretaceous) time by K-
Ar dating of Cat Mountain feldspars (Damon and Bikerman, 1963). '

GENERAL PETROGRAPHY

The Cat Mountain Rhyolite is a welded tuff of ash-flow origin, following
the usage of Smith (1960a). The main unit of the formation consists of at least
two ash flows which can be distinguished on petrographic and radiochemical bases
(Bikerman, 1962). The formation shows several vertical and horizontal changes
in density and induration with the degree of welding. Using Smith's (1960b) defi-
nitions, zones of no welding and zones of partial to moderate welding as well as
poorly developed granophyric zones are found, although they are somewhat ob-
scured by later alteration.

The general rock type is a rhyolite-to-quartz latite containing pheno-
crysts of quartz, K-spar, altered plagioclase, and magnetite. Hornblende and
biotite are rare to absent in all sections studied. The quartz shows character-
istic embayment in all zones studied. The nonwelded zones have a matrix con-
taining nearly undeformed glass shards and pumice fragments. This is seen
particularly well in the distal end of a small ash flow exposed just south of Ajo
Road and Quarry Hill (see also Kinnison, 1958). In the more indurated samples
the matrix is generally brown or orange in color, sometimes nearly opaque and

l/ Contribution No. 83, Program in Geochronology, University of Ari-
zona, Tucson.
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is composed of devitrified or altered glass and small pumice shards. The color
is caused by the presence of hematite, either disseminated or in small discrete
specks.

In the chaos portion of the sequence, the groundmass where observed
was a devitrified altered glass having no recognizable individual glass shards.
In both the chaos matrix and in the welded zones above the chaos, a pervasive
calcite alteration on feldspars, particularly the plagioclases, was found. The
main petrographic difference between the chaos and overlying ash flows is in the
xenolith content of the various units. The chaos contains a variety of sizes of
xenolithic material ranging from large blocks of Amole Arkose and Paleozoic
limestones to millimeter-sized arkose and andesite inclusions. In thin section
the foreign material makes up 30 to 40 percent of the rock. In contrast, the ash
flows contain fewer and smaller xenoliths, and the upper unit is cleaner than the
lower. Furthermore, the overlying Safford Tuff contains considerably fewer
xenoliths, and the spherulitic rhyolite nearly none. In all cases the xenoliths
are of the same arkose or andesite composition with rare carbonates present.
This variation is important in the development of the following vulcanologic
theory.

VULCANOLOGY

First, a review of modern thinking on pyroclastic volcanics may be of
value to the reader. Early work considered acidic extrusive sheets as true lig-
uid flows or as mterbedded liquid flows, mud flows, and ash falls, Observa-
tions on the nuée ardente eruptions at Mount Pelee and La Sourfriere in 1902,
1903, and later, combined with studies of the Katmai eruption (Fenner, 1923)
and those of Vesuvius and various volcanoes in Japan and the East Ind1es,
brought about a change of thlnkmg toward a particulate gas-flow origin for these
rocks.

The importance of a gaseous suspension of liquid droplets and solid
magmatic (and xenolithic) particles was emphasized in work by Gilbert (1938)
and Reynolds (1954), among many others. Marshall (1935) defined the term
"'ignimbrite" for deposits formed by a nuee ardente mechanism, Lately the dif-
ferences between the small observed nuée ardente eruptions and the large-scale
eruptions that produce ignimbrites or ash flows (Smith, 1960a) have been em-
phasized. Papers by Smith (1960a and b), Ross and Smith (1961), van Bemmelen
(1961), and Fisher (1960), among others, have established criteria for classifi-
cation and identification of these units.

For example, the Cat Mountain Rhyolite, having an estimated area of
nearly 30 square miles and an average thickness of 400 feet or so (an approxi-
mate volume of 10 cubic kilometers), would fall into the fissure- and multiple-
vent source class. This class is thought to be associated with important sub-
sidence structures (Smith, 1960a, fig. 3). It would furthermore be character-
ized as an ignimbritic eruption (high gas content and high viscosity magma) by
van Bemmelen (1961).

Observations in the Tucson Mountains do not support the existence of
cratering or caldera collapse. Possibly Mackin's (1960) ideas, that subsidence
in the basins accompanied the ignimbrites, are applicable here.

The chaos unit is a pyroclastic flow breccia (Fisher, 1960) of probable

O
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true nuée ardente-type origin. A further application of the concepts of fluidiza-
tion as originally applied to geology by Reynolds (1954) is being made by Mayo
(1963) to explain the chaos unit and related problems in the Tucson Mountains,

THE CAT MOUNTAIN VOLCANIC HISTORY

The postulated sequence of events for the Cat Mountain formation began
with rising magma stoping its way slowly up through the basement complex, the
Paleozoic limestones, and the Mesozoic arkoses and andesites. This material
rose rapidly enough so that the stoped fragments did not have a chance to be as-
similated into the magma and yet sufficiently slowly to allow silica replacement
of parts of the limestone blocks. The upper front of the rising magma was
cooled and its gas content increased by the presence of the included material,

It probably was a partially molten, gas-rich mass when it pushed up through the
pre-existing surface in several fissures (or possibly vents). On reaching the
surface, the material erupted with sufficient force to spread large blocks of the
competent limestone quite far from the sources (fig. 1A). The temperature of
emplacement was below that needed to produce welding. This origin explains
the "cooling rims'" around some of the longer xenolithic blocks, as well as ex-
plaining the tuffaceous matrix and general appearance and distribution of the
unit. However, the presence of rounded conglomerate zones (Kinnison, 1959)
suggests interspersed times of erosion on the newly formed volcanic piles be-
tween successive pulses of eruption; or perhaps the rounded cobbles are the re-
sults of entrainment in the gas phase of the rising magma and subsequent dump-
ing. The number of pulses of nuee activity has not been determined as yet.

Part of the problem in determining the number of pulses lies in the dual nature
of a nuee ardente. A nuée ardente consists of a lower avalanche portion con-
taining the bulk of the solid material which closely follows the existing depres-
sions in the terrain (the '"ladu"), and an upper freely moving cloud (nuage) whose
deposits closely resemble an ash or tuff fall, or the nonwelded portions of an ash
flow. This upper part produces thin, easily eroded ash zones.

The main series of ash-flow eruptions followed the nuée ardente de-
posits, using the same orifices in some cases and new ones in others (fig. 1B).
There were at least two main ash flows, separated by some short time interval.
This separation is indicated by the fact that the two main welded zones are di-
vided by a partially welded tuff phase. If there had been only one eruption, or
if insufficient time for cooling had elapsed between the two, then the whole for-
mation would have been but a single cooling unit (Smith, 1960a). I the time in-
terval was long, then the unwelded upper portion of the lower flow would have
been eroded and the lower portion of the second flow would have a chilled con-
tact on some sort of relief. The actual contact between flows is not a well-
marked line but rather a transition from a fairly clean, partly welded tuff to a
slightly more xenolithic, equally welded unit. This situation is due to two fac-
tors: the first is the continuation of vapor-phase crystallization from the lower
welded unit into the fresh ash, and the second is the baking and surface mixing
of the contact by the upper flow.

