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ABSTRACT

The Hickey formation of northern Arizona is of
late (?) Miooene age* The Verde Valley formed probably
during Basin and Range block faulting, and Verde lake
beds may be as old as early Pliocene.
San Francisco volcanism goes back to Miocene
times. The older basaltic lava flows on the Mogollon Rim
are probably correlatible with the lower Hickey basalts
which are shown to be older than 14 million years.
The acidic tuffs of the middle unit of the Hickey
formation are traced over northern Arizona. By application
of thermoluminescence, spectrography, counting techniques
and microscopic work, differences between various tuff
deposits are detected. Only three groups of tuffs remain
undifferentiated. These are the Thirteen Mile Rock (Verde
Valley) - Mingus Mountain - lower Bidahochi (Hop! Buttes)
tuffs. It is concluded that the lower member of the Bida—
hochi formation probably correlates with the middle, tuff—
aceous unit of the Hickey formation and is of late Miocene
to early Pliocene age.

iv

Other acidic lavas erupted in very late Pliocene
time in the San Francisco field. The Period - concept of
Robinson (1913) can no longer be upheld.
Variation in the character of the basaltic lava
flows of this region is shown to be caused by contamina
tion rather than by evolution of a magma. Acidic inclusions
of high potassium content are found in basaltic flows of
andesitic composition which passed through thick tuff
sections. Areal contamination in basaltic flows of widely
different age is shown by spectrographic work*
Younger basaltic lava flows are placed in chrono
logical order in agreement with field evidence by thermoluminescence study.
Feldspars in some tuffs are explained by authigenic growth during hot spring activity, and some rhyo
litic rocks are believed to have formed by secondary
consolidation of tuffs under influence of thermal
waters•

v

PREFACE

The late Henry Hollister Robinson states in the
introduction to his report on *The San Francisco Volcanic
Field, Arizona” (U.S» Geol. Survey Prof. Paper 76, 1913):
”It was originally intended to study only San
Francisco Mountain, but scattered observations made
during the first summer at other localities . . .
seemed to indicate that the region would repay wider
study. The work was accordingly extended . . .
In 1903 the results of the first two summers’ field
work were presented under the title "Geology of San
Francisco Mountain and Vicinity, Arizona", as a thesis
in partial fulfillment for the doctorate at Tale Uni
versity, New Haven, Conn.. This thesis, however, forms
only a minor part of the present paper, for the third
season in the field and much additional laboratory
work have greatly expanded the scope of the report” .
This writer presents the following report after two
summers’ field work and one year laboratory study. Similar
to the experience of Robinson, the scope of the report was
extended beyond the limits originally set up. And this
writer is also aware that the present report forms only a
minor part in the study of North Central Arizona Volcanism,
which he intends to continue as long as he is permitted
to do so.
vi
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INTRODUCTION
Purpose of Investigation
An attempt was made to achieve an understanding of

the cause and sequence of volcanic events along the south
western rim of the Colorado Plateau. Several potassium—argon
dates were determined and a number of techniques were employ
ed to correlate events in different volcanic fields. Chemi
cal, stratigraphic and petrographic features were studied.
The presently accepted, outdated and incomplete concepts of
the late Conozoic history of the southwestern part of the
Colorado Plateau were revised.
The original intention of this study was to find a
timetable for the events in the San Francisco volcanic
field, based primarily on potassium-argon dates. Insufficient
data were obtainable to completely realize this objective.
Instead, an intense field study was made, linked with several
laboratory investigations.
The first summer's field work was concentrated on the
San Francisco volcanic field itself. Special attention was
given to the basaltic lavas which, at that time, were thought
to both begin and terminate the volcanism.
1

During the second summer, the field work was extended to the
other volcanic fields in northern Arizona and particular
attention was given to the vitric tuff beds which lie direct
ly under the older basaltic lavas. An effort was made to iden
tify one major time plane in northern Arizona, which is marked
by vitric tuff beds and which was determined by potassium argon dating to be about 14 million years old. The central
purpose of this study was then to analyze how far this time
plane could be safely extended and related to the late Cenozoic history of the region.

(0o2)

Location and Extent of Area
San Francisco Mountain north of Flagstaff, Arizona

(Plate 1), is the center of the San Francisco volcanic field
(Plate 4). About 5000 square miles have been covered with
lava flows and ash beds. The volcanic field lies to the
south of the Grand Canyon of the Colorado River and north of
the Mogollon Rim area.
The Upper Verde Valley volcanic field (Plate 6) is
the extension of the San Francisco field to the south. It
has been separated in part from the latter field by the for
mation of the Verde Valley and Mogollon Rim after the emplace
ment of the older lavas. Hackberry Mountain and Thirteen
Mile Rock, about ten miles southeast of Camp Verde, are the
centers of this field. The lavas cover an area of about 1000
square miles.

Mount Floyd volcanic field is the western extension
of the San Francisco field, though a profound "break does
exist "between the cities of Williams and Ashfork. Mount
Floyd, seven miles north of Crookton (plate 38), is at the
center of an area of about 1000 square miles covered with
lavas and ash beds.
The TJinkaret volcanic field (Plate 6) is situated
north of the Grand Canyon of the Colorado River. It caps
the Uinkaret Plateau high above the surrounding canyon
country, into which it sent its basaltic lava flows (Plate
3, Fig. 1), which repeatedly dammed the Colorado River gorge.
The extent of this field is less than 1000 square miles.
Peach Springs volcanic field to the west of the
Mount Floyd field is located east and west of the Hurricane
fault, south of the Grand Canyon.
The Hop! Buttes volcanic field in the Navajo Coun
try to the east of the San Francisco field (Plate 6) has
been removed by erosion to a large extent (Plate 3, Fig. 2).
The Navajo volcanic centers further to the east and Mount
Taylor volcanic field in New Mexico are mentioned only in
passing.
The volcanic fields mentioned are all located along
the southwestern rim of the Colorado plateau (Plate 2). The
average distances between the volcanic fields of Mount Taylor
Navajo Buttes, Hopi Buttes, San Francisco Mountain - Upper
Verde Valley, Mount Floyd and Peach Springs - Uinkaret Pla

4
teau are 80 to 100 miles. It appears that there is some
meaning in this figure and that the distribution of vol
canic fields over the Plateau rim is not merely accidental.

(0.3)

Previous Investigations
Previous geologic work, devoted primarily to the

San Francisco volcanic field, was done by H.H. Robinson
(1903, 1907, 1911, 1913). Many other workers have since
either studied special features of the volcanic field, for
example HeS. Colton's study of erosion stages of the basal
tic lavas (1937) and R»P. Sharp's glacial studies at San
Francisco Mountain (1942), or have considered it in connec
tion with their respective problems, as for example D.L.
Babenroth and A.N. Strahler (1945) in their study of the
East Kaibab monocline, or 0«E. Childs (1948) and M.E. Coo
ley (1958) in their studies of the Little Colorado river
geomorphology.
The Verde Valley area also has been studied by vari
ous workers with particular interests. W.E. Price (1946) in
vestigated the gravel beds in Sycamore Canyon, R.H. Mahard
(1949) studied the history of the valley, R»E. Lehner (1958)
and C.A. Anderson and S.C. Creasey (1958) studied the rocks
of the Clarkdale quadrangle and the Mingus Mountain area.
E.D. Moons (1945) described the Uinkaret volcanic
field

5
The Hop! Buttes and Navajo volcanic fields have been
dealt with by Gregory (1917), Williams (1936), Hack (1940),
Lance (1954) and Shoemaker (1956, 1957, I960)» Hunt (1956)
published on the Mount Taylor volcanic field, Howell (1959)
worked on the late Cenozoic history of the Navajo Country.
The area has been treated in a wider scope by Longwell (1926, 1946), Blackwelder (1934), Kelley (1950) and
Hunt (1956)o Several other workers' contributions not men
tioned here will be dealt with in the main body of the dis
sertation.

(0,4)
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THE SAN FRANCISCO VOLCANIC FIELD
Physiography and Structure
The San Francisco volcanic field (Plate 4) has an

elevation of about 7000 feet and occupies the top portion
of a gentle warp. This structure to the northwest trends
through a structural saddle and then connects with the
Kaibab uplift, which is cut by the Colorado river in the
Grand Canyon. The East Kaibab monocline bounds the warp to
the northeast, and Hogollon Rim and Verde Valley to the
south. The two salients of the East Kaibab monocline, the
Coconino salient and the Black Point salient, dissect the
San Francisco field from northeast to southwest by faults
and structural troughs and connect with the Mogollon Rim
at Sycamore Canyon and Oak Creek Canyon, respectively.
Several faults with northerly trend cut the area and dis
place lava flows.

(1»2)

Stratigraphy
Almost all Cenoaoic and most Mesozoic strata have

been eroded away from the area. The drainage has cut out
shallow canyons in the Kaibab limestone, except near the

8

9
Little Colorado river where the Triassic Moenkopi formation
underlies the lava cover. It appears that the tuffs and lavas
of acidic to intermediate composition of San Francisco Moun
tain also are underlain hy the Moenkopi formation, as stated
"by Howell (1959, p. 105), and not hy basaltic lavas of the
First General Period of eruption, as defined hy Robinson
(1913) (Plate 5)« The relative age classification of Colton
(1937) for the San Francisco lavas (Plate 5) is based on
weathering stages and superposition of lava flows. It di
vides the basaltic lavas of the First and Third General Peri
ods of eruption, as defined by Robinson, into five stages.
Stage One lavas preserve ancient erosion surfaces near the
Little Colorado river and protrude on isolated mesas and
buttes above the degraded surface. Stage Five lavas and
associated ashes preserve human dwellings which have been
buried by the eruptions and permit the dating of the latest
volcanic activity by tree ring methods or archeological stu
dies.

(1»3)

Volcanic Rooks
According to Robinson (1913), the composition of the

lavas of the San Francisco field is as follows:
basaltic lavas
dacitic lavas

50 cubic miles
21 ii
ii

latitic lavas

20

"

"

rhyolitic lavas

11

ii

ii

andesitic lavas

4

n

n

10
The "basaltic group appeared to Robinson (1913) to be divi
sible into an earlier and a later part, the First and Third
General Periods of eruption. These lavas issued from about
300 vents and an unknown amount of fractures and spread
widely over the area. The more viscous lavas of the interme
diate and acidic composition were concentrated through erup
tions during the hypothetical Second General Period at a few
separated localities where they form conspicuous mountains.
The largest is San Francisco Mountain with a volume of 38
cubic miles. Robinson estimated that about one fifth of the
lavas has been removed by erosion, and that the San Francisco
Mountain has lost about 3000 feet of its original height.
This writer believes that Robinson overestimated the
abundance of latitic lavas by assuming that the bottom part
of San Francisco Mountain consists entirely thereof. Some
evidence found by the writer in the interior valley of the
mountain indicates that dacitic and rhyolitic rocks and tuffs
form the core of San Francisco Mountain. Thus, the estimate
would have to be changed in favor of the latter two kinds of
lavas, at the expense of the latite. Furthermore, andesitic
lavas are more abundant than believed by Robinson. Alpha- and
leta counting work (Plate 35) and petrographic study revealed
that several of the mafic cones and flows which were believed to
t>e of basaltic composition actually are andesites. Therefore
another adjustment in the abundance figures is suggested.
Potassium-argon dating of biotites from rhyolite
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(Appendix A) established that acidic lavas in the San Fran
cisco - Upper Verde Valley volcanic fields are of widely vary
ing age. This writer found rhyolitic lavas of about 14 million
and of about 2 to 5 million years of age. Drill cores (chap
ter 12.2) prove that alternating layers of basaltic lava
flows and rhyolitic tuffs exist in the volcanic field. Thus,
no evidence for acidic volcanic activity limited to a narrow
Second General Period of activity can be found, and the Peri
od concept of Robinson must be considered outdated.
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(2e1)

OH THE AGE OF SOME FEATURES ON THE COLORADO PLATEAU
Colorado Plateaus Province and Colorado River
To Dutton (1882) the main events in the history of

the Plateau appeared in clear and simple relations* At the
close of Cretaceous time the Plateau and adjacent regions
acquired a positive tendency, and early Tertiary deposits
were laid down "by streams and in fresh water lakes. A stream
pattern for exterior drainage was formed which served in the
removal over wide areas of Tertiary to Permian sediments.
This was the "Great Denudation Period". In late Tertiary
time widespread uplift and large-scale faulting and monoclinal folding occurred, followed by the "Canyon Cycle of
Erosion" (Dutton) (Plate 5), which is still going on.
Later, extreme divergence arose in the views regard
ing the date at which the present Colorado drainage came in
to existence. The main positions are held by Blackwelder
(1934), Hunt (1946, 1956) and Longwell (1926, 1946).
Blackwelder suggested that the Colorado river originated in
integration of the drainage of a number of arid interior
basins in late Pliocene and Pleistocene time. He believed
that the regional uplift at that time caused a more humid
12
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climate in the Rocky Mountains and the adjacent Plateau.
Hence, the Colorado river did not exist until about the be
ginning of Pleistocene time. The field evidence of Blackwelder consists of Tertiary and later intermentane basin depo
sits west of the Plateau.
On the other hand, Hunt (1946) has argued that the
river as an integrated drainage system dates from early Terti
ary time, before epeirogenic uplift had progressed very far.
However, in his paper of 1956 Hunt places the formation of
the Colorado river drainage not before early Miocene time.
Between these extremes Longwell holds the more mode
rate view that the great epeirogenic movements responsible
for high altitudes in the Rocky Mountains and adjacent Pla
teau are of post-Miocene date, and that the recent drainage
system of the Colorado river developed since late Miocene —
early Pliocene time. The Muddy Creek formation of the Calville basin west of the Grand Wash cliff is, according to
Longwell (1926), the youngest known interior basin deposit,
and is of late Miocene to early Pliocene age (Longwell 1946,
1959 oral communication). It records aridity and interior
drainage. The Muddy Creek beds evidence that the Colorado
river in its present position existed not before late Mio
cene to early Pliocene time.
Longwell further notes that the Miocene appears to
have been an epoch of major volcanic activity in the Cordilleran region. Vast fields of lava in western New Mexico
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and eastern Arizona could possibly cover up one or more out
lets to the south of an earlier drainage system of the Pla
teau. Reversal of the drainage of the southern part of the
Plateau as a consequence of volcanic obstruction and crustal
movement is conceivable (Longwell, 1946, p. 8j)2).

(2.2)

East Kaibab Monocline
The East Kaibab monocline extends from Bryce Canyon,

Utah, over 150 miles south to the San Francisco volcanic
field, where it branches into flexures of great divergence
from the general north trend. Near Coconino Point (Plate 4),
about 50 miles north of San Francisco Mountain, the monocline
changes abruptly from a sharp flexure of great displacement
to a broad, gentle fold, which then is taken up by faults
in the area near the volcanic field. The Black Point branch
of the monocline makes a sharp turn five miles south of
Black Point. The displacement diminishes rapidly from 1000
feet to several 100 feet, and a fault takes up most of the
throw. This and other faults near the Coconino salient of
the monocline disappear in the subsurface of the San Fran
cisco volcanic field, offsetting some of the older lavas.
The age of the East Kaibab monocline has been given as Laramide because its eroded) surface is unconformably overlain by
Eocene sediments in southern Utah (Gregory and Moore, 1951,
p. 151). However, it should be considered that the evidence
from Utah does not necessarily hold in northern Arizona.
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(2o5)

Hurricane and adjacent faults
The faults to the west of the Kaibah Plateau, which

step down the strata to the west, are believed by Babenroth
and Strahler (1945) to be younger than the East Kaibab mono
cline . The Toroweap and Sevier faults are late Miocene to early
Pliocene in age, according to Koons (1945, p. 174), and the
major faulting period along the Hurricane fault seems to be
of the same age (Gardner, 1941, p. 259).

(2.4)

Uinkaret Plateau
The Uinkaret Plateau rises north of the gorge of the

Grand Canyon, bounded to the west by the Hurricane ledge and
to the east by scarps along Toroweap and Sevier faults.
Koons (1945) classed the lavas in four groups, based on the
state of erosion. He used the classification of Colton for
San Francisco lavas, because weathering conditions and ele
vations in the two fields are quite similar. Thus, Koons pro
vided a tentative correlation of the two volcanic fields.
According to Koons (1945, p. 175), the major faulting
along the Hurricane fault occurred after the emplacement of
the Stage One lavas and before the eruption of the Stage
Three lavas, using the stage concept of Colton (1957). Thus,
considering the age of the major faulting of the Hurricane
fault, which after Gardner is late Miocene to early Pliocene,
the oldest lavas in the Uinkaret field are placed in Miocene
time. Moreover, the oldest lavas which poured out on a relati
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vely

even surface antedate the cutting of the Grand Canyon.

(2<>5)

Hopi Buttes and Bidahochi Formation
Gregory (1917) described the general geology of the

sedimentary and volcanic rocks in the Havajo country. Reagan
(1952) named the rocks of the Hopi Buttes Bidahochi formation,
and Williams (1936), Wood (1941) and lance (1954) determined
the age of the formation as Pliocene. Howell (1959) found
vertebrate fossils near Sanders, Arizona, which are of late
Miocene to early Pliocene age, according to lance. The fossil
locality seems to be correlatible with the bottom portion of
the lower member of the Bidahochi formation, which then would
be of the age indicated. According to Stirton (1936), the
middle volcanic member of the Bidahochi formation is assigned
to middle (?) Pliocene age on the basis of invertebrate fossil
evidence.
Williams (1936, p. 90) states that the volcanic depos
its of the Hopi Buttes are obviously older than the slightly
eroded flows and ashes of the little Colorado river (San Fran
cisco field). True, the observer encounters young, in fact,
the youngest lava flows of the San Francisco field in its
eastern part near the little Colorado river. But the volcanic
piles further west in the San Francisco field are a different
matter.
Williams described certain white ash beds in the lower member
of the Bidahochi formation (plate 3, Fig. 2). He gives (1936,
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p. 86) the analytical report of Pirsson, who identified the
chalky appearing layers as volcanic tuff. These layers are
very fine in texture, with a typical vitroclastic structure,
and composed entirely of colorless glass. It resembles fine,
wind-sorted dust that has been transported a considerable
distance. Shoemaker (1957) traced twelve thin beds of this
tuff (Plate 7). He states that many ash beds extend through
out the greater part of the area despite the fact that some
of them rarely exceed 0.1 feet in thickness. Shoemaker also
notes that several ash beds contain biotite together with
the glass shards, and he lists the indices of refraction
of different glass shard layers (Table 8.7).
Howell further studied some ash beds and listed simi
lar data from the Chetoh formation of Miocene (?) age, which
underlies the Bidahochi formation in western New Mexico. His
qualitative spectrographic analyses show that the tuffs cannot
be derived from the Hopi Buttes themselves. He visualizes
salic eruptions in the southwestern part of the Plateau at
the time of deposition of the Miocene (?) and Pliocene for
mations mentioned. Howell gives as probable source areas for
the tuffs the rhyolitic volcanoes in the Mount Taylor field
in New Mexico, the San Francisco field and the Verde Valley —
Salt River fields of north-central Arizona.
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(2.6)

Mount Taylor Volcanic Field
The Mount Taylor volcano produced rhyolitic tuff in

Miocene time (Hunt, 1956). Because of the prevailing westerly
winds at that time (Miocene dunes with westerly trend in the
Chuska mountains), these tuffs should have spread predomi
nantly into northeastern New Mexico. Howell (1959) gives some
evidence for Miocene, stream-transported coarse tuff and pum
ice from New Mexico, which he found in northeastern Arizona.
The Miocene age assignment to Mount Taylor by Hunt
becomes important in comparison with the erosional stage of
San Francisco Mountain. Robinson (1915) reports that both
mountains show a very similar state of erosional destruction
and are probably of about the same age. If Hunt’s evidence
were trustworthy, a Miocene age for both mountains could be
deduced from erosional evidence. However, the Santa Fe for
mation invoked by Hunt to support his age assignment is of
disputable value. It is comparable to the Gila conglomerate
in Arizona and believed to be of composite age (M.E. Cooley,
L.A, Heindl, oral communication).

(2.7)
(2.71)

San Francisco Volcanic Field
The Peneplain concept
The dating of San Francisco volcanism by Robinson

followed the ideas of Dutton. It was believed that at the
close of the Miocene period the First Period of faulting
(Robinson) had lowered the country to the west and south of
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the Plateau, simultaneously with the Basin and Range "block
faulting. Through Pliocene time erosion of early Tertiary
lakebeds and earlier Mesozoic sediments proceeded until a
mature peneplain was formed at the end of the period.
In late Pliocene time, immediately after the peneplanation,
the First General Period of volcanic activity (Robinson)
produced extensive basaltic lava flows. The Second General
Period (Robinson) followed in very late Pliocene to early
Pleistocene time, and several large, central-type volcanoes
were built up. In his paper of 1915, p. 95, Robinson places
the Second Period of activity in the early Pleistocene time.
The Second Period of volcanism was followed by the Second
Period of faulting (Robinson), which gave rise to the Plateau
as it stands today and introduced the 11Canyon Cycle of Erosion**
of Dutton* In the paper of 1915, Robinson places broad regio
nal uplift of the Plateau in middle to late Pleistocene time,
with vertical movements of 4000 to 6000 feet.
According to Robinson, the peneplain of Dutton is dis
played in the San Francisco field at Black Point near the
Little Colorado river. The extension of the Black Point sur
face to Anderson Mesa (Plate 4) to the south and to Cedar
Ranch to the northwest is demonstrated, and an extension in
all directions is postulated. Robinson states that the pene
plain also exists in the Mount Taylor region of New Mexico.
At the Mogollon Rim the surface on which the lavas rest ori
ginally continued across the Verde Valley and has since been
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obliterated by faulting and erosion of the valley. To the
north, the peneplain died out against the flanks of the Kaibab Plateau.
Though the dates for epeirogenic, tectonic and vol
canic events do not correspond to most results of recent wor
kers, it is astonishing how clearly H*H. Robinson outlined
the train of thought in the subsequent studies of Plateau
history.

(2<>72)

The Pediment concept
A newer concept holds that the Pliocene erosion

surfaces are pediments rather than peneplains and were formed
at high altitudes (Maokin, 1959). The concept of a base level
of erosion, which gave the base for dating volcanic activity,
is not tenable. However, correlation of pediments by geomorphic evidence can well be used for the estimation of the age
of volcanic or sedimentary deposits, if sections of known age
are present.
Babenroth and Strahler (1945) showed that three pedi
ment surfaces exist between UoS. Highway 89 and Black Point
at the Little Colorado river. They are capped by thin, but
distinct layers of coarse, white, partly rounded gravels.
They have been explained by lateral stream corrosion (Johnson
1951) during erosion of the weak Moenkopi shales. Because
those pediments occur on the same monocline as the Black
Point surface, only at a lower level, the broad cyclic sign!-
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ficance of the higher Black Point surface was questioned and
the pediment hypothesis offered as more reasonable than the
peneplain hypothesis.
Childs (1948, p. 577) states that the Black Point sur
face heads far back into the mesa and plateau elements of the
Navajo country and truncates the Bidahochi formation in many
places (Plate 8). It is thus younger than the Pliocene lava
beds of the Bidahochi formation. Childs believes that the
Black Point surface cannot be correlated with the Hopi Buttes
surface, which underlies the Bidahochi formation, as suggested
by Gregory (1917) and Hack (1942).
The Hopi Buttes surface would indicate a period of
widespread erosion prior to the Black Point stage and may re
present the Early Colorado peneplain of Gregory (1917).

(2.8)

On the Age of the San Francisco Yolcanism
Gregory and Hack expressed that the Hopi Buttes sur

face might be correlated with the Black Point surface.
Childs (1948) felt that, with the "Great Denudation"
concept untenable, the dating of the Stage One of San Francisco
volcanism by Robinson was void and that other evidence had to
be found.
A traverse from the Little Colorado river at Winslow north
ward into the Hopi Buttes shows a series of erosion surfaces,
much the same as near Black Point. The highest surface in the
Hopi Buttes was believed by Childs to correspond to the Black
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Point surface, which truncates Bid.ah.ochi lavas and sediments
of middle (?) Pliocene age and thus must he younger than the
latter, probably late (?) Pliocene to early (?) Pleistocene
(?). Childs states (1948, p. 379) that the Hop! Buttes sur
face of Gregory, which underlies the Bidahochi formation,
cannot be correlated

with the Black Point surface, as sug

gested by Gregory and Hack, since the Black Point surface
is lower than the'"older Bidahochi surface.
Because the Black Point lava flow and other flows near the
Little Colorado river spread over parts of the Black Point
surface, which is younger than the Hopi Buttes lavas, Childs
believes that the San Francisco lavas are clearly more recent
than those of the Hopi Buttes. He arrives at a late Pliocene
age for the San Francisco volcanism, in concordance with
Robinson’s original age classification.
It appears, however, that it does not suffice to es
tablish an age limit for tv/o or three lava flows at the same
location which belong to the Stage One of Colton’s classification,
if a valid age limit for San Francisco volcanism is desired.
It was indicated above that the existence of an older erosion
surface than the Black Point surface on the San Francisco vol
canic field is suggested (Plate 8). Furthermore, rhyolitic
tuffs cannot be found under any of the flows used by Childs
to establish the age of San Francisco volcanism. It is sug
gested that tuff beds, preserved under older lava flows, were
eroded away before the Black Point series of Stage One lavas
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were emplaced. Such tuff beds have been preserved under lava
flows in the Cedar Ranch, Oak Creek and Sedona areas. It
must be kept in mind, then, that the age of any one lava
flow of any stage between Stage One and Stage Five cannot
be generalized for all other flows which are assigned to
the same erosion stage. Such generalizations may be applic
able for the younger flows of Stage Five and Four. Yet the
further back we look, the more details are lost. Finally,
in the Stage One, lava flows of quite significant age diff
erences are probably lumped together. Age generalizations
in this stage are not permitted.
Then, Childs presents evidence for a late Pliocene
age of the Black Point surface. This evidence hinges upon the
age of fossils in the upper (White Cone) member of the Bida—
hochi formation, which is given as late middle Pliocene
(lance, 1954, Repenning et al., 1958).
It is the opinion of this writer that a middle Plio
cene fossil date on the upper Bidahochi member does not
necessarily pinpoint the age of the middle (volcanic) member
at the same date. Rather, the age of the volcanic member
can lie anywhere between, say, 10 and 4 million years. It
is probable that the volcanic member was not created in an
instant, but that it took several million years to build up
the Bidahochi volcanic rocks. Such was the case in the ad
jacent San Francisco - Upper Verde field. Then, the age of
Bidahochi lavas is quite uncertain and leaves about 6 million
years to choose from.

24
The correlatability of the Hopi Buttes erosion
surface and Black Point erosion surface as indicated by
Williams and Hack and rejected by Childs was taken up by Coo
ley (1958). The Zuni surface which underlies the upper mem
ber of the Bidahochi formation

is according to Cooley easily

recognizeable in the Little Colorado valley (Plate 8). Cooley
states that this surface has been mapped on the summit of
Chuska Mountain and on the northeast part of Black Mesa.
In addition, it is believed to appear at the base of the lava
flows in the Hopi Buttes and on Anderson Mesa, south of Flag
staff in the San Francisco field. Robinson had this mesa placed
on the Black Point peneplain, and Childs placed it on the cor
responding pediment. According to Cooley, then, the age of
some of the older basaltic flows in the San Francisco field
corresponds to the age of the Hopi Buttes volcanic member,
which by the fossil evidence mentioned above is believed to
be middle Pliocene.

3.