The lower flow is less competent and less welded than the upper and
hence probably was emplaced at a lower temperature. Furthermore,. it con-
tains a greater proportion of its total bulk in xenoliths than the upper flow. The
xenolithic content of both flows decreases slightly towards the tops of the flows,
probably as a result of gravity working on the blocks in the fluidized suspension.
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Starting with the unwelded tuff at the base, the rock passes through a
zone of partial welding (using the definitions of Smith, 1960b) into a fairly well-
developed zone of dense welding. None of the Cat Mountain units show the ex-
treme welding of the vitrophyre zone, as was shown to the author in the Superior
Dacite (D. W. Peterson, 1961, Arizona Geological Society field trip). From the
zone of dense welding, the upward progression through the zone of crystallization
to the nonwelded top is masked by the upper flow. Weathered-out, flattened pum-
ice shards in the moderately welded zones give these zones a characteristic
streaked appearance. This contrasts with the highly jointed welded phases which
present a somewhat more homogeneous appearance, and which weather into near-
vertical cliffs rather than into the rounded hills formed on the softer material.
Radiometric analyses (Bikerman, 1962) give additional proof of the differences
in the zones, as the welded zones have an average potassium content in the
whole rock of about 4 percent, while the nonwelded zones have a higher potas-
sium content ranging from 4. 4 to 5. 8 percent.

The second or upper flow presents characteristics similar to the lower
one, showing a stratification from the partially welded interflow material through
densely welded material into a nonwelded tuff capping. This soft tuff is not pre-
served on top of the western escarpment but is found in the lower reaches of the
eastern dip slope, as in the Twin Hills area, where it shows evidence of water
reworking in its upper parts. Brown (1939) mapped this tuffaceous phase as
part of his extensive Safford Tuff unit. However, recent K-Ar dating of biotite
from the Safford Formation (renamed by Kinnison, 1958) in the northern portion
of the range gives a date of 25. 2 million years (Damon and Bikerman, 1963), or
Oligocene-Miocene. It is now proposed that the "Safford' name be restricted to
the mid-Cenozoic rocks, while the Maestrichian tuffs be included in the Cat
Mountain Rhyolite and a new name be given to the sediments previously included
in the Safford formation in the Twin Hills region,

The final action of this volcanic cycle was the intrusion of gas-free,
comparatively clean remnant magma through the old vents and through some new
planes of weakness formed by structural adjustment to produce the spherulitic
rhyolite (fig. 1C). This unit is interpreted as having a similar relationship to
the Cat Mountain sequence as did the famous spine at Pelée to the Pelean erup-
tions.

Examination of outcrops of the spherulitic rhyolite shows that this in-
trusive usually outcrops in areas of thickest chaos unit, or near the postulated
vents, and that it intruded with sufficient heat and force to weld the chaos around
it while disrupting any bedding previously present. An estimation of importance
of this intrusion in forming the steep dip angles on the range relative to the im-
portance of the more general dislocation caused by the major structural changes
associated with the block faulting (fig. 1D) is not undertaken here.

SUMMARY

From the original highly xenolithic chaos member of nuée ardente ori-
gin through the progressively cleaner ash flows and to the almost xenolith-free
spherulitic rhyolite, the entire Cat Mountain sequence is considered to be caused
by evolution of a single magma.
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VOLCANIC OROGENY OF THE TUCSON MOUNTAINS
(A Preliminary Report)

By
Evans B. Mayo

Department of Geology, University of Arizona

INTRODUCTION

The Tucson Mountains are that desert range which forms the western
wall of the Santa Cruz Valley west and northwest of Tucson, Arizona. During
the past 6 years, graduate students of the Department of Geology, University of
Arizona, and the writer have made observations in local areas of these moun-
tains that appear to be critical to an understanding of the orogenesis. The ob-
jective of this report is to present these observations in relation to pertinent
previous work here and elsewhere.

Unfortunately it is not practicable in a communication of this length to
acknowledge all who have contributed to an understanding of the Tucson Moun-
tains geology. For this reason, only those papers that contribute most directly
toward the present objective are mentioned at appropriate places below.

In relation to the information still to be obtained, not even a good be-
ginning has yet been made. Clearly then, those conclusions presently offered,
while suggestive, are necessarily tentative.

FUNDAMENTAL REPORTS ON TUCSON MOUNTAIN GEOLOGY
Jenkins and Wilson

The Arizona Bureau of Mines bulletin by Olaf Jenkins and Eldred Wilson
(1920), based on fieldwork done for the first Geologic Map of Arizona, appears
to be the earliest account of the geology of the entire range. The geologic for-
mations, representing parts of Precambrian, Paleozoic, Mesozoic, and Ceno-
zoic time, were described in a general way. Concerning the structure these
authors wrote (1920, p. 9): "The structure, therefore, consists of a tremen-
dously upheaved and intruded region about the center of Amole Peak with a flank-
ing rim of extrusive volcanic flows. "

It now appears that this initial idea of the structure of the Tucson Moun-
tains, gained by reconnaissance, was closer to the truth than were some sub-
sequent interpretations.
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W. Horatio Brown

In 1939 a second paper was published on the geology of the entire range. Q
That report, by Brown, was based on much more detailed fieldwork than was its
predecessor, and it was accompanied by a colored geologic map. Formations
and sequence were discussed in more detail than before. Of special interest was
the establishing of three Mesozoic formations, all of which were assigned to the
Cretaceous. These were, in order from oldest to youngest: Cretaceous volcan-
ic rocks, largely andesitic, clastic, water-laid volcanics; Recreation Red Beds,
fine-grained, brick-red to maroon sandstones and siltstones; and Amole Arkose,
coarse arkosic sandstones, fine-grained graywacke sandstones, shales, and
thin, argillaceous limestones. )

A Tertiary sequence of volcanic rocks was recognized also, and of these
the oldest formation, the Cat Mountain Rhyolite, was thought to rest on a sur-
face that had been eroded on deformed Cretaceous. This younger volcanic se-
quence was assigned to the Tertiary partly on the basis of an assemblage of
plant fossils found in the Safford Tuff, a formation said to grade downward lo-
cally into Cat Mountain Rhyolite, and in part because of the angular unconform-
ity thought to separate these younger volcanics from deformed Cretaceous.