(3o1)

PLATEAU UPLIFT AH) BASIN AND RANGE BLOCK FAULTING
General Statement
The Colorado Plateau, an area of approximately

230,000 square miles (Plate 2), stood at an elevation near
sea level for several hundreds of millions of years and
then was uplifted approximately one mile vertically» The
Tibetan Plateau, three times larger than the Colorado Pla
teau, has been pushed up approximately three miles, and the
Himalayan mountain chain bordering the region rose some
five miles probably within the last 20,million .years»
Because of shortage of sedimentary evidence on the
Plateau, there is no clear picture as to the time of com
mencement and the rate of this uplift. Perhaps the best evi
dence lies in the interior drainage basin described by Longwell and discussed above. This Calville Basin cited by Longwell lies off the Plateau, and may serve to date the Basin
and Range block faulting in the western States.
Sedimentary evidence in the Basin and Range province shows
that this diastrophism occurred in the late Miocene to early
Pliocene time. Longwell deserves the credit for having linked
these two important events in the Cenoaoic history, the Pla
teau uplift and the Basin and Range block faulting.
25
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Physico - chemical hypotheses
Jo Hoover Mackin states (1959) that regional uplift

in the Colorado Plateau "began early in the Cenozoic and may
continue today* Pliocene erosion surfaces are pediments,
formed at high altitudes, and late Cenozoic downcutting is
no evidence for quickened uplift and may he caused hy cli
matic change. Mackin sees no compelling evidence that postorogenic uplift has "been pulsational.
Mackin believes that the Plateau igneous activity was in
some places late - erogenic, and in others it started after
the close of the uplift and has continued through much of
the Cenozoic. He advances the hypothesis that the regional
uplift and igneous activity had a common cause, namely a
temperature increase at depth due to radiogenic heat. Ab
sence of igneous activity prior to the (Laramide) orogeny
means that the region was then in a thermal "steady state"«
Because thermal expansion of rock is quantitatively inade
quate to explain one mile of regional uplift, the rise of
the Plateau is tentatively credited in part to a change in
state at depth.
George C* Kennedy (1959) suggested the mechanism
for a "change in state" or phase change, which may explain
Plateau uplift* This explanation is based on the fact that
many crystalline solids undergo polymorphic inversion to
denser phases when subjected to higher pressures (Le Chatelier principle)* Bridgeman (1952) demonstrated literally
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hundreds of polymorphic inversions among common substances
in the pressure range 0 - 100,000 atmospheres.
Basalt and eclogite are rocks with sharply contrasting mineralogical composition. Chemically speaking, they are essen
tially identical:

Table (3.1). Chemical composition of eclogite and
"basalt (after Kennedy (1959)
component

eclogite
(McDonald, 1959)

plateau basalt
(Daly, 1933)

43.12

48.80

.85

2.19

10.42

13.98

CaO

9.99

9.38

HgO

14.22

6.70

FeO
Na20

13.92

13.60

1.45
.58

2.59

310,
Ti°2
Al 203

k 2°

.69

The mean density of eclogite is 3.3 g/cm , that of gahbro is
2o95. Eclogite is stable at higher pressures. The density
contrast of about 10# is almost the same as that believed
from seismic evidence to exist at the Mohorovicic disconti
nuity. Furthermore, Kennedy has shown that basaltic glass
at 500°C and pressures below 10,000 bars crystallizes as
gabbro, with feldspar as major mineral component. If the
pressure is increased above 10,000 bars, at constant tempe
rature, the amount of feldspar decreases and finally a rock

28
crystallizes made up dominantly of jadeite pyroxene, the
major constituent of eclogite. Significantly, 500°C and 10
kilohars are approximately the conditions estimated at the
Mohororioic discontinuity under the continents. Then the
uplift of plateaus might he a consequence of warming up
the rock near the Mohorovicic discontinuity by a few tens
of degrees. When this happens, the phase change would mig
rate to much greater depths* Thus, vertical motion due to
this phase change would continue, until a new status of
equilibrium is reached*
The model here presented automatically brings basal
tic lavas into the picture. Uplift, tectonic movement and
basaltic volcanic activity seem to be linked together.
The model does not involve any rhyolitic volcanic activity,
which appears to be associated with basaltic activity.
Apparently, rhyolitic magmas are formed at shallow depth,
probably under absorption of heat of tectonic or basaltic magmatic origin.

(3*3)

Geological Hypotheses
Charles B* Hunt (1956) advanced a hypothesis of

Plateau uplift and Basin and Range block faulting which
he based on field work and extensive literature study.
According to Hunt, the Colorado Plateau is part of the
geanticline that extends from Kansas to California, inclu
ding the High Plains, Rocky Mountains, and Basin and Range
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province. The latter is interpreted as the collapsedf.segment of the geanticline, and this collapsed segment ends
along fractures at the edges of the Colorado Plateau, Ex
cept for the Rio Grande depression, which is part of the
collapsed area, the Plateau has remained Mfastened" to the
Rocky Mountains. Uplift of the Uinta Mountains in the nor
thern part of the Plateau began during or prior to Wasatch
time (Eocene). Early Tertiary upwarp also took place in the
San Juan Mountains. The major structural features in the
interior of the Plateau seem to have developed before Mio
cene and Pliocene time. At the edge of the Plateau deforma
tion for many such structures as the Hurricane fault is
placed in the late Tertiary. North trending fault blocks
may represent a transition zone between Plateau and Basin
and Range province.
In connection with the general upwarp and northeast
tilting of the Plateau as a whole, Hunt lists gravels con
taining PreCambrian quartzite on the southern Plateau edge,
the Mogollon Rim, as the only, meager evidence. The upwarping of the Plateau rims is considered to have been contempo
raneous with the upwarp of the whole Plateau block, and per
haps the whole geanticline. The uplifting is also thought
to be contemporaneous with the block faulting in the Basin
and Range segment of the geanticline. As a result of this
uplift, the Plateau became saucer-shaped and was tilted
northeastward.
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Edwin . D® McKee (1951) explained the origin of the
gravels on the Mogollon Rim by invoking blocks.to the south
of the present Plateau, which are believed to have been
raised higher than the more northerly Plateau block and to
have been stripped of their Mesozoic and Paleozoic forma
tions by erosion.
Anderson and Creasey (1958) and Lehner (1958) demonstrated
for the Prescott-Jerome— Clarkdale area removal of several
thousand feet of Paleozoic and Precambrian strata in con
nection with vertical movement along normal faults.
Price (1946) studied the gravels on the Plateau rim in
Sycamore Canyon, following a suggestion of McKee. From his
studies it is evident that during the interval between
Triassic and Pliocene time the area was uplifted and til
ted to the northeast. From the area immediately to the
south, erosion removed 2,100 to 2,500 feet of Paleozoic
rocks from the Woodchute Mountain area and 3,200 to 3,600
feet from the Mingus Mountain area further south (Anderson
and Creasey, 1958). The thickness of Precambrian rocks re
moved is not known.
Price believes that the Sycamore gravels were deposited
there in late Miocene or early Pliocene time and that the
Plateau uplift must be at least that old.
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Geometric Analysis
Hans Cloos (1939) presented an explanation for

plateau uplift which has not yet entered into the discuss
ions of Colorado Plateau geology.
Cloos* ideas appear to he applicable to the uplift problem
in Arizona, because the following features observed in the
field are parts of Cloos1 mechanism:
1. uplift
2o tilting
3o original higher elevation of blocks which later
on give room for grabens
4<> vertical movement along normal faults
5. volcanism
Two "laws’* derived by Cloos seem to be applicable
to Plateau uplift and volcanism:
1. the law of antithetic rotation

and

2. the law of mutual substitution of tectonic
movement and volcanism.
The main result of Cloos* investigations of uplift,
fracturing of the crust and volcanism is that the formation
of cracks and grabens in the earth’s crust and a large part
of the volcanic activity must be interpreted by vertical,
particularly upward movements of the crust. Fracturing and
volcanism, according to Cloos, are independent of the lateral
components of fold mechanics.
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Let us consider any rim of an uplifted part of the
crust. Such rims, according to Cloos, are never lying in
a horizontal position, or inclined toward the low (grahen)
side, hut they rest relatively too high and are tilted
away from the low (grahen) side.

Fig. (3.1). Antithetic rotation of grahen rims
(after H. Cloos 1939)
These tilt blocks are explained hy a rotary motion which is
quite independent of the absolute position and direction
of movement of the system. The term "antithetic rotation"
(Cloos 1928) was chosen to describe this general behavior.
Fig. (3.1) may be taken for the moment as a rough
model of the Verde Valley area (compare Plate 10).
The left side of the figure may represent the edge of the
Colorado Plateau with the uptilted Mogollon Rim. The graben may correspond to the Verde Valley, and the right side
of the figure stands for the Mingus Mountain range. If we
visualize this model as having originally, before the tec
tonic deformation, consisted of a plane which dipped gently
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toward the right (Mingus Mountain) side, then the following
statement can he made. It appears that the features of the
Mogollon slope to the northeast of the Mogollon Rim and of
the reversal of the drainage on the uplifted Plateau follow
easily and logically from the antithetic rotation of the
southernmost Plateau edge. The tilting of the Mingus Moun
tain block toward the southwest follows just as easily.
Lastly, if antithetic rotation in its early stages of de
velopment leads to an uplift of the central block, which
later drops down and forms the graben, then we would have
an explanation for the mysterious uplift of blocks to the
south of the Mogollon Rim, which were eroded down and gave
cause to the formation of gravels now preserved on the
Plateau rim. No explanation has ever been offered, why
blocks to the south of the Plateau should rise above its
edge and shed their erosional debris northward.
This writer does not intend to offer the model
of Fig. (3,1) as the explanation, how the Plateau rim
and its tilt and its gravel deposits actually formed. But
it appears to be important that features which we observe
at the Plateau rim in Arizona have been studied by Cloos
in Africa and Europe in a similar setting, and that he
has offered one possible explanation for these rather wide
spread phenomena of vertical movement.
It is a major advantage of Cloos* model that it
permits mathematic considerations. The relation between the
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thickness of the upwarped block (x), the height of upward
movement (h), and the elastic expansion (b - a) is given
as

2C =

(b - a)

(

2 h

2 k3 b

)

Because of the difficulties in obtaining accurate data for
the amount of expansion (b), usually only maximum and mini
mum

limits can be given,.

—

Figo (3o2). Elastic expansion of an upwarped block
(after Ho Cloos 1939)
Thus, the certainty that in a particular case antithetic
rotation has occurred, can be checked, and comparison
between different areas of uplift is possible* Cloos applied
this formula to model experiments before he used it in the
field. He believes that 1/4 to 1/5 of the effective expans
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ion

("b - a)

in the event of uparching is expressed in open

cracks and faults. As a consequence, collapse of the central
part and formation of a graben will result, leaving '* anti
thetically rotated rims" standing.
If we use the results from Cloos* model experiments
to get approximate values for the expansion (b - a) and con
sider some field data from the Mogollon Rim area, the follow
ing "thought experiment" can be set up:
The radius of the Colorado Plateau is roughly 250 miles.
Let us assume this distance constitutes b, the one half
of an uplifted, tilted layer in the sense of Cloos. The other
half may be the collapsed Basin and Range province in the
sense of Hunt. If it is considered that Cloos found in mo
del experiments the magnitude a to be 484 units when b was
500 units, then the magnitude a in our case would be 242
miles. 8 miles would be available for expansion, of which
about 2 miles would occur in cracks. Considering the actual
height of warping, h = 1 mile, we get for the thickness of
the layer involved
x

=

8

.

■—

-

=

1000 miles

2
This result dhows; that the Plateau cannot be considered as
a rigid land mass. If it were to behave as a rigid mass, it
would have to be about 1000 miles thick. But there is only
a fraction of this amount available for the thickness of the
Plateau block, and therefore rigid blocks within the Plateau
can expected to be only a fraction of 250 miles large.
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It may be attempted to find the diameter of the largest
unit or "Plateau block" which could be treated as a mechanical
entity with respect to Cloos' model data. The thickest poss
ible depth for this block may be introduced, namely the depth
of the Mohorovicic discontinuity:
(b - a)

40 miles

b
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.

— 2-- :
---2 o 1 mile

40 miles

This means that blocks of a diameter of about 2 b or 80 miles
should be the largest units which would possess

mechanical

stability within the Plateau.
This result would favor the resolution of the Pla
teau into units of about 80 miles diameter. Though it is
not intended

to overly emphasize the coincidence, it may

be pointed out that such units do apparently exist and are
outlined by the various volcanic fields. It is also of inter
est that the largest dimensions of most basins and ranges
agree rather well with this figure of 80 miles.
The next "thought experiment" will concern itself
with smaller dimensions. The diameter of the Verde Valley
is about 20 miles, and other valleys next to the Mogollon
Him give similar data. If the inner part of an arch of
20 miles diameter is considered to be uplifted by one half
mile, there would be a minimum gradient of 300 feet to the
mile, certainly sufficient to transport coarse bouldery gra-
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vel "beyond the "Mogollon Rimn to the north. What would he
the thickness of such a layer to he hent, warped, and later
downfaulted into a grahen structure ?
%

=

0<>4

.

=

4 miles

1
With a thickness of the Paleozoic section

of about one

mile, some three miles of PreCambrian and basement would
have to be involved. The bottom of the layer would probably
stand in granite. Some indication for this will be given in
chapter 8»
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(3o5)

Gravel Analysis
The existence of gravel derived from PreCambrian

rooks on the Mogollon Him can he explained only by transport
from elevated ranges from the south. At the present time
such ranges do not exist0 Therefore it is important to know
at what time the necessary conditions may have existed and
such transportation might have taken place.
Hunt points out (1956, p. 25) that the Rim gravel
contains little, if any volcanic debris, lehner (1958, p»
551) mentions the Deception rhyolite and breccia of the
Spud Mountain volcanic rocks in gravels of the Hickey forma
tion. Basaltic gravel of Tertiary age forms a minor percen
tage of those gravels. Thus, some volcanism must have been
active in the region to the south and east of the Jerome
area before the outpourings of Hickey time. The age of
"Hickey time" was tentatively set by Anderson and Creasey
(1958) to be Pliocene.
The writer collected representative gravel samples
at 14 different localities, as listed on Plate 9. The pebb
les were identified and counted, and the distribution pattern
was studied.
The Hickey gravel from the Woodchute section near First View
(elevation 5700 feet) on the southwest side of the Verde
Valley (Plate 10) consists rather exclusively of schist,
chert, diabase and granite. Similar angular gravel was found
in the Sycamore Canyon section in the highest part of the Win
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ter Gatin area (elevation 6900 feet) near the end of the
drive wajr (plate 13, lower part). The other samples were ta
ken at lower elevation in the Sycamore Canyon area. They be
long to the type 1 gravels as defined "by price (1949).
On the trail to Black Mountain along the new power
supply line along the east rim of Sycamore Canyon (here called
Mooney trail), fist-sized chunks of tuff were collected from
gravel outcrops. They had probably been deposited together
with the coarse, streamlaid gravel (elevation 6100 feet).
A study of these gravels indicates that the transpor
tation of alluvium from an elevated range to the south of the
present Mogollon Rim at Sycamore Canyon began before any new
volcanlsm commenced in the area (sample 476, elevation 6900
feet). However, before the end of gravel deposition acidic
volcanisra began in the area and probably deposited tuff over
the country. Some of this material was apparently preserved
and deposited together with the stream gravels.
Spectrographic study (Table 3.2) of the tuff from
the gravel beds (sample 1.79) and comparison with other tuffs
from adjacent tuff sources (Bill Williams Mountain, San Fran
cisco area, etc.) shows that the closest agreement exists
with the bottom tuff sample from the Thirteen Mile Rock
section (sample 280). Comparison of the thermoluminescence
curve (see also chapter 9) of the same tuff 179 reveals that
no other sample analyzed among the tuff samples taken in nor
thern Arizona comes even close to the agreement given by sample
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280 (Table 3o3). These two tests warrant a correlation
between the two samples compared. It is then suggested that
at the time of beginning of acidic volcanism gravel deposi
tion was still going on from south to north, and the Plateau
uplift cannot have progressed very far.

Table (3o2)» Semi-quantitative spectrographic data
for tuff correlation
1
2
3
4
5

=
=
=
=
=

sample
n

280,
85,
179,
300,
215,

ii

?!
t?

Thirteen Mile Rock section
Marble Hill
Mooney trail tuff
Bull Basin tuff
Bill Williams tuff

1

2

3

4

5

Ba

95

80

93

85

90

Co

2

0

1

0

20

Cr

50

0

50

95

Cu

95

33

90

39

30
96

Ga

76

100

80

48

68

Hi

64

0

40

0

22

Sr

97
80

92
6

93

95
1

94
8

0
10

10
2

6

Zn

35
42

35

Ti

98

55

77

94

element

V
Sn

60
40
30
98

Table (3o3). Thermoluminescence correlation.
Peak distances of samples 280, 179

sample 179

sample

Correlation based on
1) close agreement in peak distances
2) no other samples with this peak
arrangement have been found
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UPLIFT IN RELATION TO VOLCANISM
Physico-chemical theories of uplift utilize phase

changes and predict the automatic formation of magmas. In
fact, uplift and volcanism seem to go hand in hand. For
this reason it is hard to understand why people gradually
begin to accept the Miocene age of the Plateau uplift, but
only very hesitantly accomodate to the idea that volcanic
activity may go back to a similar date. The relationship
between uplift and volcanism has been most clearly formu
lated by Hans Cloos (1918, 1920, 1939) in his "law of the
mutual substitution of tectonic movement and volcanism".
Verhoogen (1934) gives one example of physico —
chemical understanding of basaltic volcanism, triggered
by tectonic movement. He pictures a gabbroic layer of one
mile thickness at a depth of 25 miles. The change of mel
ting temperature is 10° for every 1000 bar pressure
change. At 1 atmosphere the melting temperature is taken
to be 1000°C. Therefore, at 25 miles depth, under 10 kilobars pressure, the melting will occur at 1100°C» If re
lease of five kilobars of pressure is assumed by gentle
arching, tension and fracturing accompanied by tectonic
movement, the pressure release lowers the melting tempe
42
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rature to 1050°C. However, the constant temperature is
about 1 075°C, the assumed temperature at the Mohorovicic
discontinuity (Yerhoogen). The heat excess over the mel
ting temperature suffices to melt 7.5% of the gabbro (volo
%). This develops a volume difference, in that the density
of the rock is 2,95, and that of the melt is 2,65. Thus,
further breaking and fracturing will occur, and if further
pressure lowering is the case more melt may result.
This example stresses the simultaneity of volcanism in com
bination with uplift.
It is worthwhile to continue Cloos' (1939) analysis
of uplift, fracturing and volcanism. He describes the
ordered arrangement of the volcanic fields of the Rhein
Shield in Germany and derives it from a grand layout at
depth of fracturing of the shield. The regular distance
among adjacent volcanic fields gives a clue as to the thick
ness of the curved and fractured "shield". Linear arrange
ment of vents and craters indicates the existence of frac
tures, even though they may be otherwise invisible.
The Heuwieder Becken (Fig. 41) represents an ana
logue to the Verde Valley. It is asymmetric, showing tec
tonic fault zones in the east and the volcanic centers of
the Eifel Mountains to the west, well outside of the Bekken. This Becken itself, however, received thick deposits
of light, rhyolitic tuff during the initial phase of vol
canic activity. Tectonic effects are concentrated in the

44east, while the volcanic activity was concentrated west of
the Beckeno
The explanation is that the Devonian basement rock
has subsided "below sea level only in the eastern part of
the area. To the west, the basement rises gradually and
steadily and almost without any faulting.

Bifel

Neuwieder
Becken

Figo (4,1). Deformation and volcanism in the
Neuwieder Becken (after H, Cloos)
The tilting of a stratum of 20 kilometers width to the
amount of some 400 meters required some loosening up to
the fracturing stage along the joint in the west, and a
migration of material in the substratum from east to west.
The example of the Neuwieder Becken seems to have
some bearing on the understanding of the "Verde Valley,
Mahard (1949, p, 113) states that "the width of the Verde
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Valley has heretofore "been an unsolved problem, especially
since the idea that it is a graben has been abandoned with
failure to discover continuous faults along the Mogollon
Rim". The Mogollon Rim localizes the San Francisco volcanic
field, and volcanism may have substituted for faulting
along the Mogollon Rim. Therefore normal faults may be
absent. On the other hand, abundant normal faulting is
known from the Mingus Mountain side of the Verde Valley.
In his discussion on "quantitative volcano analysis"
Cloos presents additional material of value to the problem
of uplift and volcanism. In the Rhein Shield, the central
volcanic fields were active first (Oligocene), and the
fringe areas not until Pliocene to Pleistocene time. The
following volcano-tectonic ideal diagram expresses the time
of activity as a function of the radial distribution of the
volcanic center within the shield (or plateau);

time

_crustal-deformation

Fig. (4.2). Volcano-tectonic ideal diagram
(after H. Cloos)

Verde Talley aree top 03:

o

Plate 11

Plate 12

Fig. 1•. Government Pass Hickey formation, looking north
eastward across the Verde Valley with the Plateau
in the background.
Foreground and top of section Upper Unit Hickey
basalt, two distinct flows recognizeable.
Underneath the basalts the Middle Unit Hickey
formation Government Pass tuff section.

Fig. 2. Thirteen Mile Rock - Hackberry Mountain and
Verde Valley air view, looking northwest.
Mingus Mountain in the left background,
Verde River channel through lava dam in left
foreground.
(courtesy of Dr. Mark Melton)

Plate 12

Fig. 1

Fig. 2

Plate

13

Hickey tuff section at Government Pass
Close view of the 75 feet of tuff, deposited
in a continuous sequence of grading cycles

Close-up of Government Pass tuff.
Sequence of coarse and fine layers with an
average distance of 2 inches.
The sorting of the tuff may have "been caused by
deposition in water or by sorting in air.

Plate 13
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AGS CORRELATION OF INITIAL AND SUBSEQUENT YOLGANISM
General Statement
By analysis of Mogollon Rim gravels (Plate 9) and

their correlation with a tuff section (Table

3o2)

whose age

was determined (Appendix A ) , evidence was established for
the date of Plateau uplift. The Thirteen Mile Rock tuff
section is part of the Hickey formation, which is 1400 feet
thick and consists almost exclusively of volcanic rocks
(Anderson and Creasey, 1957, p« 57).
The Hickey formation, therefore, is of (late) Mio
cene age. Its basic volcanic rocks, with the exception of
the capping basalt flows, are older than the tuff and rhyo
lite from the Thirteen Mile Rock section. Anderson and Crea
sey did not study the lavas of the Hickey formation beyond
the east and northeast rim of the Mingus Mountain area.
Lehner (1958) tentatively correlated the older lavas on top
of the Hogollon Rim in the Sycamore Canyon area with the
Hickey formation and thus showed that the basaltic volcanism of Hickey time apparently antedated the formation of
the Verde Valley.
46
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The Hickey formation is older than the major phase of
Plateau uplift and Basin and Range "block faulting. It is
of interest to know whether the older, pretuff "basalt of
the Hickey formation is preserved on top of the Mogollon
Rim, or if only the younger, posttuff "basalt spread that
far to the north.
This chapter will concern itself with the Hickey
formation of (late) Miocene age and then prohe the correlateahility of other volcanic deposits with it.

(5°2)

The Hickey Formation (Anderson and Creasey)
The most typical exposures of the Hickey formation

are on Mingus Mountain. The volcanic and sedimentary rocks
unconformahly rest on top of the Supai formation (Plate
11)o Anderson and Creasey have mapped the Mingus Mountain
area southward to T 13 N, 34o30*, and they state that the
formation increases in extent and thickness, covering
fully half the adjoining Mayer quadrangle to the south.
In the Jerome area, erosion has removed the top of the
Hickey formation.
Along the northern "boundary of the Mingus Mountain
quadrangle at Woodchute Mountain occurs about 1400 feet
of the Hickey, of v/hich all "but 30 feet is "basalt. The
Black Hills were uplifted along the Coyote and Verde faults
after the deposition of the Hickey formation, and the Verde
formation was deposited in the newly formed valley to the
east.
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The unconformity between the Hickey and Verde formations is
exposed east of the Verde fault.
On Mingus Mountain, volcanic rocks compose all but a
small part of the formation, but along the south-central
margin of the area, gravel and lava flows are intercalated.
Here in one place four distinct gravel beds are sandwiched
between five flows. Further to the southwest, however, sedi
mentary rocks predominate, and south of Dewey (Plate 10)
only one zone of volcanic rocks occurs.
The sedimentary facies of the Hickey formation ranges
from fine marl or silt to coarse gravel and conglomerate.
The coarse sediments accumulated (1) in the areas now marked
by Woodchute, Mingus and Hickey Mountains, (2) in the
southern part of the Jerome area, (2) in the bedrock margins
near Humboldt (southwest part of area) and (4) presumably
in the intervening areas where erosion has removed all but
scattered gravel beds. Some of the boulders and cobbles are
rounded to subrounded, others, especially those derived from
PreCambrian rocks, show little evidence of abrasion. The de
gree of sorting varies greatly from bed to bed and from one
locality to another. It is not uncommon to see a bed or lens
of well— sorted coarse-grained sand intercalated in.a hetero
geneous aggregate of boulders, cobbles and pebbles.
According to Anderson and Creasey, in Tex Canyon the older
cemented gravels are comprised chiefly of Paleozoic rocks,
but the overlying unconsolidated gravel contains

mostly
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PreCambrian rocks. The exposures northeast of Jerome are
similar, except that the older gravel contains only frag
ments of Paleozoic rocks. Thus the drainage shifted from
time to time during the accumulation of the gravel,
though perhaps only on a local scale. Diagnostic rocks
(alaskite and gneissic alaskite) outcropping only in the
southeastern part of the Prescott quadrangle and occuring
in the gravels prove that the drainage at one time was
from the west to southwest.
An idealized section, "based on a reconnaissance survey of
the Government Pass area in the Mingus Mountain "by this
writer, is given in Plate 11. According to Anderson (oral
communication), the rocks of the Hickey formation are "be
lieved to extend widely through north-central Arizona.

(5*3)

The Hickey Formation (Lehner)
The sedimentary rocks of the Hickey formation in

the Clarkdale quadrangle appear to be stream deposits,
confined to northward and northeastward trending relict
channels beneath the volcanic flows® Judging from the patt
ern of outcrops, two major channels can be distinguished.
One channel trends northeastward from the southwest corner
of the quadrangle, and the other trends northward from
Jerome® They join near the headwaters of SOB Canyon®
Much of the Hickey formation probably extends east
ward from Jerome for some distance, probably as faulted seg-
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raents, under the younger Verde formation. Black and Casner
Mountain (on the Mogollon Rim) are also capped with Hickey
formation. Atop the Plateau it forms outliers and parts of
a "broad, volcanic sheet that extends far to the north over
the Plateau surface.
The channels containing the sedimentary rocks of
the Hickey formation range from a few feet to more than
several hundred feet in depth. The maximum thickness of
the sediments of the Hickey formation within the Clarkdale quadrangle is found on the west side of Black Moun
tain along Sycamore trail. The presence of lava among the
gravel indicates that some volcanisin was active in the
region to the south "before the major outpouring of lava
during Hickey time.
In the Clarkdale quadrangle evidence shows that
erosion produced about 1500 feet of relief after the accu
mulation of the Hickey "but "before the accumulation of the
Perkinsville and Verde formations (next younger formations).
This erosion, introduced "by regional uplift, resulted in
southward drainage in the valley, which has persisted to
the present. This pattern was well established before the
accumulation of the lava of the Perkinsville and Verde for
mations.
Lehner states that the earliest series of Plateau
lava flows and those of Woodchute and Mingus Mountain are
probably contemporaneous, but that he believed this cannot
be proven.
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Safford Tertiary (?) Rocks (Heindl and McCullough)
Volcanic and sedimentary rocks of Tertiary (?)

age comprise a large part of the exposed rocks in the
lower Bonita Creek area near Safford. These are separated
into four units. The three lower units are predominantly
volcanic and the upper unit is predominantly an alluvial
conglomerate composed of volcanic fragments. A stratigra
phic section using the description given by Heindl and
McCullough (I960) is given in Plate 11. There is a consi
derable similarity between the lithologic units of the
Bonita Creek section of Safford and of the Hickey section
as taken at Government Pass, west of Camp Verde. Particu
larly the division of the volcanic rocks into an upper,
middle and lower unit can be applied to either section.
In each case, the middle volcanic unit consists of vitric
tuff, and the two adjacent units are basaltic to andesitic
with intercalated breccia, pyroclastics or gravel.
In the following discussion of the Hickey forma
tion, the terminology of Heindl and McCullough will be
adopted for the purpose of clarity. It will be referred to
the Lower, Middle and Upper Unit of the Hickey formation.
The Lower Unit is that part of Hickey rocks which underlies
the tuffs of the Thirteen Mile Rock section and the Govern
ment Pass tuffs, the Middle Unit is the section containing
the tuffs and rhyolites of Thirteen Mile Rock and adjacent
areas, and the Upper Unit contains the capping basalts.
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It is not implied that the Hickey formation and the
Bonita Creek section of Heindl and LieCullough must necessarily
he correlatihle. This would go "beyond the scope of this report.
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Plate 16

Fig. 1. Oak Creek Canyon, bottom of section

Fig. 2. Sycamore Canyon, capping, older basalt

6.
(601)
(6011)

EXTENT OF HICKEY FORMATION BEYOND THE MOGOLLON RIM
Petrographic Analysis
Government Pass section
For the purpose of tills study the most signi

ficant section through the Hickey formation appeared to he
the one south of Government Pass in the Black Hills, west
of Camp Verde, where the new

NoSo

Highway 89 cuts through

the Mingus Mountain block* The prominent vitric tuff
section which is clearly visible from the highway gives
significance to the section.
The section is given in Plate 11 together
with the idealized section of Anderson and Creasey and with
the Safford section of Heindl and McCullough* The latter is
given merely for comparison*
Seventeen samples were taken from the top to
the bottom over 900 feet in difference in elevation* The
three basaltic samples from the Upper Unit and the five
basaltic ones from the Lower Unit were all examined in thin
section, and three of them were subjected to alpha- and
beta counting and thermoluminescence study. The nine vitric
tuff samples from the Middle Unit were all counted for
53
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alpha and beta activity, and were studied "by thermolumines
cence, emission spectrography, and under the binocular
microscope<» The tuff samples will be discussed later.
The physical character and mineralogic composition
of the basalt appears in general typical to other plateau
basalt flows. The interior parts of the flows are massive,
except for vesicles, whereas the tops are blocky from
brecciation. Columnar jointing is common. The basalt is
porphyritic, with phenocrysts of olivine and diopside to
titanaugite in a fine grained or microcristalline pylotaxitic groundmass composed of needles of labradorite and magne
tite grains in a base of mafic materials. Generally iddingsite occurs as alteration product of olivine, often comple
tely replacing it. Locally the augite is restricted to the
groundmass, but in cases it forms the most prominent pheno
crysts. Some flows contain apatite as abundant mineral. In
others, soda-potash feldspar with cristobalite exsolution
was found. The large, speckled orthoclases and albitic
plagioclases in basalts were first described by Wilcox
(1944) from Yellowstone Park (see chapter 7). He calls them
"ghost xenocrysts". This writer will refer to alkali feld
spars in basalts as to "baked feldspars", because they have
apparently been heated beyond their stability limit and have
in many cases exsolved silica, probably in its high-tempena
ture form. This descriptive term is preferred to the one in
troduced by Wilcox. At Yellowstone, the origin of the "baked

feldspars'1 is subject of controversy (chapter 7). Therefore,
it may he proper for that occurrence to call them "ghost
xenoorysts"»
It turned out that baked feldspars are present only
in certain basaltic lava flows. Usually, flows containing
baked feldspar also show high alpha activity and potassium
content, as for example the sample 148.

Table (6.1). Government Pass basaltic lavas
sample

& K _______ alpha/mg,h

148

z.18

1.29

150

1.07

0.56

160

0.98

1.24

source
Upper Unit
"

«

Lower Unit

Sample 148 (Appendix C, page C 20 - 22) is a sanidine-cristobalite basalt. Examination in thin section shows
free quartz phenocrysts up to several millimeter and baked
alkali feldspar with reaction rims, relict twinning, and a
peculiar texture which is caused by exsolution of cristo—
halite (Kerr, 1959) (compare Appendix C, Plate C 5, Fig. 1)#
In addition the basalt contains iddingsite—rimmed olivine,
labradorite, and minor augite. The potassium content is
quite high. The abundance of the rimmed exsolution feldsnar
is high enough to account for the potassium increase.
Sample 150, taken from the flow underlying the ton
basalt and separated from the 70 feet vitric tuff section
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"by 10 feet of "basic pyroclastics and 6 feet of "basic ash,
is free of any baked feldspars. It contains" large laths of
labradorite and olirine-iddingsiteo A second generation of
small, pylotaocitio sodio labradorites and pyroxenes forms
the groundmass.
It appears strange that these two neighboring flows have
such different composition. They are probably from diff~
erent sources. It is not likely that a pure olivine basalt
would follow a rhyolitic tuff through the same vent and
then would be followed by a basalt contaminated with acidic
material. An explanation for this will be attempted below.
Sample 151, the pyroclastic layer, shows rather
large labradorite phenocrysts in vesicular glass.
In the Lower Unit, sample 160 shows a very fine
grained olivine basalt. Sample 161 is andesitic, and the
following sample also shows andesitic feldspar, and in
addition free calcite, abundant magnetite, and some horn
blende. Sample 164 has labradoritic to andesitic feldspar
and abundant apatite as dominating phenocrysts, rimmed
with iron stain. Also sample 165 shows calcite and apa
tite. It was not determined whether the two minerals
could have been introduced by later, hydrothermal acti
vity. Judging from the size of the apatite (up to several
millimeter), this should have been the case.
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(6,12)

Thirteen Mile Rock section
The tuff from the Middle Unit of the Hickey for

mation in the Mingus Mountain area was traced southwestward to the Hackberry Mountain - Thirteen Mile Rock area
about ten miles southeast of Camp Verde. Mahard (1942)
mentioned the lava and tuff dam in this area which could
have caused the Verde Lake. The vitric tuff, which at
Government Pass measures 75 feet thickness, increases
in the lava dam to more than 1500 feet and is topped by
ten basaltic lava flows, the Upper Unit of the Hickey
formation (Plate 14).
Twelve samples were taken from the 530 feet basal
tic section and analyzed by counting techniques and micro
scopically in thin section.
At the end of the rhyolitic activity (sample 275)» pyro
clastic material was thrown out in large quantity, indi
cating that the conversion of the tuff volcano to a basal
tic orifice did not take place without violence. This
material was found also in the Mingus Mountain section,
covering the tuff and underlying the top basalt flows.
After deposition of some 200 feet of coarse and
fine pyroclastics and ash, andesite was deposited as the
first flow unit (sample 272). The material is platy, of
little resistance to mechanical attack, and contains
2.6% potassium. Plate 14 shows that both the potassium
content and the values for the glow area determined by
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thermoluminescence ( chapter 9) for this andesite trend
toward the values found for the underlying rhyolite.
Petrographic study reveals that the andesite contains
an abundance of baked and rimmed orthoclase and albite
crystals. No other source could have supplied so many
acidic minerals and acidic glass than the underlying
rhyolite and tuff. This assumption is proven by the ob
servation that sample 272-1959 is the only mafic sample
collected which contains baked feldspars in conspicuous
abundance, and that it is the only sample collected which
closely overlies a tuff section of at least 1500 feet of
vitric tuff and rhyolite. If the baked feldspars were de
rived from another source outside of the tuff section, then
other mafic rocks should contain more of them, and it would
not be necessary to encounter the unique coincidence of
tuff abundance and baked feldspar abundance on top of the
Thirteen Mile Rock tuff section.
Because of the reaction principle proposed by
Bowen, rhyolitic tuff cannot react with a basaltic melt,
but can only be dissolved. It appears that tuffaceous in
clusions in the basaltic to andesitic lava led to the for
mation of the baked feldspars, and that dissolved material
raised the potassium content of the lava in cases where
not sufficient baked feldspars can be observed to account
for the potassium increase. Lastly it is suspected that
some of the tuff or acidic matter at depth actually was
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dissolved by basaltic magma and led to the formation of
andesitic magma. Thus, formation of andesitic magmas
could be a question of contamination rather than one of
"magmatic evolution".
The thermoluminescence' glow areas of basalts
(Appendix B) also depend on the potassium content (see
column 5, Plate 14).
Following the andesite flow, the lava became more
basic and flows represented by samples 270 and 269 reached
the constitution of olivine basalts. Potassium content and
alpha activity are at a minimum, and so is the glow area.
The basalt is characterized by rather small, equigranular
phenocrysts of olivine and pyroxene in a mass of labradorite laths. Glass is absent. It is found that this lava
has very strong mechanical properties (high hardness, no
cracking), and high chemical resistance, and stands out
as a geomorphic feature.
The orthoclase - free lava flow in the Government
Pass section, which underlies the top basalt containing
baked feldspar, is free of potassic inclusions. It appears
that this flow (sample 150) is correlateable with the
flows 270 and 269, and that the bottom andesite of the
Thirteen Mile Rock section probably never reached the Min
gus Mountain section because of the viscosity of the pot
assium-rich lava, which should prohibit extensive flowing.
This model of the Verde Valley area at late Hickey time
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utilizes a northward drainage, as it was established in
the discussion of the Rim gravel. It appears to he legit
imate to think of northward flowing lava flows

which

were issued from Thirteen Mile Rock and other sources.
Basalt contaminated with alkali feldspar was found in many
places to he described later (this chapter and Appendix C).
The only locality where contamination could he demonstrated
to he connected with penetration of thick tuff sections is
at Thirteen Mile Rock. In all other cases it must he assum
ed that similar conditions existed, though probably on a
smaller scale.
In the flows represented by samples 268 and 267 the
potassium content rises considerably, though it does not
reach the 2.6% of the bottom flow. It is suspected that
with increasing Maging" of the lava after the triggering
tectonic event its acidity increased both by possible di
gestion of acidic material at depth or by crystallization
differentiation of a magma at rest. Similar trends were
found at Paricutin Volcano in Mexico and are described by
Wilcox (1954).
Baked feldspars are present in samples 265, 265,
267 and 268 from the top part of the Thirteen Mile Rock ba
salts. Therefore the one Mingus Mountain top flow contain
ing baked feldspars may be correlated with one of these
flows.

A comparison of data reveals that the samples 148

(Government Pass) and 267 (Thirteen Mile Rock) show good
agreement :
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Table (6.2). Comparison of Upper Hickey basalts
sample

source__________ % K______ alpha/ mg,b

148

Government Pass

2.18

1.29

267

Thirteen Mile Rock2.21

1.21

However, this agreement could well exist also for flows
266 or 265 overlying 267, so that a definite correlation
will not be established. It appears to be fairly safe to
conclude that some of the Upper Unit potassium basalt
flows extended over a wide area, covering the olivine
basalt and the tuff beds.
Variation trends in composition of the lava can be followed
up either by potassium analysis, thermoluminescence or pe
trographic analysis. All techniques give similar results.
The contact between the Middle and Upper Unit of
the Hickey formation indicates some tilting of the acidic
and basic tuffs and pyroclastics prior to deposition of the
andesite. Dips up to 55° were measured on the boundary sur
faces, which is more than the angle of repose. This is
another clue that tectonics and volcanism went hand in
hand.
Correlation of the Upper Unit of the Hickey forma
tion from the Mingus Mountain area, the type section, with
the basaltic flows capping the Thirteen Mile Rock tuff
section, indicates continuity of the Hickey basalts and
their presence on the Mogollon Rim east of the Verde Valley.
This is because the Upper Verde Valley volcanic field, which
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extends to the northeast of Thirteen Mile Rock, is formed
by basaltic lavas which merge inseparably with the ten
flows analyzed here. Thus, since the existence of Hickey
lavas on the Plateau has been demonstrated, these lavas
must have been spread before the formation of the Verde
Valley. They form a continuous sheet on both sides of the
valley and would have filled it, if it had existed before
the Hickey volcanic activity.

(6»13)

Oak Creek Canyon section
Another well exposed section can be studied along

the U.S. Highway 89 A between Sedona and Flagstaff at the
ascend out of Oak Creek Canyon (plate 15).
Because of the blasting and bulldozing work done here for
highway construction purposes, the lava flows are well ex
posed, and soil zones and bottom breccias, which normally
are hidden in the talus, can be studied.

Colton (1957) took advantage of this beautiful
exposure and analyzed it (p.17 to 19) as follows:
"A study of the lava flows exposed on the new
road into Oak Creek Canyon gives us some idea of the
length of time during which Stage 1 lava flows were
occuring. When volcanism is first manifest Oak Creek
flowed in a shallow valley 250 to 500 feet deep. We
presume that faulting had begun but was not completed
and that the valley followed the rift line. Into this

63
valley flowed stream after stream of basalt until
five distinct flows can be observed» The most import
ant conclusion that can be drawn from this cross
section is the amazing length of time we call the
Second Period,
(1) The first flow at the bottom of the canyon, on
Coconino sandstone and Kaibab limestone, was so deeply
eroded that the original flow surface was removed so
that we have a Stage I or Stage II surface. A soil
layer a foot deep covered the surface of the basalt,
(2) On this layer occurred the second flow which
was also eroded to a Stage I or Stage II surface,
(3) On the eroded surface of the second flow alluv
ium thirty feet deep was deposited, (fault zone ?)
(4) Over this alluvium flowed the third lava flow.
The surface of this lava flow was deeply eroded to a
Stage I or Stage II surface. A deep layer of soil
covered the surface of the flow.
(5) Over this soil surface flowed the fourth lava
flow.
(6) Over the uneroded surface of the fourth flow
came the fifth lava flow. The surface of this has
been eroded to a Stage I or Stage II.
Let us suppose that it took 50,000 years to have a
surface eroded to resemble Stage II. Therefore, we
would estimate 50,000 years between the Fifth flow
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and the present time. Between the Third and Fourth
we can estimate ^0,000 years, "between the Second and
Third, 50,000 years, "between the First and Second
50,000 years. In all, the time interval of the First
Period must have "been over 200,000 years and probably
was double that tine. The most impressive lesson that
we learn from this study is that the volcanic activ
ity has been spasmodic and that the intervals of time
between successive periods of activity have been very
long".
This writer prefers to subdivide the Oak Greek
section into ten lava flows, of which five are less distinct
than the major flows and were not individually considered
by Colton.

A certain similarity to the Thirteen Mile Rock

section is given, as shown by Plate 15.
First there is the tuff at the bottom (sample 245), up to
8 feet thick and overlying Coconino sandstone (compare
Plate 16). The tuff is cemented with lime and contains
some sandgrains, but shows abundant sharp glass shards in
good preservation. The basalt, sample 244, v/as not studied
by thin section; its reaction zones with the tuff can be
observed in the field. There are glassy schlieren zones
with quartz and possibly feldspar crystals which as such do
not exist outside of the zones of contact, neither in the
tuff nor in the basalt. Abundant vesicles in the glass in
dicate that gas was produced during the reaction, probably
CO2 from the limey tuff.
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In some thin sections of basalt from upper parts of this
section lime inclusions and nests of diopside and hornblende
were found. It can be predicted that the bottom flow would
look much the same. The thin basalt flow is topped by a
pink agglomerate consisting of rounded basalt pebbles up
to one inch

in a mass of loose, rounded sand grains which

were probably derived from eroding Coconino sandstone. In
its basal layer the agglomerate contains many larger basalt
cobbles (Plate 16).
While here Coconino sandstone forms the bottom and
aggradation took place, elsewhere Coconino and its basalt
cover was being degraded, giving rise to round to subround
basalt pebbles and loose sand. Going up in the section
(sample 242) we find two feet of soft red sand free of basal
tic grains. This might indicate that some lava flow in the
area which overlay Coconino sandstone was completely eroded
away and that the underlying Coconino sandstone then was
worn down, producing the soft, red, basalt-free sand. Along
the Mogollon Rim Coconino sandstone is a dominating forma
tion, and older lava flows which would have to be part of
the Lower Unit of the Hickey formation were probably present.
It is believed that uplifting forces were already at work,
though the evidence for this statement is derived from the
pre-andesite tilting of the Thirteen Mile Rock section.
Examination of the Oak Creek section reveals some
similarity with other sections. The first thick flow is
n

about 50 feet thick. Its high glow area (148 c m )

is simi
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lar to the andesite from Thirteen Mile Rock, though the
potassium content is rather low. The alpha activity exceeds
most values from Thirteen Mile Rock, and the lime inclus
ions suggest absorption of limey material. This could
account for the high alpha reading.
The following sample 259 was taken from weathered basalt.
The potassium content was found to be only 0.09 %. The
high alpha activity in connection with the low glow area
stresses what might be concluded from the field appearance
of this rock, namely, that a decaying, metamict structure
will give erratic analytical values. It is believed that
this rock originally contained more potassium and that the
glow area at one time was fairly large. Evidence for this
is the high alpha count, 1.7 alpha/ mg.h.
Further examination reveals that another potassic
"high" is reached in this section at sample 256, just as
was the case in the other section. However, the "low" for
sample 257 is not very pronounced, even though both pot
assium and the glow area are small. The abundance of lime
inclusions probably prevents a more typical olivine-basalt
to be expressed by this flow.
Summing up the evidence, namely trends in potass
ium content, glow areas and alpha activity, number of
flows and petrographic description of the same, existence
of vitric tuff and of sandy deposits underneath the basalt
and existence of a drainage channel indicating erosion in
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the early history of the section, it is concluded that we
are dealing with another part of the Upper Unit of the
Hickey formation. Most significant differences are the
abundance of lime and the absence of baked feldspar. But
such local variations must be expected, because it is not
believed that all the basalt of each eruption was prepared
as a thoroughly mixed single batch and erupted through a
single pipe. The existence of numerous feeder dikes in the
field indicates a multiplicity of sources.

(6.14)

Sycamore Canyon section
For this area (Plate 15) Lehner (1958) has already

stated that the Hickey formation extends on top of the
Liogollon Rim, where Hickey basalts can be found on Casher
Mountains. A study of this section on the Mogollon Rim is
of interest because of the presence of various gravel de
posits under the basalts. In contrast to the Oak Creek sec
tion, a greater age variety of lava flows exists at Sycamore
Canyon, both older and younger. With time, the base level
of the canyon was lowered and lava flows were deposited on
various levels, progressing downward. They entrapped differ
ent kinds of gravel and other sediments, so that this section
gives an unusually complete picture.
The top lava flow at about 7000 feet elevation
gives the appearance of a single flow and is about 50 feet
thick. It consists of a glass-free, pylotaxitic labradorite
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titan augite groundmass with huge lahradorite and olivine
phenocrysts with iddingsite replacement= There is no "baked
feldspar. Underneath this flow gravel has "been collected,
consisting of angular schist pebbles and some granitic rock,
but showing no volcanic rocks nor tuffs (Plate 9). This flow
is "believed to correspond to the Lower (pretuff) Unit of the
Hickey formation.
The Ott Mountain group of lava flows overlies the
Type 1 gravels described by Price (1949), which correspond
to Shinarump gravel and are probably residual. These flows
contain abundant baked feldspar and in places nests of sodic
feldspar giving the impression of replacement of original
inclusions which are assumed to have been tuffaceous. Price
describes obsidian inclusions which he observed in these
flows. He mentions that the Indians used to extract the
obsidian and make arrowheads out of it, as documented by
evidence he found. This writer tried to find the obsidian
inclusions in Sycamore Canyon basalt flows. After the first
free quarts and baked potash feldspar were found, there re
mained little doubt that glass may occur in those basalts.
However, it is questionable whether the Indians went through
the pains not only to find and extract this glass, but to
make weapons out of it. Other basaltic areas, for example
above Cedar Ranch, have been found littered with obsidian
in all stages of processing, though there is little doubt
that the material was not locally derived, but mined in more
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proper places of acidic volcanic activity.
It is "believed that basaltic lavas of the Upper
Unit of the Hickey formation

were erupted at certain times

from the uplifted Prescott block and spread on top of it and
on to the adjacent low lands. Mingus Mountain and Thirteen
Mile Rock were part of the uplifted area, and Sycamore
Canyon was in the lowlands. These lavas buried gravels of
predominantly angular character, but with up to k0$ volcanic
constituents. The best outcrops are on the east rim of
Sycamore Canyon, at the service road for the new power line.
Tuffs preserved in these gravels were correlated with bottom
tuffs from Thirteen Mile Rock (Table 3.k, 3.3). Price termed
these gravels Type 2 gravels. He did not describe the
gravels free of volcanic rocks, which this writer found un
derneath the lava top. If one would carry the terminology
of Price further logically, the top gravels should be called
Type 3 gravels. He marked a few localities in the Winter
Cabin area so as to indicate Type 2 gravel amidst Type 1
gravel. It is believed that these gravels were washed down
from the thick top flow above, and are actually Type 3
material.
Later on, as the erosion of Sycamore Canyon pro
gressed and residual Type 1 gravels were accumulated in the
uplifted area with southward drainage, the younger Ott
Mountains were emplaced, which'lehner correlates with the
Pliocene (?) Verde formation. These flows also contain baked
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feldspars. To which extent these feldspars are produced "by
engulfment of tuffs and to which extent they might stem
from re-melting at depth cannot "be determined.
In summary the following groups of lavas and grav
els are recognized in the Sycamore Canyon area:

Table (6.2). lavas and gravels of Sycamore Canyon
basalt________ gravel_______ characteristics
Lower Hickey

Type 5

elevation 7000 feet, labradorite olivine basalt, no baked
feldspar; gravel angular,
4-i?# schist,
granite

Upper Hickey

Type 2

elevation 6600 feet, baked
feldspar; gravel coarse, up to
10 inches, containing up to
20% volcanic rocks and tuff

Verde fm.
basalts

Type 1

elevation 6000 feet, baked
feldspar, gravel almost pure
chert, quartz, with petrified
wood

(6o2)

Conclusions
The extent of the Hickey formation beyond the Ming

us Mountain to the east and north can be summed up as this:
Basalts of the Lower Unit of the Hickey formation
spread northward over the Mogollon Him. The thick flow on
top of Sycamore Canyon is believed to belong to the Lower
Unit of the Hickey, because it is significantly older than
the flows believed to correspond to the Upper Hickey Unit.
It also covers gravel of quite different type than the later
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flows. The amount of uplift, the drainage, and the source
for the gravels must have changed significantly between
the events of eruption of Lower and Upper Hickey lavas. In
particular, the gravels of Type 3 as defined here are void
of volcanic rocks.
If the lavas discussed did not correspond to the Lower Unit
of the Hickey formation, they should overlie at least some
basaltic gravel from the latter, as is the case for the
next group of lavas. Lastly, the state of uplift of the
Prescott Block was in the beginning stage, because the
Type 3 gravels are much finer (up to 3 inches) than the
coarse Type 2 gravels (up to 10 inches), which indicate
high gradient stream transportation after completion of the
Lower Unit of Hickey volcanism, but before or during the
deposition of Upper Unit Hickey lavas. This time corres
ponds approximately with the age of the Middle Unit of
the Hickey formation and then must be about late Miocene.
Basalts of the Upper Unit of the Hickey formation
were recognized in the Sycamore Canyon area, Oak Creek area,
Thirteen Mile Rock and Sedona areas. Chief criterion is the
stratigraphic position on top of tuff identifiable with the
Middle Unit Hickey tuff whose source was found to be Thir
teen Mile Rock and whose age was determined to be about
14 million years.
Thus the oldest volcanic rocks on the Plateau Rim
seem to be basaltic rocks with an age in excess of 14 mill
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ion years. However, the Lower Hickey "basalts are by no means
the oldest basaltic rocks in the area. This observation was
made by the students ox the Mingus Mountain - Verde Valley
areas. Anderson and Creasey state (19!?8, p. 57): "Of special
interest is the presence of basalt fragments in some of the
gravel beds below the lowest lava flows on Mingus Mountain".

7

THE HICKEY FORMATION, A RHYOLITE-BASALT COMPLEX.
SOME CONCLUSIONS FOR GENERAL GEOLOGY

(7.1)

General Statement
Sequences rhyolite - andesite - "basalt were pre

sented in the preceding section, and inclusions of quartz
and alkali feldspar in basalt were used for correlation.
After completion of the chapter and after writing Append
ix C to this dissertation, it occurred to the writer that
unwillingly he had slid onto the thin ice of geological
controversy concerning the mode of formation of salic in
clusions in mafic rocks. References with the names of
C.N. Fenner, HoH. Read, Doris L. Reynolds and R.E. Wilcox
turned up, and it appeared necessary to pause for a moment
and face the issue of magmatic mixing versus granitization,
as carried out by Wilcox and Fenner (1944).

(7.2)

The "Ghost-Xenocrysts" from the Gardiner River
Rhyolite - Basalt Complex (Wilcox)___________
R.E. Wilcox (1944, Plate ?, Fig.

6)

presents a

photograph of an orthoclase "ghost xenocryst” in contam
inated basalt. These xenocrysts are essential part of his
73
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argument in favor of magmatic mixing between basaltic and
rhyolitic magmas in the Gardiner River area, Yellowstone
Park, Wyoming. There are earlier tuffs and rhyolites in
the area underlying the later basalt ana rhyolite debated
here. Wilcox characterizes them as "crumbly earlier tuffs
and rhyolites" (page 105>0). He describes the contamination
of the basalt by rhyolite as expressed by albite content in
the groundmass plagioclase. Phenocrysts of plagioclase, on
the other hand, show no change in composition. Resorption
of quartz and orthoclase phenocrysts, with concomitant
formation of their reaction products, becomes marked upon
advanced contamination, and, where isolated in rock of pre
dominantly basaltic composition, these xenocrysts appear
only as "ghost" relicts. The effect of rhyolitic contam
ination on basalt, according to Wilcox, is furthermore dis
cernible in a decrease in grain size of the ground mass
feldspar. The basalt phenocrysts remain unaffected until the
contamination is far advanced.
Wilcox then goes on (page 1066):
"The presence of large grains of quartz and orthoclase in the contaminated basalt many feet from the
rhyolite is most difficult to explain on the assump
tion of an initially cool and solid basalt. There can
be little doubt that quartz and orthoclase grains
were derived from the rhyolite (meant is the younger
rhyolite). Though visibly affected in their outer pro
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portions, they are otherwise identical with the quartz
and orthoclase phenocrysts of the rhyolite, and their
numbers increase as the amount of rhyolitic materials
in the contaminated basalt increase. They show the
same specific variations in habit found in the rhyol
ite phenocrysts, namely, occasional grains with
nuclei of clear sodic plagioclase inside rims of clear
orthoclase. This, together with the fact that these
greatly reconstituted grains fall in a definite alter
ation series, can be recognized as nearly conclusive
evidence that they were originally phenocrysts in the
molten rhyolite and did not grow in place, as has been
proposed for some of them by Fenner (1938, page 1449,
1471). It should not be expected that all the quartz
and orthoclase xenocrysts would carry such reaction
rims for in many cases the movement of the surround
ing liquid would remove the alteration material as
fast as it was formed, leaving smaller grains.
The alteration series described above is almost
identical with similar progressive effects described
by Lacroix (1893, page 18) in quartz and orthoclase
xenocrysts and xenoliths isolated in basaltic flows.
According to Lacroix, fusion of the peripheries of
quartz crystals is followed by growth of augite pro
jecting into the vitreous zone from the basalt, or dis
tributed at random in the vitreous zone. Alkali feld
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spar xenocrysts isolated in the "basalt melt initial
ly along the cleavages, leading to serrate edges or
to a rectangular mosaic, depending upon the sections
viewed (Lacroix, 1893, page
Plate III, fig.

Plate II, figs.

1 ,2 *

12 ).

A critical re—examination .... shows that each
feature observed fits easily and logically into a
hypothesis based on the nearly simultaneous extrusion
of the rhyolite and basalt as liquid lavas.
The possibility of simultaneous tapping of two
magma chambers, upon close examination, does not seem
removed. There is abundant evidence that many of the
basaltic eruptions of the world originate from
fissures tapping deep-seated magma chambers, whereas
most rhyolitic eruptions originate from chambers
relatively shallow in the crust. This would indicate
that rhyolitic magma might even lie in a separate
chamber more or less directly above chambers of
basaltic magma, and that both might be tapped by the
same or simultaneously formed fissures with a result
ant mixture of the two magmas during eruption.
Holmes (1931) offers the additional suggestion that
rhyolitic and basaltic magmas could exist in the
same chamber, maintaining their identities as a re
sult of gravity stratification. Such a dual magma,
he postulates, was the parent of the composite in
trusions and hybrids of the Scottish

districts” .
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Granitization in the Rhyolite - Basalt Complex
on Gardiner River, Yellowstone (Fenner")_____
C.N. Fenner (1944) "believes, on the other hand, that

the "basalt is much older than the rhyolite discussed and
that the "ghost” xenocrysts of Wilcox, which he calls metacrysts, can he explained by "contact effects" of later
rhyolite flows on older basalts. He states (page 1093)$
"The magmatic incompatibility of large amounts of
labradorite, olivine, iron ore, and pyroxene with
quartz and tridymite is unquestionable. Certainly
this would not be the result if basaltic and rhyolitic
magmas were mixed and allowed to crystallize. Such a
mixture of molten liquids would have the composition
of an andesite and would crystallize as an andesite.
.... It is plain that what has actually happened with
these contaminated rocks is that the basaltic magma
crystallized in a normal fashion, with appropriate
texture and minerals, and that into this solid rock
rhyolitic material was introduced, replacing part of
the original basalt. Thin sections of uncontaminated
basalt were studied to see whether any trace of free
silica minerals could be discovered, and none was found.
Thus, homogenous mixing of basaltic and rhyolitic mag
mas should have produced andesites instead of the rocks
of basaltic texture and basaltic minerals with salio
minerals dispersed through them.
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"In a later part of Wilcox' paper and in the biblio
graphy is given a long list of examples of contemporan
eous or nearly contemporaneous ejections or intrusions
of salic and mafic magmas, as found in the. literature.
.... The arguments used by their authors to explain
the introduction of salic minerals into mafic rooks are
of the sort that has been subject to severe criticism
by Professor H.H. Read (1944).... Read states his
opinion that
'The production of oligoclase porphyroblasts in diabrochite by the growth of closely packed porphyroblasts of oligoclase was a process well known from
innumerable migmatio zones. This was the process of
feldspathization that has been demonstrated on geo
logical evidence dozens of times .... The refusal to
admit the validity of plain geological evidence has
often led to absurd proposals, such as, for example,
the mechanical forcing in of feldspar as suoh into
xenoliths and marginal country rocks. It was true of
course, that once one admitted the validity of feld
spathization, one was logically compelled to consider
the possibility of a nonmagmatic origin of many socalled igneous rocks, and it might be this sequel
that caused the reluctance of the magmatists to modi
fy their views'".
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Conclusions

Taking stock of and comparing the evidence from
Yellowstone, and the controversy based upon it, with the
rather clear-cut evidence from Thirteen Mile Rock, this
writer comes to the following conclusion.
Salic xenocrysts in mafic lavas are poor evidence
for magmatic mixing between basaltic and rhyolitic magmas.
The andesite from Thirteen Mile Rock might be a product
of such mixing, but it contains xenocrysts of the same
character as the next six to eight lava flows which are
believed to have taken up limited amounts of tuff.
Assimilation of solid tuff or rhyolite is a more
logical explanation than magmatic mixing for the rocks
from Thirteen Mile Rock, because it is considered to be
difficult to keep a rhyolitic melt ready for mixing over
the long time necessary to emplace a sequence of ten basalt
flows.
Wilcox states that prebasalt, crumply tuffs and
rhyolites are present in the Gardiner River area. Thus, the
basalt containing those salic inclusions could have picked
them up in exactly the same way as postulated for the
basalts of the Verde Valley area. It should be possible by
trace element study to prove that the phenocrysts come
from the older rhyolite, and not from the younger, "simul
taneously extruded" one.