Some intrusive igneous rocks were assigned to the Cretaceous or early ’\\‘
Tertiary. Of these a huge composite mass of quartz monzonite and granite in-
trudes Amole Arkose, Cretaceous volcanic rocks, and Paleozoic formations in
the mountains north of the Arizona-Sonora Desert Museum. Associated with
this large intrusion are smaller masses of a fine-grained, light-colored igneous
rock termed by Brown the Amole Latite. Among intrusions supposedly of Ter-
tiary age are the Spherulitic Rhyolite which intrudes Cat Mountain Rhyolite, and
a set of nearly east-west fracture fillings, of probable latite porphyry, called
the Silver Lily dikes.

In the discussion of structure two very important concepts were devel-
oped: (1) In "Laramide" time a great overthrust had carried Cretaceous volcan-
ic rocks as well as blocks, or slices, of Paleozoic limestone from southwest to
northeast over the Amole Arkose. This overthrust sheet had been largely eroded
before the Cat Mountain Rhyolite poured out. (2) After most of the Tertiary vol-
canic succession had accumulated, block faulting took place. The present tilted
aspect of the younger volcanic rocks is a result of the block faulting.

Tucson Mountain Chaos and Tucson Surface

Two papers of especial importance to the present discussion were pub-
lished by John E. Kinnison (1959a; 1959b). The jumbled mixture of Amole
Arkose, Cretaceous volcanic rocks, Recreation Red Beds, and occasional blocks
of Paleozoic limestone, which Brown thought to be the remains of an overthrust
sheet, was regarded by Kinnison as a sedimentary formation and named by him
the Tucson Mountain Chaos. Kinnison considered this chaos to be coarse debris
accumulated by the erosion of a fault scarp. Concerning the Tucson Mountain
overthrust, he wrote (1959b, p. 150): "If this interpretation is correct, then
there is no direct evidence of large scale overthrusting in the Tucson Moun-
tains, "

According to Kinnison, the Tucson Mountain Chaos was deposited on the
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Tucson surface, which had been established by erosion on the deformed Creta-
ceous rocks. Therefore the surface between chaos and older rocks was an an-
gular unconformity such as the one on which Brown thought the Cat Mountain
Rhyolite to rest.

PRELIMINARY STUDIES IN THE DESERT MUSEUM AREA
Cretaceous Volcanic Rocks and Recreation Red Beds

In 1958 Robert E. Colby, a graduate student in the Department of Ge-
ology, University of Arizona, submitted a Master's thesis entitled "The Stra-
tigraphy and Structure of the Recreation Red Beds, Tucson Mountain Park, Ari-
zona.'" The area investigated included the Red Hills and Piedmontite Hills, re-
spectively northwest and southeast of the Arizona-Sonora Desert Museum (fig.
1). The Red Hills are the type locality of Brown's Recreation Red Beds, and
the Piedmontite Hills contain important exposures of the Cretaceous volcanic
rocks.

Brown had mapped a fault that separated red beds from volcanic rocks
between the two groups of hills (fig. 1-A); but he mentioned (1939, p. 714-715)
that some red beds were interstratified with water-laid volcanics. He also re-
corded in his Piedmontite Hill section of part of the Cretaceous volcanic series
(ibid., p. 714) the presence of a "light pinkish-white dense rhyolite" among
darker, andesitic rocks.

Colby found no fault separating the two older Cretaceous formations.
Instead, the fault at the eastern edge of the Piedmontite Hills continued north-
ward, separating Recreation Red Beds from Amole Arkose along the eastern
edge of the Red Hills (fig. 1-B).

The red beds were seen to interfinger with the volcanics. Also, blocky
red-bed inclusions as well as obviously water-deposited red beds and laminae,
or films, were found in the volcanics. To explain these relations, Colby wrote
(1958, p. 49-50): "Evidently something like a huge cut and fill channel formed
in part of the older red beds." Floods in the channel were supposed to have
transported the coarse and fine andesitic debris from some volcanic source.

The included red-bed blocks were thought to represent caved-in portions of
undercut banks, while the red material interstratified with the volcanics was
considered to be fine-grained debris transported from a distant source or eroded
from nearby deposits and laid down during quieter intervals between floods. Ac-
cording to this interpretation, volcanic rocks and Recreation Red Beds were es-
sentially contemporaneous.

Colby suggested that the Recreation Red Beds be redefined as a forma-
tion consisting of three members. He proposed that the Recreation Red Beds as
defined by Brown be termed the sandstone-siltstone member, that the andesitic
volcanics be called the volcanic conglomerate member, and that the rhyolite,
recognized by Colby as ignimbrite, be designated the tuff member. Perhaps
these different rocks could as well have been regarded as facies of one forma-
tion. Their close association hints of a common origin.
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Arkose-Red Bed-Limestone-Granite Relationships

While the present writer was remapping the Piedmontite Hills, Gerald
Greenstein (1961) studied the relations between the sandstone-siltstone member
of the Recreation Red Beds, the Amole Arkose, the Paleozoic (Permian) lime-
stone blocks, and the granite in a small area adjacent to the Red Hills on the
northeast (fig. 1-C).

According to Greenstein, the structure of the red sandstones and silt-
stones conforms somewhat better to the shape of the intrusive granite than Colby
had thought. Colby's Eastern fault (fig. 1-B) is not cut off by the granite, but
turns westward to form the granite-red bed contact (fig. 1-C). Both red beds
and arkose dip into the granite at most places, as though the sedimentary for-
mations had subsided before or during emplacement of the granite. And yet,
there was local evidence, not shown on figure 1-C, that the granite had lifted the
Amole Arkose.

Of even greater interest were Greenstein's observations on the Tucson
Mountain overthrust, the Permian limestone blocks supposed by Brown to be
thrust slices, and the Amole Latite supposed to occupy locally the hanging wall
of the overthrust (fig. 1-A, B). As indicated (fig. 1-C), Greenstein found no
evidence of the overthrust. He found only a few small dikes of Amole Latite in
and near the block of Permian limestone, which was surrounded by highly dis-
turbed Amole Arkose. These same relations were observed at other Permian
limestone blocks located beyond the edge of figure 1-C. Greenstein concluded,
therefore, that the Permian blocks might have been punched upward into the
Amole Arkose by rising masses of Amole Latite. Whether or not this conclu-
sion was correct, it seems that the limestone blocks were somehow pushed or
carried from below to their present positions.

THE INFLUENCE OF PAPERS ON OTHER REGIONS AND FIELDS
OF INQUIRY

General Statement

Before presenting some of the results of a restudy of the Piedmontite
Hills, it seems best to discuss a few accounts of research that furnish the basis
for interpreting the geology of this area. These highly suggestive reports were
read while the fieldwork was in progress.

Fluidization

The most thorough treatise on this subject known to the present writer
is the book by Leva (1959). In this book Leva discusses the mechanical and
some chemical effects of the passage of fluids, usually gases, through granular
aggregates. In the chapter on the fluidized state he describes the fluidized-state
spectrum leading, with increasing gas velocity, from the fixed bed through the
expanded bed and the dispersed phase into pneumatic transport. Irregularities
of the "spectrum' such as channeling, slugging, and the spouted beds are also
discussed.