This writer does not believe that the explanation
offered for the Verde Valley area baked feldspars is an
nabsurd proposaln in the sense of Professor Read. On the
other hand, this example shows that we need not apply
granitization to the solution of problems which have much
simpler and more logical explanations.
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Plate
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S h a r d size about ima, larger than higher upward. Biotite and
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Dark glass (obsid) conspicuous. Ratio black to white shards
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Plate 18

Fig. 1 • Thirteen Mile Rock grading cycle

Fig. 2. Bottom of Thirteen Mile Rock section,
boulder agglomerate (volcanic breccia)

Plate 19

ritric ttiff

Fig. 1. Thirteen Mile Rock. View from capping
rhyolite against Mingus Mountain range

Fig. 2. Thirteen Mile Rock. One of the rhyodacitic necks of the volcano
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THE MIDDLE, TUFFACEOUS UNIT OF THE HICKEY FORMATION
General Statement
The tuff layer which was found in the Government

Pass section of Mingus Mountain (Plate 12, Fig. 1) extends
southward and can he observed in the east wall of the
Black Hills range. Following the general southwesterly
dip of the range, the light hand loses elevation to the
south. In the northern part of Mingus Mountain, it cannot
he observed because of its loss due to erosion.
The tuff hand thickens toward Thirteen Mile Hook.
Southwest of Camp Verde, near Clear Creek, sections in
excess of 200 feet are exposed. The upper part of the de
posits is generally redeposited and contaminated with
lake sediments and basaltic pyroclastics and lava cobbles.
A clean boundary against the Verde lake beds cannot be
drawn*
In the Hackberry Mountain - Thirteen Mile Rock area,
which Mahard (1942) identified with the lava dam causing
the Verde lake, the thickness of the vitric tuff section
increases to at least 1500 feet. Further to the southwest,
toward Pine, the tuff section decreases in thickness.
81 '
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Because the tuff forms an outstanding positive feature
(Plate 12, Fig. 2) and is not redeposited here, it is be
lieved that the Thirteen Mile Rock section is the source
of the tuff.
The potassium-argon date on the Thirteen Mile Rook
section (Appendix A) gives the rank of a time plane to the
Middle Unit of the Hickey formation. Consequently, a con
centrated effort was made to correlate this tuff through
out parts of northern Arizona.
Little work has been done on tuffs so far. In fact,
Robinson (1913) does not mention any, and Anderson and
Creasey (1958) and Lehner (1958) pay little attention to
them. Recently, Shoemaker (1957) and Howell (1959) recog
nized their importance for correlative work.
Because of their porosity and mechanical instabili
ty, tuffs are easily affected by chemical and mechanical
forces. They lack the inert rigidity of lava flows. Results
of instrumental analysis gained from tuffs have to be
studied with great caution.
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Correlation of Tuffs in the Verde Valley

aran

The 75 feet of Government Pass tuff at Mingus Moun
tain consist of a pack of well graded, alternating layers
of fine and coarse material in the size range 0.1 to 4
millimeters, as shown on Plate 13, Fig. 2. Such tuff is
generally considered to he waterlaid (Cloos, 1941), be
cause it is believed that the sorting effect of the atmos
phere is not sufficient to establish sufficient grading.
This writer has found tuff of recent age, deposited under
angles of 30

and dipping away from mountain slopes where

water could not possibly be held to form a medium in which
these well graded and sorted tuffs could be separated out.
These deposits on the east slope of Sugarloaf Hill and
west slope of O ’Leary Mesa are very similar to the one at
Government Pass. They support this writer’s opinion that
graded tuffs can well be deposited from the atmosphere.
It will be pointed out in the later discussion that the
hornblende content of hornblende - biotite tuffs decreas
es with increasing distance of the tuff deposit from its
most probable source. Delicate hornblende - mica separat
ions are performed on air-tables in the laboratory. It is
reasonable to believe that size fractionation did occur
for tuff grains carried through the air, when fractiona
tion based on differences in shape of mineral grains can
be pointed out in tuff deposits and demonstrated in lab
oratory experiments.
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The 1500 feet section of Thirteen Mile Book is cer
tainly not an underwater deposit. Yet in many places sort
ing is expressed in grading zones of about 3 feet thickness,
where a zone sets in with rather coarse tuff grains of centi
meter size and grades upward through about 3 feet into much
finer material of a few tenths of a millimeter. Such cycles
are depicted on Plate 18, Fig. 1).
This grading was not observed in every outcrop. But
when it occurred, the cycle v/as about 3 feet thick. If the
total thickness of the section, about 1500 feet, is divided
into such cycles, one receives about 500 grading cycles.
It is conceivable that, at the source of the tuff, con
ditions were possibly not always uniform to permit graded
deposition throughout the sequence. But this should have
been the case at distant localities.
The Government Pass section of tuffs is 75 feet
thick. Grading cycles range from one to a few inches in
thickness, with an average of about two inches. If 75 feet
or 900 inches are divided by 2 inches, one gets roughly
the same number of cycles as in case of the Thirteen Mile
Rock, namely 500. The condition of complete representation
of the eruptive history of Thirteen Mile Rock is very well
met at Government Pass, because the bottom of the tuff
section contains granite and schist and obsidian, and the
top is formed by pyroelastics (10 feet) and basic ashes
( 6 feet) in the same way as at Thirteen Mile Rock. In the
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latter case the two "basic ash deposits are about 100 feet
thick, and the ratio of 100 feet to 6 feet is again rough
ly the same as that of 1500 feet to 75 feet. This proport
ionality of the two tuffs and ash deposits and their inter
nal textural features suggests that both deposits were
formed in the same depositional medium.
One more conclusion is permitted: the Thirteen Mile Rock
tuff section cannot be bottomless. Judging from the proport
ionality of grading cycles, only a few hundred feet of
additional tuff underneath the (potassium-argon dated)
bottom of the valley can be permitted.
Upon comparing the microscopic analyses of the
tuffs from Mingus Mountain (Government Pass) and Thirteen
Mile Rock (Plate 17), more similarities emerge. Both tuffs
contain biotite and hornblende. The distribution of grey
and black glass (perlite and obsidian) and of quartz and
feldspar shows similar trends. But the potassium- and
alpha analyses give only very poor agreement. It appears
that the Mingus Mountain tuff has maintained a stable level
of alpha activity between 1.68 and 1.95 alphas/ mg,h,
while the tuff at the source shows only 0.47 to 1*14
alphas/mg,h. Similar is the situation with respect to
potassium. It must be considered that the few analyses per
formed are certainly not representative for the deposit as
a whole, but in general a few randomly picked samples
establish a pattern which is frequently valid for most
other samples to be analyzed.
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The bottom layer at Government Pass gives interest
ing evidence as to the source of the Thirteen Mile tuff.
Pink granite and sericitio Yavapai schist occur in frag
ments up to one inch in the coarse bottom layer. Both rock
types are known from the west side of Mingus Mountain and
from the Tonto Basin to the south. Pink granite and green
schist then underlie the Verde Valley. Because these rocks
have been thrown out in the initial stage of the volcanic
activity, they must have overlain the magma reservoir.
The lowermost four yards of Mingus Mountain tuff
are separated from the rest of the deposit by a change of
conditions: (sample 158) contamination with sandy material
and partial decomposition of the glass indicates cessation
of activity for an unknown amount of time. Higher up in the
section (sample 157), coarsening of the tuff might be inter
preted as another renewed spell of activity after preceding
quiescence.
At the bottom of the Thirteen Mile Book section
similar, weathered tuff exists, which moreover evidences
tectonic deformation (Plate 17). Closeness of a creek to
the weathered beds would suggest that the weathering is due
to favorable conditions at the present time; however the
analogy to the Mingus Mountain tuff where there is no creek
and weathered tuff was noticed anyway suggests that the
creek merely excavated the site. There are many other out
crops of tuff near creek beds, which do not show such
peculiar weathering®
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At the Government Pass section pyroelastics also
underlie the tuff (Plate 11). Thus, the weathered tuff
from hath localities could indeed belong to an earlier
period of activity, which was separated from the main
activity by a period of slight faulting (warping) at Thir
teen Mile Rock and erosion and soil formation. Only the
latter two effects occurred at Mingus Mountain.
The coarse, angular hornblende-biotite-rhyolite
blocks which were deposited on top of the soil horizon,
leaving impact structures (Plate 19, Fig. 1), were thrown
out of a nearby orifice. They belong to the main activity
of Thirteen Mile Rock and are free of any signs of excess
ive weathering or tectonic dislocation. They were collected
and dated to be about 14 million years old. Because of the
earlier, weathered tuff, tuffaceous activity older than
14 million years cannot be reasoned out.
The Thirteen Mile tuffs dissappear underneath the
lake beds of the Verde formation in the Verde Valley. On
the east side of the valley, in the Dry Beaver Creek area,
they emerge again and oan be seen underneath the basalts
of the San Francisco volcanic field.
Examination of the Sedona section (Plate 20) re
veals that this tuff has been redeposited. Red and white
alternating layers, crossbeds similar to delta deposits
and intercalated grey lake beds have been formed before
the whole section was torn apart and heavily faulted along
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an east-west trending fault zone which determines the modem
morphology and is followed hy a drainage channel.
Microscopic examination reveals abundant biotite and horn
blende in the tuff, as is characteristic for Thirteen Mile
Hock material. All samples are heavily lime-cemented, and
sandy and clayey contamination is the rule.
The faulting evidence indicates that the tuff was
deposited before severe deformation along the Mogollon Rim
set in. Similar evidence is given at Mingus Mountain and
Thirteen Mile Rock:

the covering basalts had to be in

place before severe deformation led to the upward movement
of the Rim and the Mingus Mountain and to the collapse of
the Verde Valley. And the tuffs had to be laid down even
earlier than the basalts were deposited. Thus the large
tuff deposits around the Verde Valley bear similar witness
to the events -events- of volcano—tectonics.
Note on diagram Plate 20 how the level deposition of the
tuffs to the southwest was maintained, while the north
eastern part was literally put on edge.
Field and microscopic evidence presented so far
may suffice for a rough correlation of the Verde tuffs.
Spectrographic and luminescence data will be applied later
to a wider sequence of tuff deposits (chapters 9 and 11)
and will put the correlation on a safer base.
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(8.3)

Extent of the Hlokey Tuffs to the East and North
Mention has already been made of the tuffs from

Oak Creek and Sycamore Canyons. They will be neglected here.
This chapter aims at the possible remains of Thirteen Mile
tuff in remote places. The eruption of 1500 feet of tuff
was certainly an event or a sequence of events of first
order, and fine tuff is a material very likely to be carried
far by air.
J.F. Lance relates that during a forest fire in the Pres
cott area smoke and ashes were carried northeastward, and
that the width of the covered area increased until at the
State border several hundred miles of the country between
Gallup and Fredonia were littered with ashes. The orienta
tion of dunes in the Navajo Country shows that the pre
ferred wind direction in northern Arizona is northeast, and
buried Miocene sand dunes in the Chuska Mountains indicate
that this preferrence has not changed since Miocene time.
Thus, the most favorable direction for Thirteen Mile Rock
tuffs to travel would have been the northeasterly direc
tion.
Lava flows of the Upper Verde Valley volcanic field
and of the San Francisco volcanic field, as far as they cor
respond to the Upper Unit of the Hickey formation, should
rest on top of tuff sections which should appear in drill
logs and in outcrops. Howell (1959, page 103) mentions drill
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core evidence for tuff underneath the older basalt north of
San Francisco Mountain. The drilling was done by a Phoenix
drilling firm. This writer tried to locate the company
and to obtain samples of the drill cores mentioned in Ho~ .
well’s dissertation, but apparently the company went out
of business. Well logs of the Arizona Land Department give
evidence of the existence of tuff sections in various parts
of the San Francisco field and will be taken up in chapter
12.2. Here, only such tuffs are to be discussed which crop
out in conspicuous sections and are accessible in the open
range.

(8.31)

Cedar Ranch section
-

Cedar Ranch lies in the northern part of the San
Francisco volcanic field, just off the basalt cover which
forms jagged, picturesque cliffs to its south, and facing
the Coconino salient of the East Kaibab monocline to the
north. The surface is formed by Moenkopi siltstone, and
the long talus slope up to the basalt cliffs some 400 feet
above the level of the prairie here and there contains
petrified wood. Grey beds overlying the Moenkopi section
crop out several miles to the east of Cedar Ranch. They
were mapped as Chinle beds by Robinson and are known as
such to the older geologists in northern Arizona (l.F.Brady).
The basalt overlying the section was chocsen by
H.H. Robinson as type basalt for the older basaltic lavas
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in the San Francisco area. In his extensive petrographic
classification he identifies the Cedar Ranch basalt as an
Auvergnose, III.5.4.4. Robinson also noticed (p.150) a
small amount of infiltrated oalcite crystals.; as commonly
present in the basalt and also a completely altered
mineral of unidentified character. The latter mineral is
probably baked feldspar.
Upon close examination (Plate 21), the Cedar Ranch
outcrop can be broken down into three different units.
At the bottom there is the Triassio section, with Moenkopi and Chinle beds. The Moenkopi formation forms a con
tinuous base on the Coconino Plateau and can be traced
into the Moenkopi- and Chinle section near Cameron to the
northeast. The Chinle lacks the characteristic base unit,
the Chinarump conglomerate. However, typical Chinle pebb
les consisting of chert and quartzite up to 2 inches
were found throughout the material, forming a pebble agg
lomerate on top of the petrified wood containing strata.
The pebbles were compared with the nearest known Chinarump outcrop at Tappan Wash near Cameron and found to be
quite similar. The beds appear to consist of Chinle lake
and stream beds containing petrified wood which is not re
worked but is in place. Coherent logs up to 18 feet were
excavated, which are broken into pieces and could not
have been transported as such. The light brown sand which
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contains them shows a yellowish alteration halo surrounding
the petrification zone, and the wood is wrapped in a "black
crust, probably unreplaced tissue. Some logs were only armthick and several yards long and featured the black wchar
coal” layer as well as alteration zone and coherence. All
this is incompatible with redeposition, so that the exist
ence of petrified wood in place seems established.
According to R. Gray (1959), Cenozoic petrified
wood exists in place in Peach Springs Canyon, north of
Peach Springs, Arizona. To find out whether the Cedar Ranch
wood could be Cenozoic wood, ten thin sections of petrified
wood were cut, five of which were taken from the Cedar
Ranch outcrop and five from the nearest safe Chinarump
outcrop and from petrified wood collected near Holbrook.
The cell structure was found to be the same in all sections
analyzed, and the samples are considered to be identical.
As a precaution against possible error, the ten samples
were then mailed to Professor Lyman H. Daugherty, the
well known investigator of petrified woods, with the request
for identification of the same.
According to L.H. Daugherty (letter of April 2,
1960), the poorly defined growth rings of the transverse
sections cut from the Cedar Ranch petrified wood would
indicate a Triassic wood rather than one from either the
Miocene or Pliocene. Further evidence for a Chinle age of
the wood is given by the charred surface of the logs. How
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ever, according to Daugherty the charred surface does not
represent the bark of the trees. Logs with their surface
charred are very common in the Chinle, but bark is practic
ally nonexistent. He described Sohilderla

in 1954 and in

1959 found small pockets of bark in the fluted base of a
log.

Logs of Araucarioxylon

or Woodworthia, with which

we probably deal in the Cedar Hanch section, were never
discovered with the bark present, but many of them have
been charred and the surface now resembles bark.
Thus, it is believed that the wood represents a
Triassic flora and that therefore the beds containing it
are of Triassic age, in concordance with the original
mapping by Robinson.
Overlying the Chinle pebble horizon (sample 24),
the first tuffaceous layer was encountered (Plate 21).
About twelve tuffaceous layers of varying degree of purity,
preservation and mineral content were encountered up to the
capping basalt flow. This agreement with the number of tuff
layers found and studied by Shoemaker in the Hopi Buttes,
however, is probably accidental.
The tuffaceous unit, about 250 feet thick, can be subdivided
into two units along a pebble zone approximately in its
middle (sample 16). These pebbles consist of well rounded
quartzites, jaspers and chert, sandstone, rhyolite and aplite. The latter constituents distinguish this pebble zone
from the lower zone which is believed to be a Chinle zone.
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Among the tuffs, one stands out "because of its horn
blende - biotite content, i.e. sample 15. Potential horn
blende - biotite tuff sources are rare in the San Francisco
field, perhaps with the exception of Bill Williams Mountain.
In the Mount Floyd area several volcanoes could have pro
duced limited amounts of hornblende - biotite tuff. There
is also the Thirteen Mile Rook biotite - hornblende tuff.
The two last named source areas have about the same distance
from Cedar Ranch, 50 to 60 miles.
As far as the age of sample 15 is concerned, there
is some reason to believe that it would make little differ
ence which mountain was the source. The relationship of
Mount Floyd to the north-south trending, late Miocene
fault zones of the Plateau is comparable to the relation
ship of Thirteen Mile Rock and Mogollon Rim. A relative age
estimate for Mount Floyd will be presented in chapter 9.3.
Thus, the Cedar Ranch profile can be broken down
in two major unit^,the Triassic and the Cenozoic unit, of
which the latter is here subdivided into the middle Ceno
zoic, lower subunit (probably Miocene) and the late Cenozoic
upper subunit (probably Pliocene). The lower subunit is
tentatively compared with the Miocene tuffs and sediments
of the Chetoh country as described by Howell (1959), and
the upper subunit is tentatively compared with the Bidahochi formation, lower member.
Absolute dating of the easily extractable micas will give
the final answer in the future.
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(8.32)

Lower Bidahochi tuffs
Yitric tuff beds in the lower part of the Bida

hochi formation were reported by Williams (1936). The first
petrographic study was made by Pirsson, who recognized the
tuffs as of rhyolitic composition and volcanic origin and
suggested that the source was a distant volcanic region.
The first detailed study of the tuffs was by
Shoemaker (1956). He distinguished twelve individual thin
beds of white, medium to very fine grained, water-laid tuff,
chiefly of rhyolitic composition, which occurs interbedded
in the claystone, siltstone and sandstone sequence repre
sented by members 1 to 4 of the Bidahochi formation (Plate
7), which are usually combined into the lower member of
the Bidahochi formation. Some of these tuffs are nearly
100% glass, but most show varying degrees of devitrification.
To distinguish them from the coarse, basaltic tuff derived
locally from the diatremes, they are all referred to as
vitric tuff. Many of the shard beds are continuous for many
miles despite the fact that some of them rarely exceed 0.1
feet in thickness. A few are traceable over the known ex
tent of the containing member.
The question of the age of the tuffs hinges on the
dating of the lower Bidahochi lakebeds themselves. The only
fossils found to date in any of the lower beds of the Bida
hochi formation are fragmentary remains of fresh water moll
uscs, apparently gastropods. A mammalian fauna discovered
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by Paul H. Howell near Sanders, Arizona (Lance, 1954),
occurs in beds that are probably equivalent in age to the
lower Bidahochi beds, but the precise stratigraphio posi
tion of the fossil horizon has not been worked out.
According to Lance (1954), a Clarendon!an (lower Pliocene)
or Barstovian (upper Miocene) age is suggested by the fauna,
which contains Merycodus, ? Comphoterium, and a large
camelid.
The fifth or “White Cone“ member, also termed
middle member of the Bidahochi formation, contains clay
stone and volcanic rocks of the Hopi Buttes. A Hemphillian (middle (?) Pliocene) age is indicated for the White
Gone member by the fossils found in its clay stones (Stirton, 1937, Lance, 1954).
The uppermost member of the Bidahochi formation
is composed of sandstone with interbedded claystone.
Then, a time interval from late Miocene / early
Pliocene (Barstovian) to middle Pliocene (Hemphillian)
appears to be available for the deposition of the lower
Bidahochi lake beds in the Hopi Lake, a name proposed by
Williams (1936). However, the safe correlation of mammal
ian fossils at the Sanders section with the Bidahochi
formation is still lacking.
The following discussion is concerned with the
dating of the beginning of the Hopi lake deposition. It
will be inquired how much time can be made available for
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this lake and its deposits with regard to the general pic
ture of late Cenozoic events in northern Arizona.
The material presented in this chapter is taken
in part from Shoemaker, Byers and Roach, "Diatremes and
Cenozoic Geology of the Hopi Buttes Region, Arizona", (in
press), and in part from Sabels and Shoemaker, "On the Age
and Origin of Yitric Tuffs from the Hopi Buttes Region,
Arizona", (in preparation).
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Table (8.1). Send-quantltatire spectrograpMc analysis of
tuffaceous layers from the Hopi Buttes region
(after Shoemaker et al., I960)
No.

tuff bed____ location and petrographic description

1

alpha

2

ta*^

3

kappa

4

lambda

5

BM

6

alpha2

7

tau2

8

kappa2

9

lambda2

Bidahochi Butte, lowest layer
glass, feldspar, (kaolinite, dolomite)
Greasewood, lowest tuff layer
glass, montmorillonite, feldspar
Greasewood, second layer
glass, montmorillonite, (feldspar, quartz)
Greasewood, third layer
glass, montmorillonite, (feldspar)
Greasewood, top tuff layer
glass, montmorillonite, feldspar
Indian Wells tuff bottom layer
glass
Indian Wells tuff
glass (mica)
Indian Wells tuff
glass, quartz, feldspar, (mica)
Indian Wells tuff
quartz, feldspar, mixed-layer clays, (mica)
(data in # - 50% )

element
B
Be
Ce
Co
Cr
Cu
Ga
La
Nb
Ni
Pb
Sc
Sr
V
Y
Yb
Zr
Ba

.007
.0003
0
.0003
0
.003
.003
.003
.003
0
.007
0
.03
.0015
.0015
.0003
.015
.015

2...
.003
.0003
.07
0
.0003
.0003
.003
.03
.007
0
.003
.0007
.03
.015
.007
.0007
.07
.015

3
.003
.0003
.03
0
.0003
.0015
.003
.015
.007
0
.007
0
.03
.007
.007
.0007
.03
.03

4
.003
.0007
.015
0
.0015
.0007
.003
.007
.015
0
.007
0
.015
.015
.003
.0007
.03
.015

5

6

7

.003 .003 .007
.00015.00015.0007
.015
.015 0
0
0
0
0
.0003 0
.0007 .0003 .0007
.0015 .0015 .003
.003 .003 .003
.007 .003 0
0
.0015
0
.003 .003 .003
0
0
.007
.015 .003 .15
.0015 0
.015
.003 .0015 .0015
.0003 .00015.0003
.015 .015 .03
.03
.007 .015

8

9

.007 .015
.00015.00015
.015 0
.007 .0015
.0015 .003
.003 .003
.0015 .0015
.003 .003
.003 .003
.0015 .003
.003 .003
.0015 .0015
.03
.03
.007 .007
.003 .0015
.0007 .0003
.03
.03
.07
.07
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Table (8.2). Quantitative speotrographio analysis of acidic
lavas from the San Francisco volcanic field
(after Sabels and Shoemaker )
No.
1
2
3
4
5
6

source_______

rook type________
biotite rhyolite
biotite soda granite porph.
biotite soda rhyolite
riebeckite soda rhyolite
riebeckite granite porph.
hornblende soda dacite

Sugarloaf Hill
Marble Hill
Sitgreaves Peak (top)
San Francisco Mountain
San Francisco Mountain
Bill Williams Mountain

( data in % )
element; 1
B
Ba
Be
Ce
Co
Cr
Cu
Ga
La
Nb
Ni
Pb
Sc
Sr
V
X
Xb
Zr

0
.2
.0003
.04
0
.0005
.0007
.0016
.016
.007
.0003
.0026
0
.05
.0012
.0035
.00026
.05

2

3

4

5

6

0
.2
.00035
0
0
0 .0009
.002
0
.006
0
.004
0
.018
0
.002
0
.016

.0004
.00016
.0023
0
0
0
.00045
.003
0
.023
0
.012
0
0
0
.009
.001
.026

.0 0 0 5 :
.005
.0008
0
.0
0
.0003
.0035
.008
.016
.0009
.005
0
0
0
.01
.001
.1

.0004
.00045
.0009
0
0
0
.00035
.003
.008
.016
.0007
.003
0
0
0
.003
.0006
.09

0
.11
0
0
.0012
.0008
.0018
.0014
0
.003
.0009
.002
.0009
.07
.007
.0023
0
.023
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Thirteen Mile Hock lies in the prevailing wind
direction with respect to the Hop! Buttes* Therefore the
Thirteen Mile Rock tuffs had a good ohanoe to be preserved
in the Bidahochi formation providing that they were erupt
ed at the right time. Howell has pointed out that the
chemical composition of the tuffs would favor an origin
from the San Francisco region. Therefore, a detailed chemi
cal study was performed.
A semi-quantitative spectrographic analysis of
tuffs (Table 8.1) and its comparison with a quantitative
spectrographic analysis of acidic lavas from the San Fran
cisco volcanic field reveals that the trace element
content of the water-laid vitric tuffs is by no means
lower than that of the rhyolites or "dry" tuffs. Quite the
contrary, the abundance of certain elements in the tuffs
is so high that it is difficult to locate any source for
a supply of suitable vitric tuff.
One possible explanation to the problem may be the alkaline
environment in the Hop! Lake, which not only preserved the
trace metal content of the tuffs but led to a precipitation
of metals arriving in solution in acid meteoric waters and
to their absorption by clayey impurities deposited with
the tuffs.
Study of Table (8.1) shows that not the pure shard
beds, like tau2> but the impure, montmorillonitic beds like
tau^ have the highest trace metal content. Let us list a
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«pureM shard "bed and a clayey, impure one, and compare the
trace element content.
Table (8o3). Comparison of pure and impure tuff
element
B
Ba
Ce
Be
Co
Cr
Cu
Ga
La
m>
Hi
Pb
Sc
Sr
V
Y
Yb
Zr
Ba, Sr and La seem

tau2, pure tuff
o007
.007
.015
.0007
0
0
.0007
.003
.003
.003
.0015
.003
.007
.003
.015
.003
.0007
.03

•

tau^i, impure tuff
.015
.07
.07
.00015
.0015
.003
.003
.003
.03
.015
.003
.007
.0007.
.15
.015
.007
.0007
.03

to be most easily enriched in tuffs

Sr of course being introduced with ealoite. Most other
elements do not show significant deviations throughout the
tuffs.
If these two tuff analyses are compared with analyses of
acidic lavas, it turns out that only rhyolitic and dacitic
lavas approach the trace element requirements necessary
for any genetic relationship with these tuffs. Comparison
of above tuff analyses with the rhyolite and dacite analyses
of Table (8.2) shows the following deficiencies or excesses
in particular elements in the most favorable acidic rock,
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that is the one whose number (Table 8.2) is given in the
parenthesis. With most favorable acidic rook is meant the
particular rock which comes closest to the trace metal
content of either one of the two tuffs.

Table (8.4)o Comparison between San Francisco field
acidic rocks and lower Bidahoohi tuffs
(based on Tables (8.2) and (8.3))
Numbers in parentheses refer to sample number in
Table (8.2).
The factor of deficiency listed for each element
is based on the equation
(acidic rock abundance (Table (8.2))) x factor
= (tuff abundance (Table (8.3)))
Factor > 1 = acidic rook is deficient
Factor < 1 = excess of element in acidic rock
element

factor for pure tuff

impure tuff

103

It turns out that a source of composition of the
San Francisco rhyolite could hare sufficiently supplied
the following elements to the tuff either in the clean or
contaminated variety:
Be, Ga, Nh, Ph, Y, Yb, Zr .
In addition, Ba is available sufficiently if dacltlo sour
ces ^samples) '.or specific/rhyolitic ones (1,2) are invoked.
The "impure” tuff cannot possibly have beensupplied
with the following elements, but must have collected them
later by clay absorption:
Ce,Co,Cr,Cu,La,Sr.
The following elements are insufficiently represent
ed in San Francisco rhyolite in order to explain their abund
ance in Bidahoohi tuffs:
B£Ba}Ni,Sc,V .