66

Regarding the last-mentioned feature, an experiment by Mr. William
D. Green of Professor Damon's laboratory is of interest. In attempting to puri- -
fy an aggregate of magnetite grains, Mr. Green passed a column of water up- ( )
ward through the aggregate in a separatory funnel. At a certain velocity of the :
rising current a column of entrained magnetite grains rose through the center
of the aggregate, while marginal portions sank. Thus a sort of convection cir-
cuit was set up. The experiment reproduced exactly the spouted bed as figured
by Leva (1959, p. 170).

In her paper on fluidization as a geological process, Reynolds (1954)
gives further details of the commercial operation and supplements these with
geologic examples. An important feature is the abrasion suffered by the larger
particles in the expanded bed. Because of this phenomenon, pieces from the
walls of a pebble dike or pipe could become rounded in the expanded-bed phase
of a fluidized system without transport. The abrasive action and extreme mo-
bility of a gas-solid fluidized system has the important consequence that the
system can penetrate into minute cracks, enlarge them, and cause the over-
lying rock to collapse. Finally, fluidized systems can include the gas-solid,
liquid-solid, gas-liquid droplet, and three-phase systems.

The Swabian Tuff Pipes

()

A beautiful series of geologic examples that illustrate the effects of
fluidization in the Swabian tuff pipes, southeastern Germany, was investigated
by Hans Cloos (1941). One of these examples, the Aichelberg, is reproduced
here as figure 2.

The sedimentary formations that crop out at the Aichelberg are Brown
Jura, the oldest, followed by the White Jura with members Alpha, Beta, Gamma,
Delta, and Epsilon, capped by the Tertiary Bohnerz Clay. The fine- or coarse-
grained products of the fluidization of these materials consist largely of blocks
and lesser pieces of the sedimentary rocks, mixed with varying amounts of
small droplet- or lapilli-like pieces of basic lava. Cloos called this mixture
"tuffisite' to distinguish it from ordinary volcanic tuff, consolidated from ash.
The process of generating this tuffisite he called tuffisierung (tuffisitization).
Apparently he was not acquainted with the principles of fluidization.

On the east side of the Aichelberg (fig. 2), the Brown Jura is exposed
as wall rock of the large tuff pipe. Next to the west is "normal tuff, "' composed
mostly of lapilli of melilite basalt. Beyond this is a debris slope, and next are
outcrops of White Jura Beta, at first with gentle westerly dips. Westward, these
dips increase to vertical. Small, east-dipping antithetic normal faults displace
the White Jura beds and attest the downbending of the huge sedimentary block.
Cloos called this part of the structure the outer fore zone. In this zone the
White Jura had only been displaced, i.e., bent downward.

In direct contact with the outer fore zone on the west is the inner fore
zone, consisting of a shattered mass, mostly of White Jura Gamma and Delta.
Beyond this is the main mixing zone, a tuffisized (fluidized) mass of White Jura
Delta, possibly mixed with Epsilon, containing a few basaltic lapilli and having
slabs of Tertiary clay on its western border. Beyond this again was more tuff
like that in contact with Brown Jura on the east. This western tuff, in turn, ex-
tends to a contact with Brown Jura on the western side of the pipe.
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In spite of what seems at first to be intense disturbance and violent
mixing, the stratigraphic succession is preserved. Accordingly, the great
White Jura block: (1) was tilted; (2) sank; and (3) was partially tuffisized by O
some slow, continuous, relatively gentle and orderly process. To borrow an 4
expression from Reynolds, '"the block subsided gradually as though through
quicksand. " This result might have been achieved by a fluidized system in the
expanded-bed or boiling-bed stage, perhaps with local and temporary entrain-
ment. Cloos pointed out that if the block could be rotated back to its initial po-
sition, it would effectively seal the pipe. Early stages in the abrasive enlarge-
ment of fracture nets, preparatory to undermining and collapse, were described
and illustrated many years ago by Stahlecker (1926).

Blocks from lower formations (including the crystalline basement) in
the centers of some of the tuff pipes indicate strong upward movement. And yet,
structures in marginal portions of the same pipes indicate subsidence. Accord-
ingly, the motion in these pipes must have resembled that in the spouted bed.

Although the above discussion is not as thorough as could be desired,

perhaps it will assist in viewing the geology of the Piedmontite Hills in a new
light. :

RESTUDY OF THE PIEDMONTITE HILLS (

)

General Statement

A series of maps would be necessary to present all of the new observa-
tions made in these hills. Even so, further fieldwork is needed. A number of
small, but diagnostic, structures should be separately mapped on a large scale,
and many sketches should be made of critical exposures. Some of the data now
at hand are summarized on figure 3, and eight structure sections are shown in
the upper part of figure 4.

The rocks indicated (fig. 3) are quartz veins, Silver Lily dikes, dark
and light phases, large phenocryst porphyry (Mayo, 1961), and Amole Arkose to
the northeast and southwest. Of Colby's Recreation Red Beds formation, there
are the ignimbrite (the tuff member), Cretaceous volcanic rocks with associated
sandstones (the volcanic conglomerate member), and Recreation Red Beds (the
sandstone-siltstone member). Only this last-mentioned formation requires
further description.

Members of the Recreation Red Beds Formation

The sandstone-siltstone member consists of brick-red to maroon fine-
grained sandstone and siltstone, and relatively thin beds of light-gray or vari-
colored pebble conglomerates and coarse-grained sandstones. The fine-grained
red rocks are massive at most places; only locally are they laminated, and there
is no bedding fissility. The pebbles in the conglomerate beds are of various
compositions, but most are of volcanic origin. A small amount of fine-grained
volcanic debris can be recognized at some places, even in the siltstones. Re-
connaissance in the Red Hills by the writer shows this red unit to be surprisingly
complicated in lithology. Pending detailed field and petrographic study, it can
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be only tentatively suggested that these red rocks were somehow formed as a
result of volcanic activity.

The coarser, more obviously volcanic rocks of the volcanic conglom-
erate member (Cretaceous volcanic rocks, fig. 3) are all fragmental. No lava
flow has yet been recognized in the Piedmontite Hills. These apparently andes-
itic rocks are breccias and pebble, cobble, and boulder conglomerates, usually
with thin interbeds of tuffaceous sandstone. No gas pores or amygdules have
been noticed in this material, and lapilli seem to be absent. Most of the struc-
tural measurements generalized on figure 3 were made on the interbedded sand-
stones. In the southern part of the hills the sandstone, usually present only as
thin layers in coarser material, occupies rather extensive areas and has ac-
cumulated to unusual thlcknesses.

The color of the coarse volcano clastics varies from place to place.
Plum color is common; much of the rock is purplish brown, and at many places
it is greenish gray because of the reduction of ferric oxide and the formation of
epidote. The associated sandstone may be plum colored, hght pinkish brown,
reddish brown, purplish gray, or greenish gray.

As already mentioned, the tuff member is an ignimbrite, and it may be
rhyolitic. The rock is everywhere much altered. The color varies from white
through cream or buff to pink. In fact, most color phases have a faint pinkish
cast, due to the presence of finely disseminated piedmontite. Viewed from the
crest of the Tucson Mountains to the east, the outcrops of ignimbrite in the
Piedmontite Hills have a definitely rosy hue.

Structural Relations Between Coarse Clastic Volcanics and Red Beds

The field relations (fig. 3) support the impression of two different as-
sociations of coarse clastic volcanics and red beds. First, the long, narrow
belt of red beds on the northeastern edge of the hills has, where it can be ob-
served, a very irregular contact with the coarser volcanics. Further, some
large red blocks, reaching 100 feet or more in length, appear to be isolated
without loss of orientation within the coarser clastics. Smaller isolated red
blocks appear far within the volcanics. The map cannot show the many still
smaller red blocks and the thousands of red chips that are present almost every-
where throughout the coarse clastics. It is difficult to believe that such rela-
tions have come about through stream transport and the caving of undercut banks.

In the second association, red beds from a few inches to possibly 10
feet in thickness are interbedded with the coarser clastics. This relation is
especially well displayed at the northwestern end of the hills (fig. 3). Such 'con-
formable red beds" are always relatively thin. They may be laminated, at least
locally, and they nearly always show some coarse admixtures. The local pres-
ence of thin red films along the stratification of the volcanics has already been
mentioned. Some of these films, of very small extent, provoke the epithet "red
mud puddles, "

During the accumulation of all these materials, some process was at
work which must account for both of the above-mentioned associations. In order
to visualize this process more clearly, perhaps it is best first to look more
closely at the so-called volcanic conglomerate, and then to consider in more de-
tail the contacts of the discordant red beds with these coarser volcanics.
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In a few unstratified exposures on the eastern slope of the Piedmontite
Hills, the volcanics appear at first to be massive, but closer inspection shows .
them to be intensely shattered. The closely fitting fragments are separated by (\ )
a small amount of light-colored sandy matrix. Nearby exposures reveal brec- —
cia with sharp-edged fragments embedded in varying amounts of matrix. Still
other exposures reveal the fragments in what seem to be various stages of round-
ing. Abrasion by the matrix, as is characteristic of the expanded fluidized bed,
is clearly suggested. Wherever these materials welled up under water the re-
sulting currents should have sorted and stratified them.

On figure 3 are shown the places so far recognized where pipelike bodies
of usually rounded, coarse fragmental material seem to have welled up vertical-
ly through the stratified volcanics. Among features that reveal the positions of
these upwellings is the abrupt steepening of the dip of stratified material, or a
reversal in the usual direction of the dip. At two places the strike of the strati-
fication ""boxes the compass' around such upwellings. At one place near the
center of the hills and directly east of the north arrow (fig. 3) such a "rubble
diapir' seems to have pierced and spread over a red layer. Now that these up-
wellings have been recognized, careful search may reveal more of them, They
appear to be examples of the phenomenon of channeling which has been detected
in commercial fluidizing operations.

What may be a large-scale examniple of elutriation was found in the south- ( ™
western part of the hills. Just east of the large quartz vein (fig. 3), the coarse \_/
volcanics end along a remarkably straight line, parallel to the vein. Along this

line are many small bodies, apparently remnants, of red beds. East of the

line, and beginning on it, are the previously mentioned areas of sandstone that ‘
has accumulated to unusual thickness. Possibly the straight feature is the trace

of a fissure up which once rushed a liquid-solid system with velocity just suf-

ficient to entrain sand-sized particles. The sand may have been derived in part

by elutriation of the volcanics and partly by disaggregation of red beds. The lo-

cal structure complications in the sandstone are thought to have resulted from |
upwellings of the volcanic surface on which the sand was deposited.

Near the contact between the coarse, fragmental volcanics and the
long, narrow belt of red beds at the northeastern edge of the hills, many small
and large steep-sided lenses, pipes, and irregular bodies of the fragmental vol-
canics are present in the fine-grained red rocks. At numerous places the same
phenomenon can be seen also in the isolated red blocks. Apparently the frag-
mental volcanics have actually invaded the red beds, as is suggested also by the
previously mentioned very irregular contacts.

The most active ingredient seems to have been the sandy matrix of the
volcanics; this material appears in the smallest, initial(?) projections into the
red beds. The matrix appears to have been followed, as the projections increased
in size, by entrained pebbles. By continuation of this intrusive process the red-
bed blocks must have become isolated, the red chips distributed throughout the
volcanics, and large volumes of red beds completely disaggregated. Much of
this disaggregated material may have been transported beyond the area, but
~ surely some of it was deposited locally as the "conformable red beds. "

The Tuff Member

On the northwestern spur of the Piedmontite Hills, near the weather
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station of the Arizona-Sonora Desert Museum, a small mass of altered ignim-
brite rests on one of the above-mentioned upwellings of the fragmental volcan-
ics. At first this ignimbrite appears to be a mere flake, perhaps an erosion
remnant of a once more extensive ash flow. Supporting this impression, most
of the planar structure of this welded tuff dips gently, but a few very steep ele-
ments were seen near the base of the deposit. This suggests that the tuff gained
the surface at this place through a pipe of fragmental andesite.

The large body of ignimbrite to the southeast (fig. 3) has local steep to
vertical contacts and flow structure. Further, truncated flow layers at one
place show that some inner portions of this mass have welled up steeply through
more nearly static marginal portions. Some parts of this large body appear to
have been intruded in a sill- or laccolith-like manner into the stratified frag-
mental volcanics. Some of the ignimbrite may have flowed out on the surface,
but no convincing evidence of this has yet been found.

Several of the smaller bodies of ignimbrite in the southern part of the
hills obviously occupy steep, or vertical, fissures. The large mass of this rock
in the southeastern corner of the area was formerly thought to be a down-faulted
portion of an ash flow located higher in the hills. But even in this case, local
steep flow layers and close association with fissures suggest upwelling essen-
tially in place. It seems probable that intrusions of ignimbrite at high temper-
ature caused at least some of the pipelike ejections of fragmental andesite.

Overall Uplift of the Volcanic Rocks

Gently dipping quartz-coated fractures as well as some quartz-coated
bedding planes are distributed fairly uniformly over the area occupied by the
fragmental volcanics. These surfaces are striated, and the striations trend
rather uniformly northeast-southwest. Moreover, the striations plunge at an-

gles that usually range from 0° to 30°, rarely as steep as 50°, mostly toward

the northeast but occasionally southwest. These striated surfaces seem to be
analogous to the surfaces of stretching described by Cloos (1922). Their pres-
ence, and the remarkably uniform trend of the striations on them, strongly sug-
gest that the volcanic rocks were uplifted as a unit along a northwest-trending
axis. This uplift, of course, must have been independent of the local upwellings
discussed above.