If dacltlo rocks are taken into consideration, the deficien
cy concerning Ba and So is removed and turned into an excess
or partial excess, respectively.
Several elements are little or not at all influenced
by the addition of impurities. Their abundance turns out to
be independent of contamination:
Ga >rb>ZrThese elements should be of particular interest in
the study of volcanic rocks. The power of Ga as an indicator
for genetic relations between basaltic samples was

recognized

in a study of young basaltic lavas (Appendix B, Plate B 2).
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The abundance of 03a),Nl, Sc, Y jB in San Francisco
rhyolites is insufficient to explain their abundance in the
Bidahoohi tuffs, if the Bidahoohi tuffs were to be derived
from the San Francisco volcanic field. Enrichment during
or after deposition could be invoked, if no other explana
tion were possible. Comparison of the data of Table (8.2)
shows that dacitic tuff, as for example available near
Bill Williams Mountain, reduces the deficiency for several
elements, and for some even removes any deficiency complete
ly. Daoitio tuff shows greater abundance in
(Ba) Co Cr Cu So V
as compared with rhyolitic tuffs.
Even though not all trace element deficiencies of
the source material as compared with the Bidahoohi tuff
can be explained by invoking a dacitic tuff, the differenc
es decrease and in a few cases dissappear. Therefore a tuff
of dacitic or rhyo-dacitic composition would have a higher
probability of having caused the Bidahoohi tuff beds, than
would a plain rhyolitic tuff source.
Table (8.5) on page 109 shows a comparison of
spectrographic data from Thirteen Mile Book, the Hop!
Buttes area and the San Francisco field rhyolites. Thirteen
Mile Book tuff shows a greater abundance

in

Ni,Ba,Co, (Cr), Cu,Y,(Sc not registered),
as compared with the typical San Francisco rhyolite. The
latter (samples 9 and 10) is superior in Oa abundance.
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Table (8.5). Serai-quantitative speotrographic analysis
of tuffaceous sediments from northern Arizona
Quantitative Potassium - alpha analysis of
the same
No.
1
2
5
4
5
6
7
8
9
10

source

rook
tuff, bottom part
tuff, central part
rhyolite, top of section
tuff, top part
tuff, central part
tuff, kappa layer
tuff, tau layer
tuff, alpha layer
rhyolite
rhyolite

Thirteen Mile Rock
Thirteen Mile Rook
Thirteen Mile Rook
Mingus Mountain section
Mingus Mountain section
Castle Butte area
Castle Butte area
Bidahoohi Butte
Sugafloaf Hill
Sitgreaves Peak (center)

(data in relative line densities,
0 = clear part of the plate
100 = complete light absorption by line)
(alpha activity in alpha/mg,h, potassium in #)
element

1

3

4

5

6

7

8

95 95 80 50 93 80 90
0
0
2
2
2
4
0
40 20 50 40 50 50 50
80 80 88 92 90 90 86
80 80 70 40 80 62 68
20 25 44 40 40 40 30
98 96 97 94 no 97 97
98 98 97 98 98 98 98
78 50 80 78 60 60 50
30 39 23 15 no 47 31
39 59 64 49 no no 64
99 99 95 98 no 99 96
90 92 97 93 no 98 97
(no = not observeable)
alpha/mg,h .80 .41 .47 1.7 1,7 — 1.5 .75
2.5 1.9 - 2.7 2.4
K %
2.3 4.0 3.6 ;

Ba
Co
Cr
Cu
Ga
Ni
Pb
Sr
V
Sn
Zn
Ti
V

95
2
50
95
76
64
99
97
80
no
no
no
no

2

9

10

30
0
50
80
90
20
no
98
50
no
no
no
no

95
0
10
80
80
16
no
98
50
no
no
no
no

3.7
3.2

—
-

Notice: Sample 10 (Sitgreaves Peak) is not necessarily
comparable with sample 3 of Table (8,2). The
former sample was taken from the center of the
mountain, the latter from the top by Robinson.
For further discussion see pages 158-162.
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Thirteen Mile Rock tuff and rhyolite hare a dacitio
charactero Hornblende is up to 5# abundant• The spectrographic analysis (Table (8.5)) gives a similar indication,
in that the same elements are shown to be more abundant
than in ordinary rhyolite, which turn up in the dacite
from Bill Williams Mountain as compared with Sugarloaf
Hill rhyolite (Table 8.2).
However, even the greater abundance of the elements listed
in.Thirteen Mile Rock tuff and in dacite lavas does not
suffice

to explain the enrichment of B,Ni,V in Hopi tuffs.

For these elements, secondary enrichment by clay absorption
is assumed.
The agreement in trace element composition between
samples from Thirteen Mile Rock, Mingus Mountain and Hopi
Buttes (lower Bidahochi) tuff is, nevertheless, quite re
markable. Samples 1 and 8 (Table (8.5)) represent the
lowest tuff from the Thirteen Mile section in the Verde
Valley and from the alpha layer of Shoemaker in the Bida
hochi Butte section, Navajo Country. Both samples have been
exposed to leaching, the Hopi sample in the Hopi lake and
the Verde sample during an earlier weathering stage which
altered it in part. The alpha activity of the two samples
was measured to .80 and .75 alphas/mg,h (- .05), and the
potassium analyses yielded 2.32 and 2.39 $ K for the two
samples. The good agreement of both sets of data is not
believed to be accidental.
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Table (8.6). Petrographic description of vitrio tuffs in
the lower part of the Bidahochi formation
(after Shoemaker et al., 1960)

Bidahochi Butte section:
oc ; glass, feldspar, (kaolinite, dolomite)
y

i dolomite, quartz, (feldspar, illite, montmorillon.)

6

i glass, (hydrobiotite), unidentified accessory min.

S

; feldspar, quartz, oalclte, mica, (kaolinite)

t

: feldspar, kaolinite, quartz, (mica)

•6- : quartz, feldspar, kaolinite, mica, (caloite)
T

: montmorillonite, glass, feldspar

Greasewood section:
1T i glass,

montmorillonite, feldspar

K

i glass,

montmorillonite, (feldspar, quartz)

V

i glass,

montmorillonite, (feldspar

Indian Wells section:
<<

glass

<

glass, (mica)
glass, quartz, feldspar, (mica)

>

quartz , feldspar, mixed-layer clay
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Table (8.7). Petrographic characteristics of vitric tuffs
in the lower Bidahochi formation
(after Shoemaker, 1957)
bed

A
A

k
<

&

\
%
6
<r
ar
/*
%

# glass
trace - 50
trace
80
25 - 98
0 - trace
0 — trace
trace
0-99
trace
0 - trace
trace
99 - 100

glass index of refraction
- 1.552
- 1.508
- 1.508
- 1.501
x)
x)
~ 1.48?
1.500 - 1.505
~ 1.49?
x)
~ 1.496?
1.498 - 1.499

remarks

(less silicic)

1.524
1.506
1.506
1.498

abundant access, blot.

It II
n tt

R
n

W
m

-

x) shards too denitrified for determination
petrography by R.W. Hallagan

In addition to the chemical evidence, accessory
minerals are of significance. This writer found hornblende
and mica in tuff sample 105, Castle Butte, imbedded in
shards of 0.1 millimeter. So far, only micas had been re
ported. Shoemaker (i960) in one instance lists ’’unidentified
accessory minerals* (Table (8.6)). This could be hornblende,
which in small sizes and ingrown in glass is hard to dis
tinguish from blotite indeed and hard to identify.
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The lowermost tuff in the Thirteen Mile Rook
section was separated from the section dated to be 14,3
million years old by a soil zone. Then the lowermost tuff
would be somewhat older than that date. If the correla
tion between the lowermost tuff from Thirteen Mile Rook
and the alpha-layer of Shoemaker in the Hopi Buttes holds,
the lowermost tuff beds in the lower Bidahoohi member
should be at least 14.3 million years old. The figure
would vary by the time required to produce the soil zone on
top of the older tuff. The difference is probably over
lapped by the standard deviation of the date which is
about 1 million years.
Shoemaker (1957) lists the index of refraction
of the glass shards in the Bidahoohi tuff section. The
index of refraction of most glass shards from the tuff
layers lies between 1.498 and 1.508. The close agreement
between all the layers suggests that there was a rather
uniform tuff source operating during the accumulation of
the lower Bidahoohi lacustrine pile. Similar results were
obtained by counting techniques (chapter 10).
If the potassium-argon date from Thirteen Mile
Rock is taken as the upper age limit and the fossil date
by Stirton and Lance on the Bidahoohi middle member

is

taken as the lower age limit of the lower Bidahoohi
lake and tuff beds, an interval of several million years
results, during which both types of beds may have been
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deposited. It appears to "be quite bold to invoke one tuff
source for the deposition of a dozen or so tuff beds
spread over an interval of several millions of years. The
nature of acidic lavas and their high viscosity and depend
ence on magmatic water is, generally, incompatible with
such a proposition. The acidic volcanoes in the San Fran
cisco volcanic field had certainly but a short life span,
as witnessed by the lavas they produced. But with Thirteen
Mile Rock this is a different matter. This tuff volcano is
situated right in the Mogollon Rim, along which occurred the
uplift of the Colorado Plateau. A step-like build-up and
release of tension and connected volcanic activity are
quite probable. Such a mechanism would explain the similar
ity of the different tuffs presumably produced by this
source and spread all over northeastern Arizona. This sim
ilarity is documented by the chemical analyses, indices of
refraction and thermoluminescence glow areas, and by the
similarity of the different thin tuff beds which should
vary a lot more in their mode of deposition and grain size,
if they had come from different sources (as is indeed the
case at Cedar Ranch).
The top tuff layer, mu, has an index of refraction
quite different from the other layers (1.524 as compared
with 1.500). The trend points toward less silicic composi
tion of the tuff. This may be merely the expression of a
dacitic interval in the life history of Thirteen Mile Rock,
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as will "become clear in the discussion of potassium - alpha
counting data. Or it may he that some other source to the
west produced dacitic tuff. The possibility must be kept
in mind that other potential tuff rents did exist in the
San Francisco - Floyd area, and that the mu bed and its
deviating index of refraction might represent some weak
indication for their activity.
Nevertheless, Thirteen Mile Rock remains for the
most reasonable explanation of the Hopi tuff beds. The poss
ibility that it erupted a dozen or so times is strengthened
by the existence of about a dozen neck-like chimneys in
and about the volcano. The tuff beds between the various
necks slope against one another. Bouldery boundary agglom
erates were observed, which suggest erosion and destruc
tion between renewed phases of activity.
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(9.1)

THEBMOLUMINESCBNCB CORRELATION OF TUFFS
General Statement
Measurements of thermoluminescence have "been made

for several purposes, such as fundamental physical studies
(Halperin, Braner, and Alexander, 1957), radiation dosi
metry (Daniels, Boyd, and Saunders, 1953), studies of
meteorites (Houtermans, Jager, Schbn, and Stauffer, 1957),
applications to stratigraphy (Parks, 1953; Saunders, 1953,
Bergstrom, 1956; Pitrat, 1956), age estimation in sedi
ments (Zeller, Wray, and Daniels, 1957) and the identifi
cation or determination of certain minerals (Lewis, 1956).
Oil companies apparently have "been developing thermolumi—
nescence for their purposes (Lewis, Whitaker, and Chapman,
1959 and I960), though little is known about their results
and publications are sporadic.
To this writer's knowledge, thermoluminescence has never
been applied to any tuff correlation. The techniques of
such correlation have been developed from several experi
ments which are explained in Appendix C. The work done by
the writer in the thermoluminescence laboratory in the
Institute of Geophysics at the University of California,
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Los Angeles, will "be continued in further investigation
of the phenomena of glow curve comparison and interfering
factors.
Thermoluminesoence analysis was applied to basalts
from northern Arizona with the intention of determining the
age of the rocks. The glow areas registered on a recording
device during heating of a standard sample of ground basalt
were previously believed to be proportional to the age of
the sample. This writer found that this was not so simple,
and that the glow areas were related to the alpha activity
of the sample as well as to other variables. In a series of
investigations at the University of California, the influence
of various dosages of x-rays, of annealing at various tem
peratures , and of selection of various grain sizes were
studied (Appendix B). It was found that so many different
factors enter into the shape and area of a glow curve that
it would seem to be improbable to find two different mater
ials with the same glow curve. Besides the natural effects
on the retentivity of glow in a sample there are the in
fluences created by the investigator. Samples are exposed
to heavy shock when knocked loose in the field. While grind
ing the samples, there is some effect on the glow areas.
When sieving the ground material, a variation in glow
area is produced by eliminating certain grain fractions with
different glow characteristics• All these factors should
leave the investigator in a chaos of variation and
ness.

random
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However, two dozen samples from two lava flows
were studied, and the samples fell nicely into four groups,
namely, the older and younger members of each flow, which
had been recognized before in the field. For young samples
of low alpha activity, a definite relationship between age
and glow area seems to exist. For samples of related ori
gin, relations are expressed by the shape of the glow area.
Plate 22 shows twelve samples from the Mount Floyd
area, about ten miles northeast of Seligman. The samples
were taken from tuffs, rhyolites, and aplites in close
association. The similarity of the glow areas in shape and
extent suggested that these rocks may have a common origin,
regardless of whether they occur now as a tuff or rhyolite
or aplite dike. It occurred to this writer that thermolumi
nescence could perhaps be used to correlate materials
which once belonged together, but which now are scattered
over wide areas. Titric tuffs would be an ideal substance
for such correlation. They are easily recognizeable in
the field, and the violent eruptions of tuff volcanoes
insure wide distribution of the tiny glass shards, thus
creating time planes of wide areal extent. Thermolumi
nescence would be the ideal tool for studying these tuffs
for their correlatibility, because up to one hundred glow
areas can be determined by one investigator per day. The
wide range in shape of glow areas for tuffs from differ
ent sources may be another virtue of the method.
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(9.2)

Thermolumlnespence as a Correlation Tool
In order to find out whether a thermoluminescence

study of vitric tuffs would give useful results for short
and long range correlation, a sequence of test samples
was run, which were known to he correlatihle. The samples
had either been taken side by side from the same tuff bed
or rhyolite outcrop, or they were taken on different
visits to the same rock formation or tuff bed, or they were
taken in distances up to several miles where safe strati
graphic evidence secured their identical origin.
Two dozen samples are presented in Table (9.1)•
They come from eight different localities. It will be
.

;

noticed that two parameters have been used to describe
the glow areas which in their original form appear on
Plates 22 and 25. These parameters will be explained below.
For a description of the apparatus see Appendix B.
Inspection of the Table (9.1) shows that sufficient
agreement between the parameters of different samples
from the same localities or horizons is reached, so that
the glow characteristics of any tuff or rhyolite bed may
be called reproducible and independent of the particular
sample (and its treatment) cchosen.
Let us consider the glow areas of the Mount Floyd
rocks which are represented on the inner half of Plate

22.

The temperature axis, T, coincides with the horizontal.
The intensity axis, I, coincides with the vertical. When the
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experiment is started the recorder hand rests in the upper
left corner. With increasing temperature it mores toward
the right with a velocity depending on the heating grad
ient which in turn depends on the amount of current fed
into the heating resistor. Superimposed on the lateral
(temperature-dependent) movement of the recorder hand is
the vertical (light—intensity dependent) movement, which
is geared by a photomultiplier tube highly sensitive to
light (Plate 24 A ). In the present case, visible blue
light is used. With increasing light emission the recorder
moves downward in the vertical direction. The combination
with the temperature-dependent lateral movement brings
about the construction of the "glow curvesM as represented
by the lower margins of the *black bodies'* shown in the dia
gram. It will be noticed that most samples release a maximum
amount of light at a preferred temperature and form a glow
peak. At higher temperatures a glow minimum is reached be
fore the temperature of the sample gets so high that it
emits light not because of thermoluminescence storage, but
because of glow due to heat (dark red glow). This condition
is reached in the right bottom corner of each diagram, where
the sample is annealed and its glow spent.
Upon cooling of the system, the recorder recedes to the
original position, and the run is repeated with the same
sample. This time no thermoluminescence glow is present in the
sample, and a true "black body curve" results, depicted by
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the upper margin of every area represented. The lower glow
curve and the upper black "body curve enclose an area which
represents the Integrated amount of glow given off by the
sample. The temperature range represented in the curves of
Plates 22 and 23 is about from 200° to 450° (horizontal
axis), and the maximum intensity in the 500 range, as given
for example by the glow peak of sample 444 (Plate 22), cor
responds to the light emitted by a 120 Volt light bulb
when a current of
by a

6

20

milliampSres is fed into it, supplied

Volt battery.
It was found that the horizontal distance between

glow maxima and minima is better reproduoeable than either
glow areas or curve shapes. The horizontal distances are
independent of the glow intensity and depend only on the
preferred release temperature. They are so characteristic
of the sample that even complete annealing will not remove
the characteristic peak distance. Irradiation with soft
x-rays (26 keV, 1000 rdntgen, University of California
Medical School) will build up seme glow in the annealed
sample, which will be centered around exactly the same glow
maxima and minima. This statement is supported by the samples
195 R, 196 R, 107 R, and 50 R on Table (9.1) in comparison
with their counterparts 192, 196, 109, and 50 (R stands for
Radiation).
A second parameter for the characterization of curve
shape was found in measuring the vertical (intensity) dis-
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tanoe of the glow maximum and minimum from the horizontal
line through the origin of the diagram. The ratio of the
two distances eliminates intensity factor dependence and
is a useful parameter, as will he shown on Plate 24.
The two parameters may he written

Tcm

=

H

H

(^min ”

Tmax ^

C

^ o m

1™axem/

These two parameters are used in Tables (9.1) and (9.2)
to characterize the glow areas measured.
From the data in Table (9.1) it was concluded that the
reproducibility of a certain tuff or rhyolite deposit and
its characteristics in any sample is sufficiently accurate
to apply thermoluminescence to correlation problems in
geology.
Even though reproducibility of data seems satisfac
torily secured by Table (9.1), precautions must be taken
that no error is introduced. This writer paid particular
attention to the effects of grinding during the preparation
of basalt samples. 25 samples were studied (Appendix C),
which were all from two lava flows. Some of the samples
were exposed to very different crushing and grinding con
ditions. Yet no difference in glow characteristics could
be observed which could be attributed to grinding.

119

Table (9.1). Reproducibility of glow characteristics of the
same stratigraphic unit in different samples
location

sample
193
193 R
196
196 R
195
252

Tom

O’Leary North tuff I
ft

ft

M

O’Leary North tuff II
N

M

M

1

13.9 5.8
13o7 (2 .1)
13.4 4.2
13.2 (2.4)

O’Leary North tuff III 14.4
O'Leary North tuff IV 14.0

4.8
6.9

10.0 3.9
10.0 (2.3)
10.0 4.6
10.0 (2.3)

109
109 R
107
107 R

Doyle Saddle rhyolite

159
300

Kendrik Peak rhyolite
Kendrik rhyolite

9
9

1.8
1.8

112

Fremont Peak daoite
Agassiz Peak dacite

6.5
6.5

1
1

O'Leary Peak dacite
O'Leary Peak dacite

6.5
6.5

5.2
5.0

Sugarloaf North rhyol.

4
4
4

1.1
1.0
.78

Sugarloaf South rhyol. 9
Sugarloaf South tuff
10

1.7
1.5
(1.7)

268
200

199
111
111

51
110

50

50 R

M

U

M

Doyle Saddle rhyolite
M

M

M

N

M

M

Sugarloaf North tuff

M

M

M

10

notes

annealed 600°C
1000 rbntgen
annealed 600°C
1000 rdntgen

annealed 600°C
1000 rontgen
annealed 600°C
1000 rdntgen

(intensity factor
shifted by 5)

annealed 600®C
1000 rontgen

Conclusions; 1) Glow characteristics are reproduceable and
independent of the particular sample taken
2) Glow peak distance T is not merely acciden
tal. It cannot be destroyed by annealing at
600 C, and therefore seems improbable that
it can be created or influenced by mechanical
effects.
uamcaj.
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Table (9.2). Temperature differences between glow maxima
and minima and ratios of maxima and minima
intensities for tuffs from northern Arizona
sample
428
378
379
180
111

503
183
305
370
95
96
275
94
373

499
158
280
155
103
261
277
102

179
7
93
157
124
268
235
199

source
Crookton tuff
Floyd Tank rhyolite
Floyd Tank rhyolite
Sugarloaf North tuff
Sugarloaf North rhyolite
Crookton North tuff
Elden dacite
Elden tuff
Mount Floyd South tuff
Castle Butte tuff
Castle Butte tuff
Thirteen Mile Rock tuff
Castle Butte tuff
Crookton South tuff
Crookton South tuff
Mingus Mountain tuff
Thirteen Mile Rock bottom
Mingus Mountain tuff
Castle Butte tuff
Thirteen Mile Rock rhyolite
Thirteen Mile Rock tuff
Castle Butte tuff
Mooney trail
Bidahochi Butte
Castle Butte tuff
Mingus Mountain tuff
Sedona tuff
Humphrey East dacite
Sitgreaves rhyolite
O’Leary Peak dacite

I

®cm
1.5
3.6
3.8
4
4
4
4.5
4.5
4.5
4.8
4.9
4.8
5.0
5.0
5.0
5.0
5.2
5.3
5.3
5.3
5.5
5.3
5.5
5.6
5.7
5.7
5.7

1.0

.9
.9
1.2
1.1
.8
1

1.9
1

.9
.9
1.3
1.6

.45
.4
.8

1.3
1.1
2

1.9
1.2

1.5
1.2

1.25
1.4
1.5
1.6

6

1

6.5
6.7

1.1

5

Tatile (9 .2 ) continued.
sample

source

T

361
85

Mount Floyd rhyolite
Marble Hill granite porphyry
Mount Floyd tuff
Mount Floyd aplite
Sugarloaf South rhyolite
Humphreys South dacite
Mount Floyd tuff
Mount Floyd Main tuff
Mount Floyd tuff
Mount Floyd tuff
Mount Floyd tuff
Mount Floyd tuff
Mount Floyd rhyolite
Bill Williams dacite
Doyle Saddle rhyolite
Agassiz Peak rhyolite
Doyle Saddle rhyolite
Crookton North tuff
Peach Springs rhyolite

8

360

358
110

225
359
353
363
444
362

356
357
216
107
108
109
502
484

cm

8

8.7
9
9
9
9
9.5
9.5
9.5
9.5
9.5
9.5
10
10
11
11

13
14

I
1.4
7
2.1
1.8
1.8

2.4
3.3
1.3
1.6

1.9
2.3
2.8

3.8
4.7
4.6
4
3.9
1.8

5.5
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To make sure that no mechanical influence, for
example the grinding of a rock, may create or disturb the
data observed, many pairs of tuffs and rhyolites were ana
lyzed where both rocks came from the same locality. As an
.example the Mount Floyd samples may be studied on Plate 22.
In no case could a grinding effect be observed, even though
the rhyolite in oases was as hard and brittle as a basalt,
and the corresponding tuff from the same locality did not
require any grinding at all. In a correlative study of tuffs
the grinding effect appears to be of little importance, and
the investigator has to be aware of other hazards, like
weathering and chemical alteration.
When, after considering the presence of all these
factors and influences, still good agreement between curves
is found, there is a high probability that the material
investigated came from the same source. Agreement in glow
areas constitutes a necessary condition for correlatability,
though not a sufficient one. In each case further evidence
must be thought of, and further evidence must actually be
found for correlation. "Good agreement" consists in the
sample's falling within a coherent grouping distinct from
other unrelated groups.
In no case was the thermoluminescence evidence alone
regarded sufficient for correlation. Microscopic study, spectrographic work, potassium analysis, alpha counting, thin
section work and, where possible, study of the stratigraphic
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position were also applied. The rapidity with which glow
curves can he obtained is an asset which recommends this
method as a correlation tool. It was found that contamina
tion in tuffs can be readily detected by thermolumlnescence.
This application might find interest in dating laborato
ries.
Correlation of volcanic tuffs by thermoluminescence
is a new technique, reported for the first time in this
dissertation.

(9.3)

Mount Floyd Area Correlation
Mount Floyd volcano and the surrounding volcanic

field appeared to be most favorable for this correlation
study. There are many intimately related acidic volcanic
rocks, and no work has been done so far on the petrology
or age relationships of the area.
In the following, no explanation can usually be
given as to why certain glow areas look or trend in a
particular way. The writer is aware of the many permuta
tions possible between the various factors involved and
simply recognizes the occurrence of curves with similar
characteristics. A detailed investigation of the specific
minerals the Integral effect of which produces the observed
\

curve is intended for the next few years, as indicated
above.
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The following correlation discussion should be
followed by the reader both on the glow area diagrams Plates
22 and 23 and on the T-I plot Plate 24. Particularly the
diagram showing the plot of the two parameters is of great
ralue, because it puts the work on an objective basis.
Samples 356 and 363 were taken inside the dissected
Floyd volcano, about 10 miles northeast of Seligman (Plate
38). The crater exhibits alternating layers of rhyolitic
tuff, rhyolite flows and aplitic dikes. In the T-I diagram,
the two samples fall among the Floyd clan, between dT equal
to 9 and

10

and

ITnin equal to

1

to

4.

Samples 353 and 356 come from the same layer of the top part
of the tuff section, and this tuff overlies a rhyolite,
sample 363. Sample 357 is a rhyolite and sample 358 an aplite from the lower part of the crater, and samples 359,

360,

361 and 362 are from a sequence of tuffs, rhyolite and aplite
with such intimate intergrading that some genetic connection
is hinted.
Another example is given by the tuff and rhyolite
outcrop in the cattle tank near the wagon road east of Mount
Floyd, which is visible from the volcano as a conspicuous
white patch at a distance of about two miles. Sample 378
shows the Tank tuff. At the bottom of the excavation, the
tuff gives way to perlitic knobs, and toward the volcano it
grades into rhyolite. In places opal is visible, and alter
ations indicating thermal activity. In the topographic low
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springs could be found in the Mount Floyd area. However,
there are hot springs known in many other volcanic areas,
and the field evidence at Mount Floyd indicates that hot
springs have been active there for some time.
Sample 503 from a tuff bed 10 miles south of Mount
Floyd has the same T, I parameter as samples 378 and 379.
The tuff is therefore considered to be correlatible with
the Floyd tank tuff, particularly since the accessory mineral
content

also agrees. The wide areal extent and the thinness

of the tuff bed (samples 503, 378, 379) at the distance of

10 miles from the most probable source would favor deposi
tion of the tuff from the air as a blanket which decreased
in thickness with distance from the source. If this had
been the case, formation by nue&s ardentes would be ruled
out, and thermal solutions would have to be invoked for
the transformation of part of the tuff into rhyolite and
perlite. If nue&s ardentes are favored to explain the tuff
beds, the wide areal distribution of thin tuff layers
creates problems and the intergrading of tuff, rhyolite
and aplite in the Floyd crater requires explanation by
solutions anyway. To this writer, there appears no other
way to explain the intimate associations in-the Floyd
crater than by work of thermal solutions. Growth of secon
dary feldspars has been found, which in the fashion of crystalloblasts seem to push aside previous textural features.
Aplitic dikes give quite safe evidence of subsequent pene
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tration of the deposit "by thermal waters.
Once hydrous activity is invoked to explain conversion and
secondary mineral formation in the Floyd crater, it should
also he considered as the conversion agent in the Floyd
tank area. The two localities are, genetically and geographi
cally, too closely associated to warrant two different
mechanisms of conversion or deposition in the crater and
in the tank.
At Crookton overpass, about 10 miles south of
Mount Floyd, where the U.S. Highway Flagstaff - Peach
Springs crosses the Santa Fe railroad, there are several
tuff outcrops.
The tuff to the north of the highway is not preserved as
a continuous layer. It rather represents a redeposition
by stream action. Biotite-rich tuff chunks are preserved
in a mass of olay, gravel and soil. Other tuff is free of
biotite. On the south side of the overpass, another tuff
deposit was opened up by construction work, resting in place,
showing a finer grained tuff deposit at the bottom and coar
ser tuff on top, both overlying basaltic pyroclastics and
being overlain by basaltic flows. These tuffs contain horn
blende up to 3 millimeter. Stratigraphic relationships bet
ween the tuff deposits to both sides of the highway could not
be established, because they all seem to lie on the same
plane and it cannot be determined which overlie which. Be
cause of the mineralogies! difference (some biotitic, some
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hornblendio, some free of each), they cannot all have been
deposited at the same time.
The glow curve 503 is consistent with the hypothesis
that the Crookton North overpass tuff, which contains
biotite, came from Mount Floyd. Upon erosion of the ori
ginal tuff deposit the chunk was probably washed into its
present place, giving the impression of a stream deposit.
The South Overpass deposit, on the other hand, can be traced
toward Picacho Peak, 4 miles south of the highway. The un
disturbed deposit was not affected by redeposition, either
due to its location and protection under covering lavas or
because of its more recent age. The extensive lava cover
comes from a dissected cone between Picacho Peak and the
highway, and the eroded lava can be traced to zones of
faulting and displacement around Picacho Peak and in places
has been uplifted together with a huge mass of the Permian
section, which it must have overlain before the dacitio
plug of Picacho Peak was completed. Thus, the hornblende
tuff of South Crookton is older than the dacitio lavas of
Picacho Peak.
The age relationships between Mount Floyd and Pi
cacho Peak, both of which are within the Mount Floyd vol
canic field (Plate 38), and both situated a north-south
zone which bears two other acidic and several basaltic
cones, cannot be demonstrated by field work. However,
thermoluminesoence analysis of tuff taken from the southern
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most extension of Mount Floyd, where the new El Paso Gas
Company transmitter was erected, gives some evidence»
This hornblende tuff in the field was considered to he the
top part of the Floyd tuff section. The glow curve (sample
373) indicates identity with the Crookton South tuff and
thus with Picacho Peak. Therefore Mount Floyd must have
been there when the Picacho tuff was spread, and the
Floyd rhyolite must he older than the Picacho dacite.
Floyd South rhyolite (sample 370) shows parameters
not very different from those of the Picacho tuff group.
But it is free of hornblende and contains biotite - a
sufficient criterion to avoid error.
Some of the tuff chunks in the redeposited beds
north of the highway at Crookton overpass give glow curves
similar to Peach Springs tuff (samples 502 and 484, Plates

22 , 23), which forms thick, extensive sections in Peach
Springs Canyon. Because there are no other samples taken
anywhere which give similar, distinctively different glow
curves from the usual types, and because the tuff section
in Peach Springs Canyon is quite thick (up to 150 feet),
it is conceivable that some tuff may have been carried over
to the Seligman area. The Peach Springs tuffs are displaced
by the Hurricane fault and thus are older than late Mio
cene to.early Pliocene (Gardner 1942, Gray 1959). The abund
ance of biotite in these tuffs will allow for absolute dat
ing in the future. It can be expected that the tuff beds
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from Peach Springs (pre-Hurricane) and some of the acidic
and intermediate volcanoes from the Mount Floyd area will
give late Miocene dates. Miocene rhyolites are rather com
mon in the southern part of the Plateau, as pointed out by
Hunt (1956), and also by Howell. The latter derives tuff
beds in the Miocene (?) Chetoh formation of eastern Arizona
and western New Mexico from rhyolitic volcanoes to the west.
The lower part of the upper unit of the Cedar Ranch section
also probably indicates Miocene (?) tuffaceous activity to
the west.