In the southwestern part of the hills, Amole Arkose rests unconform-
ably on the volcanics. Exposures in the big wash at the south end of the hills
show the contact to be a disconformity, but farther northwestward (fig. 3) it is
an angular unconformity. The dips of bedding in these southwestern exposures
of the arkose are toward the southwest, away from the volcanics. Moreover,
the dips become steeper with increasing distance from the volcanics, as though
the arkose were a cover that arched upward as the volcanics rose. Exposures
in the big wash reveal that the Amole deposited on the disconformity slumped
down the present dip. Thus it seems that uplift of the volcanics was in progress
while the arkose was being deposited, or while it was still unconsolidated. Near
the unconformity the arkose contains considerable interbedded volcanic material.

On the northeast side of the hills, the Amole Arkose is separated from
the volcanic complex by a steep fault that usually dips southwest but locally dips
northeast. On this steep, faulted flank the arkose appears to have slumped off
the rising volcanic mass and to have buckled into a number of tight, northeast
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asymmetrical or overturned folds (figs. 3 and 4, Piedmontite Hills sections 1-1'
-Qr

to 8-8'). f-\j

Colby (1958, p. 54) suggested that the uplift of the volcanic rocks might p—

have been the result of the emplacement of an intrusive mass beneath the Pied-

montite Hills,

Summary of Results

The relations discussed above would appear to support the following
conclusions:

1. In partial conformity with Colby's interpretation, the Cretaceous
volcanic rocks, or volcanic conglomerate member, may be in part contempora-
neous with, but obviously are largely younger than, the red sandstones and silt-
stones. The only alternative would be to suppose that the coarse fragmental
rocks had already existed beneath the red beds and were later activated, i.e.,
fluidized.

2. The activated fragmental volcanics have intruded, disaggregated,

and dispersed large amounts of the fine-grained red beds, and yet it may be that C

the red rocks themselves originally were deposited as a result of volcanic ac-
tivity. In other words, the entire Recreation Red Beds formation as defined by
Colby is possibly a single volcanic unit.

3. The fluidization, of which there is abundant evidence, may have
been the result of the rise of hot magma into some sort of wet, porous medium.
If the resulting activity took place mostly or entirely under water, the stratifica-
tion of the fragmental rocks, including the ""conformable red beds, " is readily
explained through the action of currents resulting from the upwellings and from
differences in temperature.

4, The ignimbrite (tuff member) is intrusive into, and possibly extru-
sive onto, the fragmental volcanics and the red beds.

5. Although the sequence of Brown's Cretaceous formations can be
questioned, no basis has been found for disputing his assignment of all these
rocks to the Cretaceous.

6. The Amole Arkose on the southwest edge of the hills is definitely
younger than the volcanics, and the same must be true of some of the Amole on
the northeast side. However, there seems to be no compelling reason to think
that lower parts of the thick Amole sequence may not be even older than the vol-
canics. Admittedly this statement is not quite satisfactory, because it is founded
on negative evidence,

7. I the statement made above is not in error, it should be permissible
to imagine that Amole sedimentation began perhaps in Early Cretaceous time,
and that after an interval of unknown duration the continuing sedimentation was
accompanied by volcanic or subvolcanic activity. The igneous action culminated
with emplacement of the ignimbrite and terminated with the general uplift of the
volcanic rocks and their cover of arkose. This sequence of events may have
been completed by the end of Cretaceous time.
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When the investigation and the interpretations had nearly reached the
stage recorded above, it began to appear that the geology of the Piedmontite
Hills might provide a key to the understanding of the geology of the main range
of the Tucson Mountains. This impression was greatly strengthened as the re-
sult of a visit by a foreign geologist.

PRELIMINARY OBSERVATIONS IN THE MAIN RANGE, TUCSON
MOUNTAINS

Field Trip With Professor S. O. Agrell

In March 1962, Professor S. O. Agrell of the University of Cambridge,
England, Professor P. E. Damon of the University of Arizona, graduate student
Michael Bikerman, and the writer visited the Gates Pass area of the Tucson
Mountains and the southern end of the Piedmontite Hills. At Gates Pass is ex-
posed a huge block, or septum, of Amole Arkose having nearly vertical bedding,
flanked on either side by Cat Mountain Rhyolite showing equally steep flow struc-
ture. The rhyolite is no lava flow. Instead, it is an ignimbrite. Professor
Agrell remarked that the setting reminded him somewhat of that at Ardnamur-
chan on the northwest coast of Scotland. He stated further that if the compari-
son applied it should be possible to find a gradation from Amole Arkose into Cat
Mountain Rhyolite. Road cuts leading down the western side of the pass were
examined with some care, and to the writer's surprise the Amole Arkose was
seen first to appear disturbed, then to become progressively disaggregated and
mixed with foreign material, including fragmental andesite, Finally, this Amole
"tuffisite' did appear to grade into Cat Mountain Rhyolite! Some portion of this
ignimbrite must be fluidized and partially melted Amole.

Next, all of us climbed part way into the little pass to the south, be-
tween Golden Gate and Bren Mountains. On the east side of the rough road to
the pass were extensive exposures of coarse-grained arkose with bedding that
dipped steeply eastward toward the Cat Mountain Rhyolite. The writer was much
impressed with the similarity of this structure to that described by Cloos at the
Aichelberg (fig. 2, outer forezone).

A week or two after this field trip a traverse was made across the last-
mentioned steeply dipping arkose to the base of the cliffs of ignimbrite to the
east. On this traverse, from west to east, the arkose was observed first to
steepen to vertical and then to become tuffisized and mixed with foreign mate-
rials, including fragmental andesite and two large blocks of Paleozoic limestone
(fig. 2, inner forezone and main mixing zone). Finally, as before, the tuffisized
Amole appeared to grade into Cat Mountain Rhyolite with steep flow structure.

These observations have since been confirmed on several field trips
with classes in structural geology. It has also become obvious that the tuffisized

Amole with its foreign admixtures is none other than Kinnison's Tucson Moun-
tain Chaos or Brown's imbricate thrust zone.

Studies by Students on the Cat Mountain Rhyolite

In the spring of 1962 Michael Bikerman completed, under Professor
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Damon's direction, his thesis on these ash-flow tuffs. He concluded (1962, p.

25-29) that the mixture termed Tucson Mountain Chaos by Kinnison had formed

on the Tucson surface as the initial products of 'violent Pelean-type explosions." \,
This phase of the activity was followed by "minor collapse of the surface ac-
companied by true ash flows." Bikerman's conclusions clearly reveal a recog-

nition of igneous activity as the cause of the structural features. He seems,

however, not to have realized fully the possibilities inherent in the process of
fluidization.