(9.4)

Verde Valley - Hopi Buttes Correlation
For this correlation, attention is drawn to the

T - I plot in Plate 24 and to the glow curves in Plate 23.
The parameters of all the tuff samples from the Hopi
Buttes, Sedona, Mingus Mountain, and the Thirteen Mile
Rock section are sufficiently similar to lead to a con
centration of the samples from these widely scattered
areas in the narrow intervals between T equal to 4.9 and
5.9 and I equal to 0.7 and 2.0. There are no other samples
which come from a different area or source than proposed
for these samples that fall into the encircled area out
lined by above coordinates. However, the possibility must
be left open that such samples may be found in the future„
Therefore, other conditions must be set up in addition
which the samples grouped together have to fulfill 6 One
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such condition is similar chemical composition (chapter 11).
Another is similar accessory mineral content (chapter 8).
Another may he similar alpha activity and potassium con
tent (chapter 10), though leaching effects must he expected
in work with tuffs. If all samples considered to be possib
ly oorrelatible pass all necessary, but never sufficient
tests, and if in each case it can be shown that any other
selection of samples gives values at variance with the mem
bers of the group (Bidahochi-Sedona-Mingus Mountain-Thir
teen Mile Rock), then the probability for a correlation
between the tuff deposits discussed will increase consider
ably.
In some of the samples of the Hop! Buttes - Thir^teen Mile Rock group, additional peaks will be noticed in ;
the glow curve diagrams Plate 23. It will also be found
that usually curves with these additional peaks in the
low temperature field show

peculiar factors on their data

label, as for example 1/15 or 1/30 or 1/60, which are
different from the reduction factors assigned to most
other curves. Let us consider, for example, sample 94,
Plate 23. The sample is heavily contaminated with clay
minerals and lime. If the recorder is used to measure the
glow area of this sample without reducing the sensitivity
of the apparatus, then the recorder will simply describe
a vertical line from the initial position to the maximum
intensity position at minimum temperature. In order to Mget
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the curve on the paper” , the sensitivity of the apparatus
has to be reduced step by step, until after a cut-back to
1/40 of the initial sensitivity the glow curve of sample
94 is obtained completely. In case of the heavier contamin
ated sample 103 (Plate 23), even a out-back by a factor of
1/60 has not reduced the sensitivity sufficiently to obtain
an integrated curve. Some of the tuff samples show small
”contamination peaks” in the low-temperature field (samples
275, 280, 179). Some pure shard layers free of contaminants,
which were found in the lake bed environment of the Hopi
Buttes (samples 95, 96, Plate 23) suggest how the contamin
ated samples may look if they were purified. The experiment
al proof of this statement remains to be demonstrated. But,
the similar T - I parameters in the high temperature area
leave little doubt about its validity, and microscopic study
of pure and contaminated samples from other areas and com
parison with the respective glow areas may justify it for
the time being (samples 275, 280, 279, 124).
Inspection of the glow curves shows that contamina
tion of samples and intensified glow, as expressed in a
different sensitivity factor, does not affect the peak dis
tance (Tmax - Tmin ) (example samples 261, 275, 280). On the
other hand, the ratio of the peak heights as used to obtain
the second parameter 1 ^ ^ / ImjLll is also independent of the
sensitivity applied, so that for plotting of the glow areas
in the T - I net the sensitivity factor need not be consider
ed.
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With above considerations in mind, the data from
Plates 22, 23 and 24 may be examined. The bottom sample
from the Thirteen Mile Rock section, 280, and the tuff
sample 179 from the Mooney trail were used for a cor
relation in chapter(3o4), and the evidence will now be
appreciated. The 8edona tuffs near Dry Bearer Creek (samp
le 124) may be compared with the Bidahoohi tuffs (samples
7, 93, 94 etc).The Intercalation of the Sedona deposit
and of the Hop! deposit with lake beds and the occurrence
of hornblende and biotite as accessory minerals in both
cases add further evidence.
Another tuff with similarities to the Hopi Buttes
group is the tuff from the Pink Gate, O'Leary Peak east
of the San Francisco Mountain* But the chemical composition
of this tuff is distinctly different from the one of the
Hopi Buttes - Thirteen Mile Rock group.

(9.5)

Other Correlations
Tuffs from well logs in the Slate Mountain area

were correlated by use of their glow curves with Bull
Basin rhyolite (Plate 25). The Slate Mountain well con
tains another tuff section beyond 200 feet depth (Table

12.1), sandwiched between thick basalt sections, for which
no source was found as yet. The alternation of rhyolitic
tuff and basalt in this well contradicts the stage c o n 
cept of Robinson, according to which all basalts are c o n 
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fined to the First and Third Periods of activity and all
acidic lavas to the Second Period of activity. The fact that
in the Slate Mountain well a basaltic section occurs bet
ween two tuffaceous sections proves that there has been
at least one basaltic flow which did not obey Robinson's
Period concept, in that it poured out during the Second
Period, or that at least two tuffaceous eruptions occurred
during the First or Third Periods. Then, there is no clear
division into Periods possible, and in the opinion of this
writer the evidence for the existence of any General
Periods of pure basaltic or pure non-basaltic activity
cannot be upheld.
The upper tuff from the Slate Mountain well cor
relates with the Bull Basin rhyolite (Plate 25)• The two
rocks show also an excellent trace element agreement (Pla
te 29, Table (3.2)).
The tuff deposit east of Elden Mountain, near
the junction of the highways east of Flagstaff, contains
dacite blocks up to 3 feet in diameter. It is obvious that
such blocks cannot have been transported very far. The
glow areas of the tuff ( samples 184 or 305, both from the
same locality) and of Elden Mountain dacite sample 183
match (Plate 23), and the probable source of the tuff deposit
is found.
Sugarloaf Hill and Sitgreaves Peak (samples 110 and
235) give almost identical glow areas (Plate 23). The chemi

cal composition of the two rhyolites (Table 11.7) is quite
similar, and their origin may be related, as is explained
in Appendix C.
For Sugarloaf Hill, potassium-argon dating (ArizonaMinnesota) during this study gave a very young age, post
late Pliocene. The Sitgreaves rhyolite may be likewise
of a young, probably late Pliocene age. This conclusion
is suggested by the identity of glow areas, though no defin
ite proof can be offered. Dating evidence should appear
at a later time.
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10.

, ALPHA ACTIVITY AND POTASSIUM CONTENT IN TUFFS

(10.1) . General Statement
In the "beginning of the study of salic tuffs
(June 1959), this writer did not know about thermolumin
escence and had not yet found that it can be applied to
tuff correlation. At that time, an attempt was made to
correlate volcanic rocks by means of counting techniques,
namely alpha and beta counting. Damon et al.(1960) have
described the counting equipment and procedure applied
here.

(10.2)

O'Leary Mesa - Sugarloaf Hill Tuff Correlation
In order to check the reliability of the method,

advantage was taken of numerous test pits down to 20 feet
depth which have been opened up on O'Leary Mesa, northwest
of O'Leary Peak off the Highway 89 north of Flagstaff.
Thick, unbottomed tuff and pumice deposits in that area
were intended to supply construction material for the Glen
Canyon Dam project.
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A schematic diagram of the deposit which covers
about one square mile is given on Plate 26. It was found
that in all test pits a soil layer of 2 to 6 feet thickness
overlies pumiceous tuffs, which can he divided into two
groups:

1) the upper group containing light colored, coarse
angular pumice and handed rhyolite with abund
ant obsidian, and

2) the lower group containing lavender colored pum
ice to rhyolite, with biotite, as coarse, unsort ed deposits void of obsidian.
The color and associations are quite characteristic,
and it appeared that counting techniques should point out
some difference between the two obviously different pum
ices.
Plate 26 indicates how the stratigraphic control
in the deposit and the characteristics of the two horizons
are used to follow up the deposition. In the higher, south
eastern part of the terrain lavender pumice is the exclus
ive constituent of the deposit. In an erosional environ
ment, the higher deposit was always deposited first, so that
an age relationship is already established. The elevation
decreases to the north and northeast, and obsidian — con
taminated, light banded pumice becomes thicker. It was re
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ported in chapter (11o4) that hiotite from the lavender
pumice was separated and used to show that this material
is identical with the lava of Sugarloaf North. '
It is interesting to see how the counting data jibe with
the stratigraphic location of-the samples. Plotting the
data given in Table (10.2), the following distribution was
noted:
Table (10.1). Potassium - alpha analysis on
pumice from O ’Leary Mesa
potassium content
1.5 - 2.0 %

lavender pumice light pumice

2.5 - 3.0 %

1
1
1

3.0 - 3.5 %

3

3.5 - 4.0 %

2

2.0 - 2.5

%

4.0 - 4.5 %
alpha activity

1 (alteratio]
zone)

2
5

no group dependence

The group dependence of the potassium content was
not observed for the alpha activity, which varied from
1.07 to 2.53 alpha/mg,h for the lavender colored samples
and from 1.17 to 2.17 alpha/ mg,h for the light samples.
Higher alpha activity seemed to be preferrentially associ
ated with the lavender samples, though no clear grouping
was observed
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In the diagram Plate 27, which depicts the pot
assium - alpha activity data for the salic samples, the
two groups of O'Leary Mesa pumice are divided hy the line
K (potassium content) = 4%. Above this line, Sugarloaf
South rhyolites can "be found, and "below this line, Sugarloaf North (lavender) rhyolites. As appears from the table,
this division is only approximate, but it serves the pur
pose. Thus, E-alpha activity seems to determine some
characteristic property of a rhyolite or pumice or tuff
layer and to be useful for the description and correlation
of such deposits. Alpha activity appears to be less useful
than the potassium content, if not useless at all. This is
to be. expected, because uranium and thorium are easily
leached and redistributed in any porous material.
From an inspection of Table 10.2 it appears that
the potassium content of the two pumices is not the same
as that of the two Sugarloaf rhyolites and that it does
not even trend in the same relative direction; Sugarloaf
South is listed with 3.23% and Sugarloaf North with 3.42%.
The reason for this discrepancy is not known. However, it
should be considered that the pumiceous phase of activity
for both Sugarloafs took place in the early part of the
rhyolitic activity, and that the later produced lava seems
to suffer potassium-depletion as compared with the pumice.
This should be expected. Apparently,the degree of depletion
was different for the two Sugarloafs. There is no reason why
this would not be the case.
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(10.3)

Hopi Buttes - Thirteen Mile Rock Tuff
The diagram Plate 27 shows that two groups of samp

les occupy the K - alpha field. The higher, more acidic
group centers around the point with the coordinates K = 4%,
alpha/mg,h = 1.0. The lower group contains the Slate Moun
tain samples, the closely associated samples from the
alpha layer of Shoemaker (Hopi Buttes) and the lowest
Thirteen Mile Rock sample, and samples 133 and 275, one of
which is from Sedona and one from Thirteen Mile Rock. The
Bill Williams daoite (sample 216) has the same potassium
content as the group, hut the alpha activity is about twice
as high as that of the average. The two Sugarloaf Hill
rhyolites also show a higher alpha activity than any of
the tuffs and pumices which are believed to have been
produced in the early tuffaceous phase of Sugarloaf Hill
activity. The samples 110 and 111 have alpha activities
of 9 alpha/mg,h (Sugarloaf South) and 3.26 alpha/mg,h
(Sugarloaf North).
Tuffs do not maintain a stable level of alpha
activity under leaching conditions. Some samples of tuff
taken near drainage channels (sample 14, Greasewood) show
alpha activity up to 10 alpha/mg,h. Another sample from
the same tuff layer (sample 15), taken at a topographic
high point, gives only 4 alpha/mg,h activity. Admittedly,
both values are quite high. But they seem to indicate that
alpha activity in tuffs is subject to leaching and u n r e l i -
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able for correlation under greatly varying conditions.
The Thirteen Mile Rook samples can he divided into
two groups, namely (275, 280) and (277, 261). The potassium
contents are

0.69 and 2.32% and 3.61 and 4.04%.

Table (10.2). Thirteen Mile Rook tuff analyses
elev.

glow area

potassium %

alpha/mg,h

261

5600'

750 cm2

4.04

0.41

275

5450

645

0.69

1.14

277
280

5340

765

3.61

4200

97

2.32

0.47
0.80

sample

There seems to be no alignment of any samples along
any trend. The composition of more samples analyzed would
probably constitute a more oomplioated, erratic sequence.
Comparison with the alpha activity, however, gives the
strange result that the alpha activity is a linear function
of the potassium content, such that the alpha activity de
creases with increasing potassium content (Plate 28).
Comparison with the glow areas shows that the two low alpha
activity samples 261 and 277 have the largest glow areas.
Sample 280 has H o w alpha, activity, but the glow area does
not show the expected increase. Alteration effects were
found by microscopic study, which explain the erratic be
havior.
The composition of the Thirteen Mile Rock tuffs and
lavas in the acidic phase of activity apparently went through
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various daoitic and rhyolitic phases. In particular, the
activity seems to have started in the dacitic field and to
have culminated in rhyolitic eruptions. No significant
differences in the composition of the tuff section were
found, so that other components than dacite and rhyolite
need not he considered.
For the Mingus Mountain samples the following data
were measured:

Table (10.3). Mingus Mountain tuff analysis
sample
155
156
157
158

location

glow (cm2)

4 yd below top
M
M
8 «

485
325

■

K %

alpha/mg,h

1.68

2.53
4.12

1.80

14 ”

M

M

420

3.54

1.95

20 "

*

M

174

1.95

1.68

Again, a linear correlation between the samples
appears as depicted by the straight line on Plate 28.
In this choice of samples from Mingus Mountain the rock
type changes from daoitic (sample 158) to rhyolitic (157,

156), and then, in sample 155, drops back to dacitic com
position, based on counting data.
It would appear that different phases of different cycles
have been encountered in the two profiles sampled at
Thirteen Mile Rock and at Mingus Mountain, as should be ex
pected. But the general variation is between the same gener—
al types, and in comparable steps.
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The higher alpha activity in the Mingus Mountain tuff and
the different slope of the K vs. alpha activity lines remain
unexplained.
The glow areas vary in a way similar to the case
discussed above. Sample 158 from the "bottom part of the
section shows leaching effects similar to sample 280 and
thus strengthens the correlation. The fact that both the
bottom layer of Mingus Mountain tuff and of Thirteen Mile
Rock tuff show similar alteration and weathering effects sug
gests that both tuff layers at one time occupied a similar
elevation. Here we have a weak hint that a broad lacustrine
region may have spread to the north, northeast and north
west in the early phase of Thirteen Mile Rock activity,
which may or may not have had a connection to the Hop! Lake
of the Navajo Country.
The plot of the samples from Bidahochi Butte
(Plate 28)

follows the pattern established by the two

sets of data described above. All samples taken from the
profile fall on a straight line in the K vs. alpha activity
diagram. The slope of this line lies in the middle between
the slopes of the Mingus Mountain and Thirteen Mile Rock
lines. In fact, all three lines appear to pass through the
same point withothe approximate coordinates K = 0 ,
alpha/mg,h = 1.3. The meaning, if any, of this apparent
connection between the Thirteen Mile Rock, Mingus and Hop!
profiles cannot be uncovered.
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The Hopi tuff beds are of a rhyo-dacitic composition
in random variation. The top sample 8 jumps high into the
rhyolitic field. It was the highest sample collected in the
Bidahochi Butte section, hut it may he that beds at a higher
stratigraphic position exist in other locations.
The behavior of the Bidahochi Butte tuff samples compares
rather well with the observations made in the sections de
scribed above.
In examining the compilation of all the data on Plate

27 , some more similarities become apparent»
At the bottom of the E-alpha diagram, samples 275 and 153
lie close together, one being from Thirteen Mile Rock and
the other from the Sedona section. The Hopi samples taken in
the Castle Buttes area, about 8 miles to the west of the
Bidahochi Butte were samples 1 to 8 were collected (samples
94, 96, 102, 103), tie in nicely with the Hopi Buttes
samples in the dacitio cluster.
It is concluded that potassium-alpha analysis of
tuffs shows some trends and similarities which were not
apparent before, but it also adds some enigmatic information
and some unexpected discrepancies.
We cannot expect strong evidence from a technique which
is handicapped in its application on tuffs by their easy
alteration with respect to uranium, thorium and perhaps
potassium*
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Table (10.4). Alpha activity and potassium content
of salic rocks
The standard deviation for alpha activity and
potassium content was found to be in general 1 6
If the standard deviation for a sample exceeded this
value, it is listed in the table (in parentheses).
sample
1)

source

K %

alpha/mgh

O ’Leary Mesa samples

36
37
38
39
41
43
44
47
48
49
50
51
53
56
58

pumice pit
M
"
M
?
«
M
”
M
»•
n
«
w
»
w
V
w
•*
M
”
n
"
M
«
*;
”
w
”

II
III
IT
I no. 5
III, 7
III, 8
IT,
9
Til, 1.1
TII, 12
TII, 13
TII, 14
TII, 15
XI, 17
XII, 20
XIII,22

3.79
2.26
4.03
4.06
4.02
3.46
3.98
4.32
3.41
4.33
3.83

2.86
1.67
3.90
2.83

1.07
1.42
1.17
1.39
2.17
2.45
1.70
1.29
1.70
1.31
1.42
1.19
2.53
1.45
1.32

CM

Lower Bidahochi formation tuff samples

1
2
4
5

Bidahochi Butte, sub- °c
M

II

«c

W

?
«

e
^

M

6
7

8
9

10
12
13
14
15
16
17
18
19

20

M

2.05
2.28

1.88
1.05
1.82

P
4*
1.60
»
above 4- 4.11
m
P below lava 2.32
" grey beds
2.10
pit northwest Indian Well 3.04
Greasewood lowest tuff
3.40
Greasewood tuff (drain.)
Greasewood tuff hill
5.49
2.38
Greasewood top bed
2 miles NW White Cone
1.70
it
H
w (drai#2o56
2.02
Castle Butte -lower-bed
M
1.91
” higher bed
W

1.18

1.22
1.21
1.39
.91
1.48

1.06
2.05
2.31
1.56
1.27
9.99
4.0
3.03
.69
5.07
1.31
1.37

devia.
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Table ("10.4) continued
sample
94
97

102
103
3)

source
Castle Butte tuff
Castle Butte no. 8
0
H
top 14 yd
"
«
mid.14 yd

K %

alpha/mg,h

2.69
2.64
2 .10..
2.39

1.48
2.52

2.73
2.27
1.26

.56
3.13
.59

1.12
.74

(9.5)
C7)
(10)
(10)

Verde Valley samples

25
26
27
28
29
32
124
133

First View tuff
SB corner Clarkdale qu.
Woodchute Mountain
«
« (drain)
n
n
First View
Sedona no. 24
Sedona middle layer

—

.22
1.40
1.44
.57

1.18
3.59

.88
.99

Mingus Mountain samples - see Table (10<>3)

5)

Thirteen Mile Rock samples - see Table (10.2)

6)

Acidic cones, San Francisco volcanic field

85
107
109

110
111
159
180
192
196
199
207
216
300

Marble Hill gran.porph. 3.43
Doyle Saddle rhyolite
3.62
Agassiz road
R
1.48
Sugarloaf South .
3.23
Sugarloaf North
3.42
Kendrik Peak
2.83
Sugarloaf North
3.96
Pink Gate tuff
2.30
Pink Gate
3.58
O ’Leary North dacite
2.87
O'Leary North banded rh<,2.68
Bill Williams daoite
2.02
Bull Basin rhyolite
3.51

(8)
y<

(8)

6.26

4)

7)

devia

3.08
5.96
9.09
9.07
3.26
3.80
4.14
.33
.57
5.24
2.17
2.64
1.15

(7)

%

(7)
(10)
(10)
(7)
(11)

Slate Mountain Well samples

343-85-95
-45-55
-225-255
-270-280

2.02
1.92
1.55
1.79

.51
.47
.61
.56

(12)
(8)
(7)
(12)

Semi-nu&ntltative spectrographic bulk tuff analyses
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Plate 30

Semi-quantitative spectrograpkic tlotite analyses
normal line: 60 sec. exposure fHilger), no graphite
broken line: 60 sec. exposure (Hilger), graphite 1:1
thin broken line: 15 sec. exposure (Jaroll-Ash), graphite
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Sltgreaves Pealc, as seen from northeast
in the center (dark) the tuff pipes

Sitgreaves Peak
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(11.1)

SPECTROGBAPHIC STUDY OF TUFFS M D

BIOTITBS

General Statement
Spectrographlc work has "been used above in several

Instances in support of other techniques described. The
tuff correlation between Thirteen Mile Rock and Mooney
trail by thermoluminescence was supported by spectro—
graphic work. The table of data (Table (3.1)) shows other
tuffs and rhyolites for contrast. In that table it was
demonstrated that abundance figures for trace elements
in tuffs do occur in a wide range of combinations, and
that only for two columns out of five (in that case) a
close match in all elements considered could be achieved.
The correlation of Thirteen Mile Rock with Hopi
Buttes tuff, as described in chapter 8 , employed quanti
tative and semi— quantitative data prepared by other labora
tories (Sabels and Shoemaker, in preparation), and by the
writer. Qualitative and semi-quantitative work at this
point was checked against quantitative data from another
laboratory (compare Tables( 8 .1), (8 .2) ,(8 .5)).
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In the following chapter, further spectrographic
work will he presented, performed on purified micas, and
in chapter 14 work on basaltic lavas in various forms of
magnetic concentration will be described.
The micas were concentrated from bulk samples between 50
and 200 lbs. weight. The basalt samples were generally of
hand specimen size. Therefore, mica concentrates give an
average sample which might well represent a larger rock
mass. Hand specimen size basalts are probably less repres
entative . No data are intended to imply that they truely
reflect the composition of whole rock outcrops or whole
mountains. For each element there exists a range of abund
ance, and it is necessary to know something about this
range. Because in trace element work it is not possible
to establish safe limits of abundance for each element,
it is advantageous to point out the extent of agreement
between certain samples by pointing towards other samples
from the same area or rock type, which are of different
;•

'

:

•

trace element composition and show a definite contrast.
This has been done on Plate 29, where the two bottom samp
les indicate a contrasting trace element distribution.
The pure micas analyzed were originally concentrat
ed for dating purposes. Spectrographic work on pure
mineral phases is believed to be of greater significance
than analysis of the bulk sample.
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(11o2)

Qualitative and 3 emi-Quantitative Spectrograpky
3!he Hilger prism spectrograph of the College of

Mines and the Jaroll-Ash grating spectrograph of the De
partment of Chemistry, Arizona State University, lempe,
were both employed in this study. In both eases, aro
spectra of the first order were used, the working range
was between 2000 and 4500 Angstrom, and the current was
9 AmpSres (Hilger) or 12 Amperes ( Jaroll-Ash) • Arcing
was done for one minute in the first case and for 20 to
15 seconds in the second case. Graphite powder was ad
mixed in the samples in the ratio 1 :1 to prevent beads
from forming and avoid incomplete volatilization of the
elements with high ionization potential. Some of the
earlier data gained with the Hilger were later confirmed
with the Jaroll-Ash instrument, and reproducibility of
each set of data was insured by repeated runs. (The
evaluation of the data was by densitometry. Dr. Kassander
of the Institute of Atmospheric Physics, University of
Arizona, helped out with a densitometer for the reading
of the Hilger films. The plates exposed on the JarollAsh instrument were evaluated by means of a densitometer
with scanning device.

(11o5)

Intercorrelation of Tuffs
Plate 29 shows a bulk plot of many tuff samples
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from various areas. The Thirteen Mile Rock, Mingus Moun
tain, Sedona, and Hopi Buttes samples show various simil
arities and certain dissimilarities, which could he dis
cussed in detail but which mean little unless t k y are
judged against a background of other samples. Slate Moun
tain tuff and O'Leary Northeast tuff show a distinctly
different trace element pattern, which is rather clearly
expressed by the elements Zn and Sn. These two elements
are either more or less abundant in the two contrasting
tuffs, as compared with the four tuffs in the upper part
of the diagram. A similar behavior is shown by Cr and V.
The diagram is not intended to be used for any de
tailed correlation, nor is it considered to present any
sufficient evidence of the Hopi, Sedona and Mingus tuff's
derivation from the same source, namely Thirteen Mile
Rock. To this end, quantitative work on purified mineral
fractions would be necessary. But the diagram does point
out that the tuffs from the four localities discussed have
in common a trace element distribution of considerable
similarity, which is not shared by other tuffs from
localities which are believed to be of no genetic relation
ship to the Thirteen Mile tuff. Moreover, the rather small
spread in the Hopi tuffs analyzed suggests that the twelve
Hopi beds did come from the same source. If they had been
produced by various tuff cones in different parts of nor
thern Arizona, one should expect that the range covered by
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the abundance figures for every single element from
Hopi Buttes tuff would not he about equal with Thirteen
Mile Bock and Mingus and Sedona tuffs, but would go from
one side of the diagram to the other, as would indeed be
the case if we plotted representatives from each locality
listed into one accumulative field.
The similarity of trace element abundance for tuffs
from the four localities stated and their distinct dis
similarity as compared with tuffs from other localities
is a phenomenon comparable to the results of thermolumines—
cenoe

work (chapter 9). There it was shown (Plate 24)

that the T — I plot of the tuffs studied led to a concen
tration of the same samples which we are discussing here
from another point of view into a rather small area in the
diagram, which was completely free of any samples from
other areas. The significance of the spectrographic data
on Plate 29 lies in the result that the trace element dis
tribution for some tuffs is quite similar, and that the same
tuffs have been found by other techniques to have similari
ties which are not shared by other samples.

(11.4)

Semi— quantitative Work on Biotites
Weathered, discolored or otherwise affected micas

have been separated out from the mica concentrate by hand
picking. Magnetite and hornblende are removed as far as
possible. There remains a pure mineral phase which is re
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presentative of the micas contained in the rhyolite samp
led. Therefore, discussion of individual elements and
their abundance figures seems to he safe and justified.