At about the same time, Richard Champney (1962) finished an investi-
gation of a peculiar member of the Cat Mountain Rhyolite which seemed to be
essentially inflated and partially melted Recreation Red Beds. In this member
the role of the rhyolitic melt had been reduced to that of a mere binding mate-
rial. In a nearby area, some small intrusions of andesitic large phenocryst
porphyry had updomed the Amole Arkose. A few large blocks of Paleozoic
limestone were present also, and the field relations suggested that these had
been pushed upward through possibly fluidized Amole by the large phenocryst
porphyry. Thus there appears to be support for Greenstein's suggestion that
limestone blocks were driven upward ahead of intrusions.

Reconnaissance Structure Sections in the Gates Pass Area

()
The relations of Amole Arkose to Cat Mountain Rhyolite at Gates Pass ~
have already been mentioned, and are summarized in the Gates Pass section of
figure 4. The road cuts at this locality plainly reveal the conversion of Amole
to tuffisite and the gradation of this mixture into the basal member of the Cat
Mountain Rhyolite.

The many washes in the relatively flat area west of the pass provide
glimpses of a large expanse of tuffisized Amole intruded at several places by
andesite and possibly by rhyolite. Stages in the shattering of the intrusive an-
desite and the rounding of the resulting fragments are here and there exposed.
Small, beautifully rounded andesitic pebbles appear in the tuffisized Amole and
dark, "cloudy" areas in the arkose strongly suggest intermixing with sand-sized
grains of andesite. Perhaps a dozen Paleozoic limestone blocks have been found
in this fluidized mixture.

Excepting one short gap in the cliffs below the summit of Golden Gate
Mountain, the entire section from the Sedimentary Hills on the southwest to the
summit of Bren Mountain on the northeast has been walked out (fig. 4, bottom
section). Possibly this structure profile will be drawn differently when more
details on either side have been mapped, but it is thought that the structure
shown is a fair representation of what can be seen.

The dips of Amole Arkose in the Sedimentary Hills are mostly south-
westward at gentle to moderate angles, except where disturbed by emplacement
of a small mass of granite and quartz monzonite. These hills were mapped by
P. J. Bennet (1957), but the present writer's measurements were used in con-
structing the section.

Kinney Road, in the little pass at the northeastern foot of the Sedimen-
tary Hills, seems to be near the crest of an anticline. East of the road the
Amole Arkose first dips northeastward, then reverses on a synclinal axis, only
to become northeastward again on the crest of a second anticline. Beyond this
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second anticlinal crest the Amole beds steepen, are tuffisized, and appear to
grade conformably into ignimbrite with steep flow structure.

Brown, on his map of the Tucson Mountains, showed this small area of
ignimbrite as a block, faulted down from the rhyolite higher on the western slope
of Golden Gate Mountain, This little mass of ignimbrite actually looks like a
slumped block, but observations of the structure indicate otherwise. On the
northeastern side of the mass the flow structure of the ignimbrite turns steeply
down toward a strip of nearly vertical-dipping Amole Arkose. The northeastern
side of this Amole strip is tuffisized. Next, there follows a covered interval,
beyond which is rather gently northeast-dipping ignimbrite. No evidence of a
fault was seen here and the observations do not seem to require the presence of
a fault.

On top of the next group of cliffs is a third northeast-dipping zone of
fluidized Amole, followed again by the ignimbrite which at first dips steeply
northeast but becomes much flatter in the final cliffs just below the summit.

At the crest of Golden Gate Mountain the northeast dip of flow structure
in the ignimbrite locally reaches 360, and it is even steeper at nearby places
northeast of the summit. By continuing northeastward, with decreasing eleva-
tion, the dip is seen at first to flatten, then to steepen to vertical, and even to
reverse to a very steep southwest inclination at the contact with Amole Arkose.
The arkose has been tuffisized within a very few feet of the contact only, and
what bedding remains is approximately parallel in strike and dip to the contact.
Within a few yards northeast of the contact the bedding flattens abruptly to a
rather gentle southwest dip. With minor local complications, this gentle south-
west inclination persists almost to the road at the northeast base of the moun-

tain.

The structural relations on the southwest side of Bren Mountain have
already been partly described, and it may be sufficient to mention the steep
dips, reaching 62°, of flow structure in the ignimbrite at the top of Bren.
Judged from surface forms, without supporting measurements, these steep in-
clinations on the northeastern slope may flatten gradually toward the base.

Results of the Preliminary Observations

The observations presented above and demonstrated in the lower struc-
ture sections of figure 4 may be summarized as follows:

1. Wherever the Cat Mountain Rhyolite (ignimbrite) is approached
through the Amole Arkose the arkose, which so far has always dipped toward the
ignimbrite, progressively steepens, becomes tuffisized and mixed with andesite
and other materials, and finally grades into ignimbrite with steep flow structure.
The gradation may be gradual, or abrupt. The similarity of these structural re-
lations to those described by Cloos at the Aichelberg (fig. 2) is obvious.

2. The structural relations as so far known do not require block fault-
ing. Indeed, such faulting could hardly explain the steep flow layers at the top
of Bren Mountain. Even the dips shown at the summit of Golden Gate Mountain
seem much too steep for the primary layers of ash flows. Accordingly, it
seems necessary to suppose that after these first flows were emitted, they were
lifted and tilted by insertion beneath them of domelike or laccolithic masses of
the coarse, basal unit of the ignimbrite.
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3. Amole sedimentation appears to have been interrupted and eventu-
ally terminated by andesitic subvolcanic activity that culminated in the emission
of the Cat Mountain Rhyolite. This sequence is the same as that found in the
Piedmontite Hills.

4, If the above is correct, the andesitic volcanics of the Gates Pass
area are analogous to the volcanic conglomerates of the Piedmontite Hills, and
the Cat Mountain Rhyolite is the analogue of the ignimbrite of the Piedmontite
Hills. Further, in both areas Amole deposition, andesitic volcanism, and in-
trusion or emission of ignimbrite formed an overlapping sequence of events that
could have gone to completion in Cretaceous time. This conclusion, suggested
by the structural observations, requires the support of geological dates.

SOME GEOLOGICAL DATES

The Cat Mountain Rhyolite

Professor P. E. Damon has generously given me permission to quote
him to the effect that radioactive age determinations made in his laboratory on
material from the Cat Mountain Rhyolite yielded an early Maestrichtian (Late
Cretaceous) date. This assignment accords beautifully with reasoning based on
considerations of structure.

A Fossiliferous Bed in the Amole Arkose

In the little pass between Golden Gate and Bren Mountains there is a
calcareous sandstone bed, perhaps 2 feet thick, exposed in unfluidized Amole
Arkose. This bed contains numerous small, oyster-like fossils. Professor H.
W. Miller has informed me, and kindly permits me to quote, that comparison
with material from well-known Cretaceous sections shows these Amole forms
to be Early Cretaceous in age. It seems then that Amole sedimentation began
far back in Cretaceous time.