(11.5)

Sugarloaf Hills Biotites
Robinson (1913) mentions three different rhyolite

flows in the Sugarloaf area, immediately east of San
Francisco Mountain. In a spectrographic analysis (Plate
30) of the two purified micas from Sugarloaf North and
Sugarloaf South, it was observed by this writer that Mg
is more abundant in the northern rhyolite, and Al, Ga, Rb
are more abundant in the southern rhyolite. An inspection
of the first two samples represented on Plate 30 will re
veal the following differences and similarities:
Mg,Sn,Gu are more abundant in Sugarloaf North;
Al,Ga,Rb,Zn,V,Mn,Fe are more abundant in Sugarloaf South. The biotites of Sugarloaf South are very dark
and intergrown with many tiny magnetite crystals. The
high magnetic susceptibility of the southern biotite is
quite characteristic. In fact, it created a concentration
problem.
It is believed that the chemical difference bet
ween the two micas is a true, genetic difference, in that
the Mg-rich biotite (and the rhyolite that contains it) is
the older of the two.
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Potassium analysis and alpha counting gave the foll
owing results;

Table (11.1). Potassium - alpha activity analysis,
Sagarloaf rhyolites
location
Sugarloaf North
Sugarloaf South

potassium, %

alpha activity /mgh

- 3.42
3.23

3.26
9.07

Thus, the uranium-thorium content is about three times as
high in the (later) Sugarloaf South as compared with the
Mg-rich (older) Sugarloaf North. This should be expected;
uranium should be more abundant in the rock with Al-Ga-Rb
preponderance and should be depleted, when Mg and the
indicators of basic character gain weight.
The third sample, 233 on Plate 30, is a blotite
concentrated from Sugarloaf pumice. Stratigraphic control
demanded that this sample be identical with the Sugarloaf
North rhyolite (= blotite). Comparison with sample 111
shows by absence of Zn and abundance of Sn, Cu, and short
age of Ga and Rb, that this is correct. The correlation
is given in the following table, page 154.
Sample 197 (Bull Basin rhyolite) shows an abundance
in Cr, Mn, Cu, Sz^ Zn, T, in which elements it exceeds most
other biotites analyzed* One of the two background samp
les in the bulk analysis of tuffs (Plate 29) was from
Slate Mountain tuff. It can be found on that plate that
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Table (11.2). Comparison of trace element abundance in three
biotites from the Sugarloaf area.
element

Sugarloaf North

Sugarloaf South O ’Leary pumice

( relative

abundance

)

0
20

Zn

0

30

Sn

15

5

Cu

30

(18)

25

(10)

38

(42)

Mg
Ga

36

(46)

30

(35)

37
36

(39)

Rb

15

27

55
42

28

Slate Mountain tuff shows greater abundance in
Cr, Mn, Sn, Zn, Pb
than the other tuffs presented. The Slate Mountain and Bull
Basin rhyolite and tuff were correlated by thermolumines
cence (Plate 25) because of very good agreement in their
unique glow curves.
As was pointed out above, it becomes again apparent
that there is a relation between the similarity in glow
area and in trace element distribution. The close agree
ment between Bull Basin - Slate Mountain samples and bet
ween Thirteen Mile - Sedona - Mingus - Hopi Buttes samples
both in trace elements and in thermoluminescence glow curves
cannot be merely accidental. It is believed that glow curves
express the chemical composition of a sample in very com
pact , still little understood form.
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Sample 215, Bill Williams Mountain daoite blotite,
shows maximum abundance of
Mg, Hi, Co, EL, Pb, Cr, Cu,

(v)

as compared with the rhyolite biotites analyzed. Comparison
with the discussion in chapter 8 shows that the San Francis
co rhyolites were deficient in the following elements as com
pared with the tuffs from Hop! Buttes:
Co,Cr,Cu,Ni,Y,(Ce,La,Sr,B,Ba,Sc) (Mg not analyzed)
This comparison opens up another hypothesis for the ex
planation of the greater abundance of the elements listed
in the Hopi tuffs, namely, their derivation from a dacitic
rather than from a rhyolitic source. At this point, during
the interpretation of the biotite data, this possibility
was found. In order to avoid duplication of the discussion
this hypothesis has been incorporated into chapter 8 and
has already been dealt with. It is important that the
data which are under investigation here are semi-quanti
tative data produced by this writer, while the rock analy
ses presented are quantitative data produced by a labora
tory of the United States Geological Survey. Thus, the
connection between chapter 8 and this work represents a
check on the reliability of the semi-quantitative work on
biotites. It turns out that the biotite analyses lead to
the same result as the quantitative data presented in
chapter 8 (Table 8.2), so that a valuable control is gained.
Thirteen Mile Bock rhyolite was described as a horn-
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■blende-biotite rhyolite. It becomes clear that the qualita
tive spectrographic analysis of Thirteen Mile Rock tuff
gives higher values for some metals than do purely rhyol
itic rocks from the San Francisco field (Table 11.3). The
metals available in excess

over other rhyolites are the

same which are present in excess abundance in the Bidahochi tuffs, as compared with San Francisco rhyolites,
Co ,Cr,Cu,Ni ,V.
Therefore, trace element similarities and dissimilarities
between different tuffs have meaning and can be explained
with varying dacitic or rhyolitic character of the tuffs.
Having pinned down the source of the Hopi tuffs
as a rhyo-dacitic source, we note that there is no horn—
blende-rhyolite-tuff section west of the Little Colorado
river which comes even close to the thickness of the Thir
teen Mile Rock section. The evidence for the proposed
origin of the lower Bidahochi tuffs in the Thirteen Mile
Rock area is strengthened considerably.
The relationship between rhyolite and dacite just
described is borne out by a comparison of. samples 225 and
85, Plate 30. The first sample is a hornblende dacite biotite, the second sample a granite porphyry biotite. The
granite is richer in

Sn,Zn,Al ,K,Ga, and the dacite abounds

in Y (Table (11.3), page 157).
None of the elements listed as abundant in the granite
are abundant in the Hopi tuff, but the y of the dacite is
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Table (11.5). Spectrographlc comparison of a dacite biotite
(sample 225) and a granite porphyry biotite
(sample 85)
element

(relative abundance)

sample 225

sample 85

Zn

0
0

8

A1

45

48

K

47

50

0

57

50

20

Sn

Ga
7

5

less abundant in any pure rhyolitic source (hornblendefree). The result is another indication for homblendebiotitio- rhyolitic or dacitic derivation of the Hopi
Buttes tuffs and against sanidin—rhyolitic or granite—
porphyritio derivation.
The last two samples from Plate 50 to be compared
are the biotites 110 (Sugarloaf South) and 515 (Sitgreaves
Peak). It has been pointed out above that the samples
110 and 255 (Sitgreaves rhyolite) had identical glow areas
(Plate 25), and identical origin for the two rhyolites
was postulated. Sample 255 is a rhyolite taken from the top
of the mountain and consists of banded rhyolite similar to
Sugarloaf South rhyolite. The biotite sample 515 was taken
from the tuff pipe in the center of Sitgreaves volcano
(Tables (11.4),(11.5), H a t e 51).
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After the agreement in glow areas between Sugarloaf Hill rhyolite and Sitgreaves rhyolite was established
similar agreement was expected in the trace element dis
tribution in the micas from the two localities. But this
was not so. Sugarloaf South biotite is more abundant in
the elements
Sn,Zn,K,Ga,Rb
and Sitgreaves biotite is more abundant in the elements
Y,Cu,Ni,Co,Ti,Mn,Pb,Cr.
In comparing these two micas, it must be kept in mind
that the Sugarloaf biotite was separated from a bulk
sample collected at the north slope of Sugarloaf Hill,
and that this rhyolite hill contains biotite in similar
abundance in any part of its mass. Sitgreaves biotite, on
the other hand, is not equally distributed through the
Sitgreaves rhyolite. This writer found the Sitgreaves
tuff pipes in the center of the volcano

which are

associated with the only biotite occurrence noticed so
far in Sitgreaves Mountain. Biotite therefore is not a
typical accessory of Sitgreaves rhyolite. Moreover, the
biotite found in the center of Sitgreaves Mountain is
not typical for the rhyolite, but would rather be expected
in a dacite. The Sitgreaves rhyolite is associated with
hornblende, which also does not occur anywhere in the
mountain outside of the pipe area.
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Table (11»4). Quantitative analysis of Sitgreaves and
Sugarloaf Hill rhyolite; condensed form of
Table (8.2) (after Sabels and Shoemaker)
element

(A) Sugarloaf

(B) Sitgreaves

0
0

0

Co
Cr
Cu
Hi
Pb
V
Ga

.0005
.0007
.0008
.0026

—

.00045

.0012

0
.012
0

.0016

.005

abundant

A
A
A
B
A
B

Table (11 .5). Semi-quantitative analysis of biotite
from Sugarloaf Hill and Sitgreaves pipes
(data from Plate 50)
element
Co
Gr
Cu
Hi
Pb
V
Ga

(A) Sugarloaf

0
0
12

(55)

0
15

0

(25)

55

agrees
more
(B) Sitgreaves abundant with rhy
50
17
57

10
20
0
0

(40)
(80)

B
B
B
B
B
B
A

no
no
no
no
yes
no
no

Conclusions: (Quantitative data). In Sugarloaf rhyolite
(bulk) , the elements Cr, Cu, Hi, V, are more
abundant than in Sitgreaves rhyolite, and
the latter shows a greater abundance in Pb
and Ga«
(Semi-quantitative data). Sugarloaf biotite
abounds in Ga; Sitgreaves biotite is abund
ant in Co, Cr, Cu, Hi, Pb, V and is associated
with hornblende. It appears to have no
genetic relationship with Sitgreaves rhyolite.
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Tables (11.4) and (11.5) show that the bulk rhyol
ites from Sugarloaf Hill and Sitgreares Peak have, by and
large, a similar composition. Sitgreaves abounds in Pb
and Ga over Sugarloaf rhyolite and thus indicates that
it is even slightly more on the silicic side than is
Sugarloaf rhyolite. This fact may also be expressed by
,the absence of biotites in the general Sitgreaves rhyolite
outside of the pipe areas and the occasional presence of
sanidine, while Sugarloaf shows everywhere dark, magnetite
rich biotites.
On the other hand, Sitgreaves biotite, which only
occurs in the pipe area, is associated with hornblende,
which is absent at Sugarloaf, and shows a trace element
pattern (Table(l1.5)) quite reversed from what should be
expected. If the Sitgreaves biotite would conform with
its rhyolite, it would abound in Ga and would be defi
cient in Co, Cr, Cu, Ni and Y, as compared with Sugarloaf
mica.

But the opposite is true. Sitgreaves mica from

the pipe area has no similarity with Sitgreaves rhyolite.

If the biotites and hornblendes from Sitgreaves
pipe were magmatic products and were implaced simultan
eously with Sitgreaves rhyolite as primary minerals, they
should he equally well distributed throughout the whole
mountain, and the chemical composition of the Sitgreaves
rhyolite should be comparable to the chemical composition
of the Sitgreaves biotite, as is the case for the Sugarloaf
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rhyolite and biotite.
Since neither is the case, it must be assumed that the
biotite and hornblende are products of later thermal
activity. A similar result was arrived at by thin section
work as described in Appendix C. Robinson (1913) arrived
at a similar result and invoked fumarolic activity to
explain the minerals in Sitgreaves rhyolite. It is of
importance that he also recognised the secondary nature
of quarts, feldspar (and mafic) phenocrysts, though he
did not mention the pipe area in bis report, nor the
biotite and hornblende contained therein, and there is no
evidence that he ever saw the pipe area of Sitgreaves
Peak described here.
Other explanations of the discrepancy in chemical
composition

of Sitgreaves rhyolite and mica and of

localized occurrence of hornblende and biotite can be
thought of, but they are hard to defend.
Later alteration of Sitgreaves mica to their present com
position would necessitate the same mechanism we need
for a secondary implacement and would moreover have to
remove all the micas from the main part of the rhyolite
mountain without leaving any relicts} a monumental task.
Original implacement with the rhyolite would necessitate
separation of two different magmas of simultaneous exis
tence.

This writer believes that Robinson came close to

the truth when he thought of fumarolic activity in the

Sitgreaves area, connected with secondary introduction of
mineralso This interpretation, "based on field study and
thin section work, is confirmed by the discordant results
of spectrographic studies and by the contrasting, concord
ant glow areas found by thermoluminescence study on Sitgreaves and Sugarloaf South rhyoliteo

The Sitgreaves biotite was concentrated for pot
assium-argon dating » The result of this study necessitate
the question about the meaning of a geochemical date on
Sitgreaves biotite. Would this date give the age of the
rhyolite - tuff pile named Sitgreaves Mountain ? Probably
not. And nobody can tell how much time passed by between
the formation of the mountain and the formation of the
biotite.

Plate 52

South Humphreys cross "beds
interior valley, San Francisco Mountain
elevation about 10,000 feet

Plate 33

Fig. 1. Eolian cross—bedding of tuffaceous beds,
south wall of Humphreys Peak

Fig. 2. Sitgreaves tuff pipes, obsidian enclosure
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(12.1)

SOME OTHER TUFFS AND RHYOLITES
General Statement
Robinson states that the acidic and intermediate

lava flows were extruded in the Second General Period of
eruption. They followed the basalts of the First General
Period of eruption, according to Robinson, and are young
er than the latter.
The Period concept of Robinson no longer with
stands criticism. In the course of this study, three pot
assium - argon dates were measured, one of which gives
14 million years, and the other less than 3 million
years for lavas of the ”Second Period". Such a long
time interval for the eruption of acidic and intermedi
ate lavas exclusive of any basaltic activity was certain
ly not in the mind of Robinson. Besides, there is no indi
cation that the lavas dated are necessarily the oldest
or youngest acidic rocks extant.
Thus, potassium - argon dating leads the Period concept
of Robinson ad absurdum.
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Several pieces of evidence for acidic and inter
mediate volcanism in the "beginning phase of volcanic
activity in the San Francisco field were found. These
will he discussed "below.

(12.2)

Drill Records
Mention was made of the drilling work listed by

Howell (1959, page 103). Rhyolitic tuff was found underneath older basalts north and northeast of San Francisco
Mountain, up to the area of the "Spider Web" near Black
Point lava flow. This writer was unable to find the drill
ing firm, and no other record besides Howell’s dissertation
can be given here.
From the Open File records of the Arizona Land
Department the following well logs were obtained.

Table (12.1). Drill hole A-22-8, 33, Doney Park near
Elden Mountain, Flagstaff area
depth (feet)
15

20
30
35
40
50

60
70
95
145
185

identification
missing
soil dark yellow brown
clay and fine sands
sands, light reddish brown
sand and pebbles of red cinders
sand, few pebbles of purple and
light grey voleanics, white chert
sand darker brown
clay pink and chert pebbles
sand
sand and silt brown to light reddish
as above but coarser grained, pebbles
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Table (12.1) continued
depth (feet)

identification
sand, silt granules, largely tuffaoeous, light greyish brown
silt, light yellowish tan, very limey
Kaibab limestone

270
285
293

Table (12.2). Drill hole A-22-8, 33, gentle slope east of
Mount Blden, 7000 feet elevation, Doney
Park - Black Park area near Flagstaff
depth (feet)

identification
soil
boulders
soil, loose rock
red sandstone
soil, loose rock
soft tuff or lava, small strip of
coarse gravel at 210 — 217
Kaibab limestone

29
34
118
141
194
293
410

Table (12.3). Drill hole A 24-5, 343, Babbit Ranches,
Slate Mountain well, 1 1/2 miles south of
Slate Mountain, sections 10, 11> T 24 H,
R 5 B
depth (feet) £ “ tloa a ^ h e s 1
30
35
45
55
65
75
85
90
95
105
115
125

weak
strong
strong
none
N
n
n
ii

weak
weak
weak
weak

3/16
1/8
41/64
-1/64
-1/64
-1/64
-1/64
—1/64
3/8
1/2
3/16
1/4

description
basalt flow red-brown
M

H

fine grey vole, tuff
slightly coarser tuff
much finer tuff
slightly coarser tuff
W

It

W
H
hard dark basalt
ii

ii

ii

brown basalt.ash
basalt

H
M
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Table (12.3) continued
acid
size
depth (feet) reaction (inches)
130
135
145
155
165
182
195
205
215
225
235
250
260
270
275
280
292

(12,3)

weak
weak
none
M
M

weak
none
H

weak
none
medium
none
medium
medium
medium
weak
none

1/8
-1/8
3/16
1/8
3/16
3/8
3/16
1/8
-1/8
1/8
-1/64
1/16
-1/64
1/64
1/64
1/64
3/16

description
basalt
H
M

*#

,

M

W
M

*
W
$#
light grey volo# tuff
subangul.basalt. frag
light grey tuff
«

n

..

m

H

«

«

(!)

dark red vesicular
basalt flow

Tuff enclosures in lavas
Rhyolitic tuff is known from the Little Colorado

area where it underlies the "basaltic lava flows. This
writer has collected tuff enclosures from basaltic flows
and basaltic pyroclastic beds in the Winona area (thanks
to Mr. Maurice Cooley), Extensive tuff deposits under
basalts have been found by private prospectors near
Winpna - Little Colorado, according to Mr. L.F. Brady.
Chunks of white, rhyolitic tuff have been brought to the
Museum of Northern Arizona from that area for identif
ication, but the prospectors did not release any inform
ation as to the location of the deposit.
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Other tuff enclosures were found in Bonito flow
and in thin sections in the dark dacitic lavas of O ’Leary
Mesa.

These tuffs prove that the Bonito Park area east

of San Francisco Mountain is Indeed underlain by tuffs.
An outcrop of tuff was found northeast of O ’Leary Moun
tain, at an elevation of 7,750 feet.
In San Francisco Mountain, in the interior valley,
a tuff enclosure was taken from a dacitic dike and identi
fied by thin section (Appendix G). The amorphous tuff
grains are very similar to Sitgreaves rhyolite - tuff.
This means that rhyolitic tuff must exist somewhere in
the substratum of San Francisco Mountain. According to
Robinson (1915), the lower part of San Francisco Mountain
is composed of latite. In this case, latitic inclusions
would be expected in the young dacite dikes which dis
sected the cone after its completion. Rhyolitic tuff in
clusions in the dacite prove that the model of the history
of San Francisco Mountain as developed by Robinson does
not suffice to satisfy the field evidence. Rhyolitic
activity must have preceded the latitic activity of the
volcano. An outside source for this tuff is excluded by
coarse rhyolitic breccia found associated with crossbedded
rhyolitic tuff and which cannot have been transported very
far.
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(12.4)

South Humphreys Crossbeds
Several hundred yards to the west o f the dacite

dike which bore the tuff enclosure reported above, an
unbottomed sequence of tuffaceous beds crop out, partly
showing eolian crossbedding, and enclosing dacitic
blocks. These beds have not been described before.
The locality (Plates 31, 32) is in the Alpine
Valley, north of the core region of San Francisco Moun
tain. At the bottom of the section, black pitchstone
crops out, which encloses breccia of rhyolitic tuff
with many quartz and feldspar phenocrysts, and pebbles
of dacite and older, weathered basalt. The material dips
to the north.
A phase of rhyolitic activity seems to be indicated pre
ceding the emplacement of the overlying pyroclastics and
ash beds. Moreover, the gradient of the overlying beds
points to the northwest, so that the center of the vol
cano apparently shifted eastward and ejected the pyro
clastics from an orifice to the east of that which pro
duced the pitchstone - breccia.
Tuffaceous sediments overlie:the black breccia.
They contain dacite blocks up to several yards. Toward
the top, the sediments get finer and well sorted, and
grade into crossbedded strata. The dip is almost 33°,
the apparent strike N 70°Eo The bedding is eolian cross
bedding.
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The dacite blocks (dacitel) must he older than the
daoite from the east - west and from the north - south
trending dike intersecting the south wall of Humphreys
Peak. These dikes contain abundant biotite, and it is
suggested that the dacite boulders embedded in the crossbedded strata are significantly older than the dikes
cutting the crossbeds. After the deposition of the tuffaoeous sediments containing the dacite blocks, about two
thousand feet of pyroclastics and lavas were deposited
to complete San Francisco Mountain. Then the dacite dikes
mentioned above were emplaced, dissecting the whole moun
tain and forming a huge patch of hornblende dacite to the
northeast of Humphreys Peak.
It is suggested that the micaceous dacite boulders
in the crossbedded strata be dated by the potassium —
argonnmethod. They represent the oldest micaceous rooks
this writer found in the San Francisco Mountain.
Microscopic examination of the crossbedded sedi
ments shows tuff with abundant mafic constituents, horn
blende and micas. The composition is dacitic and indicates
that tuffaceous activity lasted through the (deeper) rhyol
itic stage into a dacitic stage, and then, after a period
of quiescence, erosion (large blocks) and wind transport
ation and sorting (crossbeds), pyroclastic activity was
resumed.
It is not certain whether the horizontal dike of
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dacite II is identical with, the vertical dacite III. if
this were not the case, we would here deal with three
hornhlende-hiotite dacites of different age. According to
Robinson, only one stage of the second period produced
hornblende — biotite dacite. This dacite occupies the
saddle between Humphreys Peak

and Peak F and therefore

had to be emplaced when the mountain was an almost com
pleted structure. On the other hand, the dacitio blocks
here described lie about 2000 feet underneath the out
crop in the saddle. It is apparent that rhyolitic and
dacitic activity recurred at least twice, and that the
stage concept for the Second Period of Robinson for the
construction of San Francisco Mountain is an oversimpli
fication.
The tuff enclosure described earlier is much
purer than any tuff seen in the outcrop here described
and could well come from a primary tuff deposit under
neath San Francisco Mountain, while the crossbeds certain
ly represent redeposited material. Tiny, submicroscopic
enclosures in the pure tuff may consist of either horn
blende or biotite.
Some of the tuffaceous material in the finer
parts of the deposit shows greenish alteration and sugg
ests weathering of the tuff for some time before it was
buried. No bottom to the sedimentary layer in the south
wall of Humphreys Peak is exposed, and it is unknown how

thick the agglomerate - erosshed layer is. Does this
sone of alluviation indicate the existence of an an
cestral predecessor of the modern San Francisco Moun
tain?

Are we here standing at the flank of a middle

Tertiary volcano, which was eroded and worn down be
fore renewed activity in late Tertiary time gave it its
final shape and size? It appears entirely possible that
this is the case. Several reasons may be listed which ,
indicate that (Miocene?) rhyolitic activity formed an
ancestral mountain at the site of San Francisco Moun
tain:
1) San Francisco Mountain is situated atvthe
intersection of several major structures of northwestern
and northeastern trends. These trends are expressed in
the alignment of several older and younger, basaltic
and acidic cones in the San Francisco volcanic field
(Kelley, 1956; Majo, 1959). Even though no particular
age assignment can be connected with structural trends,
it appears that early movements along fault zones are
quite conceivable, and there is no reason to confine
these and their probable associated volcanism to the
Pliocene time.
2) The East Kaibab monocline ends in the San
Francisco volcanic field. Its two salients encircle the
San Francisco Mountain before they run out in the Oak
Creek and Sycamore Canyon areas. According to the law of
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mutual substitution of tectonics and volcanism (Cloos),
some connection should exist between the movement along
the monocline and the volcanism in the San Francisco
volcanic field. This writer believes that the most sig
nificant folding and faulting activity at the East Kaibab
monocline in northern Arizona did not occur until middle
Tertiary time, and that associated volcanism in the
ancestral San Francisco Mountains is quite conceivable.
This writer cannot comprehend, why the East Kaibab mono
cline should deviate from its continuous north-south
course, branch and encircle the area of San Francisco
Mountain with its two salients (Plate 6) about SO million
years ago, and why complete quiescence should be main
tained during and after such a major tectonic disturb
ance, until some few million years ago San Francisco Moun
tain would emerge at a spot so significantly marked so
much earlier. It is much more likely that, similar to
other areas of volcano— tectonic activity in the world,
tectonic deformation along the East Kaibab monocline and
volcanism in the San Francisco volcanic field had a more
dependent relationship, just as it is expressed in the
field.
3) Howell found rhyolitic tuffs in the Miocene (?)
Chetoh beds in Arizona - New Mexico.
4) The Cedar Ranch section (Plate 21) contains
coarse tuffs from a close source, believed to be older
than Pliocene.
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Finally, the question must arise as to why horn"blende-hiotite tuffs from the early activity of gam
Francisco Mountain could not have caused the lower Bidahochi tuffs In the Hopl Buttes, and why these tuffs are
derived from the Thirteen Mile Rook section.
This writer "believes that the early activity of San Fran
cisco Mountain probably preceded the deposition of the
lower Bidahochi beds. Moreover, it is believed that a
repetition of the tuffaceous activity in San Francisco
Mountain over a long time interval, as necessary to ex
plain the deposition of the twelve tuff beds in the Hop!
Buttes, is hard to envisage for a plateau volcano.
Thirteen Mile Rock, on the other hand, for reasons of
Plateau uplift and its situation in the Mogollon Rim,
very likely had repeated activity over a longer time
interval.
Until the micas from the South Humphreys cross
beds are dated, there will be no definite evidence that
an ancestral San Francisco Mountain ever existed.
And even if the dating should not confirm this assump
tion, it is conceivable that older rocks will be found in
the mountain and will be dated some day. This writer
anticipates to concentrate micas

from the crossbed dacite

and from various tuff deposits, and to analyze them quant
itatively for correlation purposes as exemplified above.

The possibility that the ancestral San Francisco
Mountain produced tuff at the proper time to he deposit
ed in the lower Bidahochi member at Hop! Buttes cannot
be completely ruled out. But the evidence accumulated
i i•
and presented in chapters 8 to 11 and in Appendix A
for a derivation of the lower Bidahochi tuffs from
Thirteen Mile Rook at this moment leaves little room
for other possibilities.
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13.

CORRELATION OF EVENTS IN NORTHERN ARIZONA
IN LATE MIOCENE AND PLIOCENE TIME

(13.1)

General Statement
The various events of rhyolitic - tuffaoeous vol-

canism, of deposition of lake "beds, emplacement of andes
itic and "basaltic lava flows and uplift of the Plateau
and formation of the Verde Valley are not independent of
one another. The Thirteen Mile tuff had to he in place
when the covering ten lava flows were erupted, and the
Verde Valley cannot have existed at that time. This is
because the Mingus Mountain flows were correlated with
the flows both on top of the Hogollon Rim in the Sycamore
Canyon area and in the Thirteen Mile Rook area.
The Hopi Lake cannot have existed and given room to the
deposition of the Bidahochi formation (lower member)
after the Plateau had been uplifted to a certain height
and the present drainage been established. It will be
analyzed here which age limits have been established, and
how the various events fit together.

175

176
(13.2)

Voloanism, Deposition and Erosion
For the base of the Thirteen Mile Rock volcano

an age of little more than 14 million years was found
during this investigation. The base of the lower member
of the Bidahochi formation is, according to Lance (1954),
of upper Miocene or lower Pliocene age, and it was shown
that there is good evidence to consider the two dates coz>relatible.
At the top of the middle, volcanic member of the
Bidahochi formation is the White Cone member, for which
a middle Pliocene age is indicated (Stirton, 1936; Lance,
1954). Then paleontological evidence would indicate that
the interval of deposition of the tuff beds among the
accumulating lake beds of the lower member of the Bidaho—
chi formation and the following volcanic activity during
the deposition of the lavas of the middle member of the
Bidahochi formation both lasted from late Miocene - early
Pliocene to middle Pliocene time.
In the preceding chapter was stated that the time
interval of deposition of the Bidahochi tuff beds is be
lieved to be identical with the time interval of Thirteen
Mile rock volcanism. Complications arise because the Thir
teen Mile Rock activity must be completed, and the cover
ing basaltic lavas in place, before Basin and Range fault
ing set in at late Miocene - early Pliocene time.
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Further complications arise from the uplift of the Plateau
and establishment of the northward drainage which seem to
be incompatible with the existence of the Hopi Lake and
deposition of the lower Bidahochi beds.
According to Dr. Evernden, University of California,
(oral communication in February I960), most evidence by pot
assium - argon dating for Basin and Range block faulting
and Plateau uplift in Nevada and Utah suggests an age of
9 to 11 million years. This figure should also apply to
the faulting and uplifting in Arizona. If it were valid,
it would leave a time span of about 2 to 3 million years
for the build - up of Thirteen Mile Rock volcano and the
deposition of the lower Bidahochi lake beds, and would
allow time in order of magnitude of another million years
for the emplacement of the ten basaltic lava flows on top
of the tuff sections in the Hickey formation and perhaps
also in the Bidahochi formation.
Then, about 10 million years ago, the Hopi Lake, which
also should have embraced the eastern part of the Verde
Valley and Cedar Ranch sections, should have been drained
by the progressing Plateau uplift. The Verde Valley would
have appeared at that time, together with the other basins
and ranges, and the Canyon Cycle of erosion would have
set in, together with continued volcanism in the San Fran
cisco field and adjacent areas, including the Hopi Buttes.
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Stream deposition and erosion would have taken
up the major part of the remaining Pliocene time. There
are the stream "beds of middle Pliocene age in the Hopi
Buttes (White Cone member), the fossils of which have been
mentioned repeatedly. And there are the Verde Valley lake
and stream beds and some stream deposits intercalated
with basaltic lava flows in the San Francisco field.
Stream activity was reported from the Crookton overpass
area in the Mount Floyd field where coarse tuff blocks
have been redeposited.
In the Hopi Buttes, stream deposition certainly
yielded to erosion at an early date, probably post middle Pliocene, while in the Verde Valley area deposit
ion prevailed throughout the Pliocene and Pleistocene
time. Evidence for this statement is derived from the
House Mountain lavas near Montezuma Castle, which are
sandwiched between Verde lake beds. House Mountain was
studied by thermoluminescence (Appendix B) and is believed
to be of Wisconsin age.
Plate 34 depicts the model for northern Arizona
late Cenozoic geochronology here proposed.
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Floyd tank tuff - rhyolite, flow structure

14.