These two dates became known to me after the conclusion given under
(4) above had been tentatively formulated. They greatly strengthen the conclu-
sion. It gives me great pleasure to acknowledge the work of Professors Damon
and Miller and to thank them for permission to use their results.

OROGENY OF THE TUCSON MOUNTAINS

General Statement

Much remains to be done before a satisfactory account of the orogeny
can be given. It is hoped that the continuing fieldwork will eventually make it
possible to fill in many of the presently existing gaps in information. A pro-
gram designed to determine the ages of the various Tertiary volcanic rocks is
under way in Professor Damon's laboratory.

@
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At present the greatest need seems to be for much more fieldwork,
Next in importance is the need to understand thoroughly the physical phenomena
that account for the relations seen in the field.. It may be necessary to arrive at
such an understanding through a combination of fieldwork and laboratory experi-
ments. Finally, but very important still, is the need for petrographic and petro-
logic studies of fluidized and unfluidized rocks.

In advance of the fulfillment of these needs, an obviously imperfect ac-
count of the Cretaceous part of the orogeny as it now appears may be of some
interest.

Volcanic Orogeny

The author does not know when Amole sedimentation began, but it is
now known to have been under way in Early Cretaceous time. The thickness of
the Amole Arkose is unknown. Brown (1939, p. 718) gives a partial section
amounting to 2, 275 feet. It would seem that the entire section must be very
much thicker. On the basis of the lithology, times of slow accumulation of dark
muds alternated with the relatively rapid deposition of coarse-grained arkosic
sands. This sedimentation probably took place in a slowly subsiding basin.

At some time in the Cretaceous, and probably previous to Maestrichtian
time, hot, mobile materials began to rise through the underlying basement.
Their ascent may have been guided by fractures that previously had accommo-
dated the subsidence of the basin of deposition. The hot intrusions rose through
the Paleozoic section, and at, or perhaps somewhat above, the base of the Cre-
taceous sequence they encountered wet, poorly consolidated sediments.

Phenomena that may have resembled the ensuing reactions have been
vividly described by Michel (1948, 1953) in his papers on the peperites of the
Grande Limagne, Auvergne region, France. The present writer can only com-
pare them with what happens when cold water is accidentally spilled into hot
grease. The hot melt should have exploded into a spray of fragments, or drop-
lets, wherever the confining pressure was too low to prevent the reaction. These
fragmental materials should have been entrained, along with intermixed Amole
sediment, in the rising gases and liquids, Where the Paleozoic floor had been
most intensely shattered, isolated limestone blocks could have been "floated"
up through fluidized Amole on hot masses of rising and reacting magma. Ac-
cording to observations this magma was andesitic.

Although the reaction of hot melt and wet sediment may have been vio-
lent at a certain level, the activity in general could have been comparatively
mild at the surface. That is, with local exceptions, the surface activity may
have resembled the expanded bed or the boiling bed in the spectrum of fluidiza-
tion. This comparatively mild activity may have been punctuated here and there
by entrainment, channeling, and the spouted-bed phenomenon. If the activity
were long continued it would be expected that the Amole sediment be cleared out
of the andesitic debris. This appears to have happened in the Piedmontite Hills.

Accordingly, it seems that the igneous activity began earlier and con-
tinued longer in the Piedmontite Hills, giving rise slowly and intermittently to
the great bulk of the andesitic "volcanic conglomerates.' At times this accumu-
lation may have risen above water, thus favoring oxidation. Heated fluids rising
through these volcanic deposits may have removed the fine-grained oxidized
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material, delivering it to currents that spread it over the surface. In this way
the red, fine-grained sandstone and siltstone may have formed.

As already mentioned, the red sandstones and siltstones were in part
intruded and dispersed by the continued, or renewed, activity of the "volcanic
conglomerates.'" These coarse fragmental volcanics were in turn intruded by
the ignimbrite.

The obvious difference between the geology of the Piedmontite Hills and
that of the main range of the Tucson Mountains is that, whereas in the former
andesitic volcanics are almost exclusively present and Amole Arkose now seems
to have taken no part in the activity, in the main range the andesitic volcanics
are present in relatively smaller volume and much Amole Arkose was fluidized.
This suggests that the rise of hot, andesitic melt was somewhat later in the
main range, but that the culmination—intrusion or emission of the ignimbrite—was
reached at about the same time in both places. As a consequence of this timing,
stages in the upwelling of the andesite into the arkose, destroyed in the Pied-
montite Hills, were preserved in the main range.

That the upwelling in the main range of the Tucson Mountains was ac-
companied by marginal subsidence, in accord with the spouted-bed phenomenon,
seems to follow from the steep downturning of the Amole Arkose as the Cat
Mountain Rhyolite is approached. Of course, the central upwelling is proved by
the intermixture of andesitic volcanics, the presence at a high level of the Pale-
ozoic limestone blocks, and the outpouring of the Cat Mountain Rhyolite, or ash-
flow tuff. A continuation, or renewal, of the upwelling is indicated by the uplift-
ing and tilting of the first Cat Mountain ash flows and by the final uplift of the
Piedmontite Hills. This tendency to rise, toward the end of Cretaceous time,
may have ended the history of the area as a basin.

The time of emplacement of the granite-quartz-monzonite intrusion
north of the Arizona-Sonora Desert Museum is not known, but it may have over-
lapped some of the events discussed above. The meager evidence at hand sug-
gests that the emplacement was preceded or accompanied by peripheral subsi-
dence. But, as mentioned before, Greenstein found evidence of local upwelling
and lifting of the Amole Arkose "wall rock.'" The final result, as in the Pied-
montite Hills and the Cat Mountain Rhyolite, was probably uplift. This would
accord with the statement by Jenkins and Wilson, gquoted under the heading
"Fundamental Reports on Tucson Mountain Geology. "

CONCLUSIONS

From the view point now reached the following inferences begin to
emerge:

1. The Tucson Mountain overthrust probably does not exist.

2. The Tucson Mountain Chaos is the result of fluidization on a grand
scale. The Cat Mountain Rhyolite and the ignimbrite of the Piedmontite Hills
represent high temperature culminations of the fluidization process.

3. No Tucson surface seems to have been established by erosion pre-

vious to formation of the chaos, but locally the chaos could have flowed out on
any available surface. This was obviously the case with the Cat Mountain ash
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flows.

4. The cycle of Amole sedimentation and the volcanic activity went to
culmination in Cretaceous time. The following Tertiary volcanic and tectonic
activity may represent declining stages of the orogeny.

5. Eventually it may become possible to demonstrate conclusively that
the Tucson Mountains are the result of the action of volcanic forces and that the
present aspect of the mountains results from denudation of the volcanic and sub-
voleanic forms. I so, then these mountains will be seen as damaged records of
reactions between hot melts from depth and the wet contents of a sediment-filled
trough.
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