THE BASALTIC LAVA FLOWS OF THE SAIf FRANCISCO FIELD
AND ADJACENT AREAS

(14.1)

General Statement
H.H. Robinson stated (1915) that the basaltic lava

flows of the First and Third General Period of eruption in
the San Francisco volcanic field are so similar in com
position that they cannot be distinguished, neither in the
field nor in the laboratory. In agreement with Robinson
this writer finds after extensive thin section and spectrographio work on various lava flows that no general chem
ical or petrographic criteria can be established which
would apply to any single "Period" of volcanism. This
writer, however, draws the conclusion from this evidence
that there is no reason to define any definite "Periods"
of volcanism.
Individual flows can well be studied and character
ized by their differences in chemical composition and
mineralogies! composition. However, on the whole, there
are no typical trends or evolutional directions.
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An easy and reliable way to classify basaltic lava
flows is by means of their alpha- and beta activity and
the uranium-thorium- and potassium content calculated
therefrom*

(14*2)

Potassium - alpha Diagram of Basaltic Lava Flows
The plot of 65 lava samples in the K - alpha net

(Plate 55) shows a clustering of the samples around the
point K = 1#, alpha activity = 0.5 alpha/mg,h.
This value appears to be most typical for most lava flows
of the San Francisco volcanic field. No single flow can
be represented by a single point. As one example Bonita
flow may be taken, of which 15 analyses are represented
on Plate 36, taken from 15 different samples from all
parts of the flow. Though the average value for Bonito
flow coincides very well with the average of San Francisco
field, the individual analyses are scattered over the
range 0.5% to 1.5% K and 0.3 to 0.6 alpha/ mg,h. The
standard deviation of the individual sample is below

6% in most cases and below 12% in all cases.
Many other lava flows, of which only one sample could be
analyzed, may be misplaced considerably. The experimenter
must be aware of the range within which the samples from
each lava flow lie. The most practical application of this
awareness lies in the fact that there is little sense in
cutting down the standard deviation further and further
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if the sample represents one random spot in an area widely
exceeding the standard deviation. On the other hand, counting
with a large standard deviation might give scattered data
and cause the impression of varying chemical composition,
though quite uniform hasalt might he dealt with. Thus, the
only correct way is to keep.: the accuracy high and the
standard deviation down, until it becomes apparent whether
some scattering due to compositional variation exists.
In case of Bonito flow (Plate 36), the standard de
viation is 6

This means that 1/3 of the values may lie

outside of 6

1/6 of values outside of 12

etc.

The direct calculation of the standard deviation for all
Bonito samples gives 12 #, thus indicating that a large
part of the spread in alpha activity may he due to sta
tistical counting fluctuations. If an attempt would be
made to show that chemical compositional fluctuations
cause the scattering of samples, the counting statistics
would have to he greatly improved and the areal spread
of those samples with a much smaller standard deviation
would have to he compared with the ones gained in Plate
36. If no appreciable reduction in scattering were found,
some conclusions as to the compositional variation of the
lava flow were possible and the standard deviation could
he increased, or the precision decreased, without having
to fear some subjective influence on the results.
This experimental evidence, strictly speaking,

182
should he established for each lava flow, which is being
subjected to counting analysis. In case of Bonito flow,
it cannot be decided whether chemical variation or count
ing fluctuations are responsible for the scattering regis
tered. Both causes are possible

involved. Statistical

variation alone could cause the scatter, as shown above,
and chemical variation alone could also be invoked, as
shown by petrographic studies, observations of acidic in
clusions with absorption haloes and reaction rims and
daoitio phenocrysts preserved in the northern part of the
flow.

The similarity of Bonito lava with average Columbia

River basalt (0.5 alpha/mg.h, 1.1 $ K) may be noteworthy.
Bonito flow, the youngest flow of the San Francisco
field, represents the average basalt of this field quite
well (Plate 35). Other young flows in northern Arizona
(SP flow, Strawberry flow, Vulcan’s Throne) have more than

2% potassium content and should be termed andesitic, like
the San Francisco Mountain andesite, sample 113, which
falls among them with its 2.47# K. Had Bonito flow not
been erupted, an observer might conclude that all the
youngest lava flows are andesitic in composition, and that
basaltic activity in northern Arizona has probably come to
an end. Bonito flow proves that there is no end and no aim
in the basaltic activity of this area.
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Table (14.1). Potassium content and alpha activity
of mafic rocks
sample

source

K #

alpha/mg

s. do
if> 6?S

1.18

.46

7

.82

.46

1.76

.45

7
8

.45

Citadel flow

1.95
1.16

.35

102
102

Locket Tank flow

1.09

.57

rerun 1.08

.57

106

1.35

106

SP flow northeast edge 2.67
ii
«
M
rerun 2.53

113

Agassiz andesite

1.41

10
10

Boulto west

98

Kana-a flow

98
99

"

”

rerun

w

m

"

M

rerun

u

133

2.47
Sunset Crater Monument .92

173

Stage 1 Merriam

8
8
8
8

1.35
1.41

7

.73

.76

8

175

Merriam flow (stage 5) 1.05

.51

9

177
184A

Merriam east (stage 3) 1.01
Switzer Mesa flow
.62

.29

9

9

231

Oak Creek Canyon no.1

.81

.27
.96

8

184
232

Switzer Mesa flow

.62

.29

9

Oak Creek Canyon no.2
*
M
ft
3

.97

.54

8

.95

233
236

m

n

n

5

1.05

.93
1.61

237
239

n

ft

n

$

.91

1.25

ft

w

m

g

1.69

240

n

tt

it

9

.09
1.06

1.67

9
9

247
406

House Mountain

1.73

.67

Tolcan’s Throne

2.00

1.22

401

Stage 3 Sullivan flow

1.62

1.63

403

Sullivan flow

1.38

1.44

90

Castle Butte top

2.34

0.68

228

Tappan Wash flow

1.56

.44

480

Prospect Canyon neck

1.22

1.09

8

183 A
Table (14.1) continued
sample

K %

source

s •d •
alpha/mg,h i f >6$

481

Prospect Canyon dike

1.26

.92

382

Toroweap Valley

263

Thirteen Mile Rock 1
M
*
##
2

1.37
1.32

1.19
.92

264
285
286

1.27

1.01

9
9

Sycamore Canyon flow

.94

.47

9

Dry Bearer Creek top

1.08

.56

9
9

96

Mormon flow

.56

.50

12
186

Bonito flow

.97

.53

Strawberry flow

2.30

.95

219
388

Shadow Mountain

.51

.90

Mount Trumbull 1

1.40

.27

342

Pioacho Peak

1.16

.61

148

Mingus Mountain base

2.18

1.29

9

399

Mount Trumbull 8

.99

9

272

Thirteen Mile Rock 7
it
n
it
5

2.61

.60
.76

10

.85

.30

10

g

.90

.69

11

284

SOB Canyon flow
Thirteen Mile Rock 4

.35
1.63

10

268

1.87
.52

150

Mingus Mountain top

1.07

.56

389

Mount Trumbull 2

1.01

.57

8
10

388

Mount Trumbull rerun
n
n
3
M
it
5

1.29

.39

10

.73

.41

.83

.29

12
10

.90

.60

.96

.42

10

.92

.27

11

269

n

270

391
393

w

395

tt
M

n
n

392

n

n

390

n

•

2
7
4

231

Oak Creek Canyon 1

.73

1.14

160

Mingus Mountain bottom

.98

1.24

394

Mount Trumbull 6

.98

.40

173

Merriam stage 1

2.01

.96

284

SOB Canyon flow rerun

1.84

.39

8

10
10

184
A glance at the diagram Plate 35, which is the
graphic form of Table (14.1), shows that the highest
potassium content was found in the following lava flows:

Table (14.2). Andesitic flows and cones of northern
Arizona
sample
106

potassium %

location
SP flow

272

2.67
2.61

113

2.47

San Francisco andesite

90

2.34

Castle Butte limburgite

186

2.30

Strawberry crater

267
406

2.21
2.00
2.01
2.18

Thirteen Mile Rock 3r^ flow

173
148

Thirteen Mile Rock 7 ^ flow

Vulcan’s Throne
Merriam flow (Stage One)
Mingus Mountain andesite

For the Thirteen Mile Rook flows the Origin of the potassio contamination was suggested to consist in enclosed
and partly absorbed rhyolitic tuff. In SP lava, free
quartz is contained, and the steep-walled cliffs in the
flow and on both sides of the collar on top of the oone
suggest a high viscosity of the lava. Similar observations
were made at Strawberry cone and flow and at Vulcan*s
Throne. In the two last cases, glassy inclusions in the
lava are abundant, partly surrounding undigested salic
material.
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The San Francisco andesite is the latest and least
acidic - intermediate lava erupted hy the San Francisco
Mountain. The location of the Mountain on the intersection
of two structures in the Plateau (Kelley, 1955; Mayo,
1959) is probably responsible for the production of the
rhyolites, dacites, latites and andesites. The best evi
dence in favor of this assumption is an analysis of the
other andesitic lavas and the localities they come from.
Thirteen Mile Rock is situated in the Mogol'lon Rim, Vul
can's Throne on the Toroweap fault, SF flow in the SP graben near the Coconino salient of the East Kaibab monocline,
Strawberry crater near the Black Point salient of the same
mondcline, the South Merrlam flow along the northwest trend
ing fault zone recognizeable in the Black Hills zone of
ash cones and fumarolic alteration. The Hopi Buttes sample
comes from a volcanic field of high alkali content, but
apparent lack of structural associations, and in case of
the Mingus Mountain andesite it is not possible to make
any statements because of superposition of younger struc
ture and of younger acidic and basaltic lavas.
A similar result, namely association of structural
and acidic to intermediate to contaminated volcanic fea
tures, would have been found if the acidic to intermediate
cones of the San Francisco and Mount Floyd volcanic fields
would be analyzed.
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Table (14.3). High alpha activity flows and cones of
northern Arizona (activity in d/mg,h)
sample

alpha activity

location

403

1.63

Sullivan flow, Uinkaret field

401

1.44

Stage Three fl. Sullivan

236

1.61

Oak Creek

240

1 .6?

Oak Creek bottom flow

133

1.41

Monument Entrance flow

268

1.63

Thirteen Mile Rock 4^

390

1.86

Mount Trumbull 3r^ flow

239

1.69

Oak Creek 8^

flow

flow

flow

High alpha activity is scattered through the oldest
(Trumhull, Thirteen Mile, Oak Creek) and youngest
(Sullivan, Monument Entrance (Stage Three)) flows. It shows
lack of any chronological ordering principle. Bather, a
regional ordering principle shows up. The Mount Trumbull
area includes the Sullivan flows and perhaps Vulcan’s
Throne, and this area was found to have anomalous pot
assium- and alpha contents in its basalts. It can be
predicted that a study of the trace elements of those
lavas would show values for many other elements, which
would not conform with the average trace element distribu
tion.
A trace element study on Thirteen Mile Rock basalts would
show another anomalous region. It can be predicted that
trace elements abundant in the underlying tuff would also
be abundant in the basalt. The experimental proof remains
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to "be established.
Regional rather than chronological trends become
apparent in the study of northern Arizona basaltic lavas
by counting techniques. A detailed study of two young
representatives of the basaltic and andesitic groups,
Bonito and SP flow, will be presented in Appendix B.
It remains to study the trace element distribu
tion in basaltic lavas for any trends.

(14*2)

Speotrographio Analysis of Basaltic Lavas
Plate 37 shows a tabulation of semi — quantitative

spectrographic analyses for 35 different chemical elements
in 13 different basaltic flows. It was attempted to
select a cross section through the basaltic lavas, timeas well as composition-wise.
For each sample, four fractions were prepared by
magnetic separation. Fraction 1 was gained by passing the
ground and sieved basalt through the Carpco magnetic se
parator, with only the residual magnetic field effective.
Magnetite and a little tramp iron were separated out*
Fraction 2 was made by turning the excitation voltage
for the Carpco magnet on so that the control light burned,
but leaving the current practically turned off, at the
minimum position. Some magnetite - ground mass aggreg
ates and isolated phenocrysts of olivine and pyroxene
were extracted. Fraction 3 was won by using a current of
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0.1 Amperes. Feldspars, contaminated with the other con
stituents, were the major product. Fraction 4 in each
case consists of a part of the ground sample "before
any concentration.
It was assumed that the magnetic separation of
basalt might reveal in some cases

inhomogenous trace

element distribution in magnetites, olivines and later
phenocrysts and in the ground mass. As can be seen from
Plate 53, this is the case for some flows. In the opinion
of this writer, this means that the early phenocrysts
of such lavas formed in a chemical environment quite .
different from that in which the groundmass consolidated.
Let us take as an example the SP flow, sample 106.
When the magnetite crystals were formed in the SP magma,
it may have been of rather pure, basaltic composition.
Addition and digestion of salic material to the magma
led to increasing contamination, which varied the trace
element spectrum for every later mineral to be formed in
the magma and found its best expression in the high pot
assium content of the sample.
Other samples give some evidence concerning
magmatic evolution. Samples 173, 177 and 175 are all taken
from the same area near Grand Falls in the southeastern
corner of the San Francisco volcanic field. Sample 173
is from a Stage One flow in Colton’s classification, samp
le 177 from a Stage Three flow and sample 175 from a Stage
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Four flow. It was expected to find some chronological
influence of evolutional character expressed as a trend
in these samples. However, comparison of the data shows
that all three flows are of quite similar, though partic
ular composition. This leads to the conclusion that
variations in basaltic lava flows may be regional rather
than chronological, and that the main agent creating
differences in basaltic flows is contamination.
The high potassium content and probable tectonic affili
ation of andesitic flows and cones was mentioned above.
Free quartz in SP flow, acidic glass in Vulcan’s Throne
and in Strawberry crater

are not expressions of an

"andesitic stage" of evolution, but of chance contamina
tion. Bonito flow with its almost picritic composition
does not indicate the dawn of a new, basic "stage", but
the limited presence of contaminants.
The two Switzer Mesa samples 184 and 184 A stand
out by the small variation between the magnetic separates.
Several other flows show a considerable spread in trace
element distribution. The two Switzer Mesa samples also
stand out because of their minimum alpha activity ( .27
and .29 alpha/mg,h), and minimum potassium content
( .62%) among the samples analyzed. Thus it appears that
the Switzer Mesa basalt is quite uncontaminated by sil
icic materials, and that the composition of the early
phenocrysts (as far as trace elements are concerned) is
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close to that of the groundmass. According to the
speotrographio data, this should not be the case for flows
like SP (sample 106).
Counting work, spectrographic study and petro
graphic investigation leads this writer to believe that
the basaltic lavas of the San Francisco volcanic field
were not subjected to any particular magmatic evolution.
Just as has been shown that rhyolitic activity occurred
14 million years ago, less than 3 million years ago, and
probably several times in between, it is believed that
highly viscous lavas were poured out every now and then
and that highly fluid lavas occurred the same way. In
this study, evidence in favor of this opinion has been
presented.
The more intense the study of the San Francisco
volcanic field will be, the more it will be apparent that
all concepts of "periods11 and "stages" are gross over
simplifications , if they not even lack any justification.
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(14o4)

The Younger Plows in the San Francisco Field
It was shown that the oldest lavas on top of the

Mogollon Rim probably can be correlated with the Lower
Hickey Unit of volcanic activity. They would then be of
(late) Miocene age.
The youngest lavas have been dated by dendrochronology
to be 900 years old (Smiley, 1955).
In Appendix B, an attempt is demonstrated to ex
tend this tree ring date to other young lava flows by
means of comparative thermoluminescence study. It appears
that several flows can be arranged in correct chronologi
cal order up to an age of about 55,000 years, which is

•

assigned to the Stage Three flow at the Sunset Crater
Monument Entrance near Highway 89. This flow overlies
Iowan-Wisconsin glacial gravels (Sharp, 1942), and there
fore must be younger than early Wisconsin. On the other
hand, late Wisconsin gravel banks against this flow, so
that it must be older than the latest glaciation. The
calculated age of 55,000 years for the oldest flow con
sidered subjectible to thermoluminescence investigation
at the present time thus checks with field evidence,
though in wide limits. It is anticipated to follow up the
problem of applicability of thermoluminescence on age
studies of younger lava flows, and to insure reliability
for the present range and perhaps to gain age information
from older flows.
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Table (14« 4). Thermoluminescence Dates for Young Basalts
(for derivation see Appendix B)
sample
10

lava flow

tentative age (years)

Bonito flow, younger activity, dated by dendro
chronology

900

158

Bonito flow, older activity

2000

133

Sunset crater

1400

106

SP flow

1300

Kana-a flow

1500

401

Nixon Spring / Sullivan flow

3100

186

Strawberry flow

5000

403

Sullivan flow

7500

286

Dry Beaver Creek flow

10000

406

Vulcan* s Throne

12500

247

House Mountain

12500

382

Prospect Canyon cone

18000

175

Merriam flow

23000

285

Sycamore Canyon flow

26000

177

Monument Entrance flow

35000

98

The accuracy of the age assignments may be fair
ly safe for the youngest flows listed. For the older
flows, increasingly wider limits of uncertainty must
be considered, about which at this time no quantitative
statement can be made. Plate B 1 in the Appendix B will
yield more information.
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The Table (14,4) is taken from Appendix B, where
the complete derivation of the data is described. At this
time, there is no way of checking the validity of the
data arrived at, except by erosion stage. As was pointed
out, the data checks with field evidence very satisfactor
ily. However, the data should be handled with caution.
This writer does not claim that the age assignments are
necessarily true. However, they are new and certainly
interesting.

15o

PERIDOTITE - PIROXMITE AS PROBABLE SOURCE ROCK
FOR SAN FRANCISCO LAVAS
Some evidence as to the possible original com

position of the source material of San Francisco basalt
can be derived from heavy, greenish — dark ejecta which
were found in Crater 1 60 , south of SP crater (collected
by C.A. Hodges).
Petrographic examination of the thin section
shows about 50% forsteritic olivine and 50% chrome diopside (thanks to Mr. Sidney Williams). Peridotite dunite have been postulated by various workers to form
layers in the Earth’s crust and to yield basaltic magmas
by partial fusion, upon pressure release or otherwise.
The material from Crater 160 is in agreement with such
hypotheseso
The location of this ash cone between San Fran
cisco Mountain and SP cone, neither one of which is a
"typical” basalt cone, but is andesitic or more acidic
in composition, shows how extreme volcanic features can
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"be associated within a very short distance. It also gives
perhaps one more indication as to the "mother liquor" of
SP and San Francisco andesite.

There is little indication of any evolutional
order in the volcanic phenomena of northern Arizona.

16.

SUMMARY
The age concepts for the voleanism in the San

Francisco volcanic field and adjacent areas in northern
Arizona show a trend toward the past.
In his original age assignment, Robinson (1907 1913) confined all the volcanic features of the San Fran
cisco field to late Pliocene and Pleistocene time.
Gregory (1917) and Williams (1935) believed they were
dealing with the oldest volcanic rocks in the wider area,
when they studied the Hopi Buttes, which were placed in
the middle (?) Pliocene by Stirton (1935).
The study of erosion surfaces in the little Colo
rado area led to correlation attempts between the Hopi
Buttes fossil date and the San Francisco volcanic field.
Though every worker so far arrived at different interpreta
tions based on the same erosional evidence, Cooley (1958)
believes that some of the San Francisco lava flows are of
equal age with the Hopi Buttes volcanic rocks.
In the Verde Valley area, Anderson and Creasey
(1958) place the Hickey formation in the Pliocene. Lehner
(1958) suspects that it may be of Miocene age, but he has
196
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no evidence to support his opinion.
A potassium - argon date produced (Ariaonar-Lamont)
during this study puts the tuff section underneath the top
lava flows of the Hickey formation in late Miocene time
(14.3 million years). Thus, the Hickey formation as a whole
is probably of late (?) Miocene, and not Pliocene, age.
Gravels on the Plateau rim contain tuff which was
correlated with the oldest tuff in the Hickey middle vol
canic unit. These gravels, which Price (1946) tentatively
placed in late Miocene / early Pliocene time, are con
firmed to be of late Miocene age. At that time, gravel de
position was going on at the Plateau rim, the Verde Valley
graben had not formed, and the lavas of the upper unit of
the Hickey formation had not erupted.
Later than 14 million years ago, probably still in
late Miocene time, the top Hickey lavas were, erupted over a
continuous plane between Mingus Mountain and the

San

Francisco - Upper Verde Valley volcanic fields. After their
deposition, which was interrupted by several periods of
erosion (Colton), the Verde graben collapsed and the Mingus
Mountain and Plateau rim rose, probably in connection with
the general Basin and Range block faulting, which accord
ing to E v e m d e n is about 11 to 9 million years old.
The Verde Valley exists since early Pliocene time,
and lake beds may have been deposited from then on.
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The tuffs of the Hickey middle volcanic unit in
the Thirteen Mile Rock section (Haokherry Mountain) in
the Verde Valley spread over a wide area. They contain
hiotite and hornblende and are of a rhyolitic to dacitic,
or rhyodacitic composition. They were found in the field
in various places and identified by spectrographic study,
by thermoluminesoence, alpha and beta counting work and
by petrographic study under the microscope.
As a result of an intense study of many tuff deposits bet
ween Peach Springs and the Hopi Buttes ( Bidahochi forma
tion, lower member), it is concluded that no other tuffs
show similar properties with respect to trace element
study, thermoluminesoence, alpha- and potassium analysis,
accessory minerals and supporting field evidence, as do
the tuffs from Thirteen Mile Rock, Mingus Mountain, Se—
dona area and Hopi Buttes (Bidahochi lower member).
In thermoluminesoence study alone or in counting work
alone or in a study which concentrates only on accessory
minerals in tuffs similar deposits may be encountered in
the Mount Floyd area or near San Francisco Mountain. How
ever, no tuff deposit other than the four tuff sections
named show similarity in every respect, and regardless by
which technique they are studied.
For this reason it is believed that the lower
member of the Bidahochi formation, as deposited in the
Hopi Buttes, contains twelve tuff layers, as identified by
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Shoemaker (1957), which were originally erupted from the
Thirteen Mile Rock volcano in the Verde Valley, which be
gan its activity slightly before 14 million years ago. It
is believed that these eruptions spread possibly over a
time interval of a few million years. The Hopi Buttes vol
canic member is believed to be of an early rather than
middle Pliocene age.
In the Peach Springs and Mount Floyd area, rhyo
litic and dacitic tuffs were erupted before late Miocene
time (Hurricane faulting) and probably also during late
Miocene time. But the quantities were probably too small
to account for any significant deposits to the east.
San Francisco Mountain contains rhyolitic and
dacitic tuff inclusions in central dikes of the inner
valley. Bolian, cross-bedded and breeclated deposits of
alluvial character and rhyolitic to dacitic composition
exist more than 2,000 feet beneath the present mountain
top. These deposits and inclusions show that the bottom
of San Francisco Mountain may consist of tuffs and salic
lavas, and not of latite as so far believed.
The Cedar Ranch tuff section contains Triassic
(Chinle) beds overlain by Bidahochi-type tuffs and lake
and streambeds. Some tuffs may be older than late Mio
cene time. Mica for potassium - argon dating is present.
The rhyolite flows of Sugarloaf Hill South and
North near San Francisco Mountain are of very late Plio
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cene age (less than 3 million years). Thus, rhyolitic
lavas were produced over a wide time interval, namely 14
million years ago (Thirteen Mile Rook), and less than 3
million years ago, as evidenced hy three potassium - argon
dates. The rhyolitic to dacitic tuffs in the lower Bidahochi beds and the tuffs in the Verde lake "beds indicate
that in the time between 14 million years ago and the
present many other individual acidic eruptions took place
in the area. Thus the General Period concept of Robinson
cannot be upheld any longer. Robinson postulated that
acidic and intermediate lavas were produced only in the
Second General Period of volcanism, and preceded and foll
owed by pure basaltic periods of activity. The Slate Moun
tain drill hole shows alternating tuff- and basalt sections
of remarkable thickness, thus refuting the Period concept.
In San Francisco Mountain at least two hornblende - dacite
lavas of significantly different age were found, proving
that the presently accepted concept for the construction
of San Francisco Mountain by one evolutionary chain of
eruptions of latite, dacite and rhyolite is at variance
with the field evidence.
Basaltic lavas vary widely from almost picritic to
andesitic composition in all phases of San Francisco field
volcanism. Andesitic composition and high potassium con
tent of basalts were shown to be caused by absorption of
salic material, primarily tuffs. Many basalts overlying tuff
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sections contain ”baked feldspars”, that is alkali feld
spar with cristobalite exsolution. These inclusions may
be used for correlation of basalt flows.
Basaltic lava flows erupted in the same areas
during widely different times (Merriam flows) and show
very similar trace element distribution or potassium alpha activity (Uinkaret Plateau flows)• Areal contam
ination rather than chronological evolution is suggested.
Basaltic flows erupted near faulting and flexing zones
tend to be andesitic in composition, probably by assim
ilation of tectonic breccia. Young flows are of andesitic
and olivine - basaltic composition, and no trends of
evolution are discernible.
This writer does not believe that any particular
"periods" or "stages of eruption" with any particular
petrographic, chemical or other evolutional character
istics exist in the San Francisco field and adjacent
areas. Such stages may be introduced and used as a means
of grouping and classifying, as has been done so success
fully by Colton, but it should be kept in mind that
any stage concept is a mere device of organization and
that Nature did not obey it.
The primary material from which San Francisco lavas
were derived appears to have been peridotite - pyroxenite,
which can be found in bombs at certain localities.
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General Statement
This appendix contains the description of the pro

cesses which lead to the geochemical age determination of
minerals by the potassium — argon method.
The biotite—hornblende-rhyolite sample BBS—282-1959
from Thirteen Mile Bock

was but one of about a dozen samp

les which were collected by this writer with the intention
to obtain geochemical dates. Two other potassium—argon dates
were obtained during this study, and the remaining biotites
will be measured in the future.

(A.2)
(A.21)

Experimental Work
Sampling
Geochemical dating begins in the field, and it ends

in the field. When selecting a sample, it must be ascertained
that the date to be produced will be geologically meaningful.
The rhyolitic breccia at the bottom of the Thirteen Mile
Rock section is overlain by some 1500 feet of rhyolitic tuff.
It appeared that the knowledge of the age of the beginning
of such spectacular rhyolitic activity would be worth knowing.
To obtain a date on the top of the section would be equally
important. However, the micas at the bottom were more abundant

A

2

and better preserved than those £rom the top rhyolite. Then,
there is the possibility that the top rhyolite may be signifi
cantly younger than bottom rhyolite of the section. For these
reasons, and because only one argon analysis was obtainable to
this writer, the bottom sample 282 from Thirteen Mile Rock was
selected in the field.
About 30 pounds of rock were collected, because the
mica was found to be quite abundant. In other cases, up to

200 pounds have been taken, when the scarcity of the biotite
phenocrysts foreshadowed a tough concentration job.

(A.22)

Mineral separation
Processing of the samples was done in the Geology —

Mines Building at the University of Arizona.
The rocks were crushed and ground in the College of Mines'
plant. After sieving the 5 to 6 grain size fractions between

10 and 100 mesh were inspected for their abundance of indivi
dual mica flakes. The fraction with highest mica content,
usually between 20 and 60 mesh, was selected for further
concentration.
The Carpco magnetic separator selects the grains with
higher magnetic susceptibility, and separates them from the
less magnetic ground mass. Thus, magnetite, biotite and horn
blende can be concentrated. By careful selection of the mag
netic field strength often a separation of biotite from
magnetite and hornblende is possible. However, in some samples

of daoitic composition the magnetic properties of hornblende
and biotite were found to be so similar that no quantitative
separation by magnetic fields was possible*
Differences in specific weight are taken advantage of
in the application of heavy liquids. Mixtures of acetone and
tetrabromethane were prepared so that magnetite and hornblende
with a specific weight greater than about 3.1 g/cm

would sink

and biotite with a slightly lighter weight would float. Quite
pure concentrates were thus obtained. However, there are al
ways some composite grains of magnetite and groundmass or
hornblende and groundmass which simulate the physical proper
ties of biotite. These are hard to separate out by any of the
processes described.
The washed and low-temperature (Z00°C) dried biotite
concentrate was then purified by shaking the flakes over a
sheet of paper. Composite grains and other contaminants are
quickly sorted out because they move fast over the paper,
while the flat mica flakes with their large surface and comparativly small mass stay behind, probably held to the paper
by electrostatic attraction. The product of this shaking pro
cess is 95 to 97% pure biotite.
The final step in the mica purification is the hand
picking under the binocular microscope. Altered, discolored
flakes or any contaminant detectable is removed, and the
almost pure biotite concentrate is ready for instrumental
analysis.

A 4
(Ao23)

Potassium analysis
In the Geochemistry Section of the Geochronology

Laboratories at the University of Arizona, potassium analysis
is done by flame photometry. The following list includes
all biotites concentrated and purified during this study.
The analytical work was done by Mr. Carl Hedge.

Fig. A 1.

Potassium analysis on pure biotites
by flame photometry
# potassium

sample

source

BBS 110 A

Sugarloaf Hill South
t!

BBS 111 A
BBS 110 B

M

Sugarloaf Hill North
n
ii

BBS

85 B

BBS 315 B

6 .2 1

6.19

x

ii

ii

M
II

II
II

6.02
6.02

Sugarloaf Hill South
ii

Sugarloaf Hill North

Marble Hill
Sitgreaves Peak
n

ii

BBS 110 C

Sugarloaf
Hill South
'o'II
II
II
II
II
II
II
II

BBS 111 C

Sugarloaf Hill North
n
n

BBS

Marble Hill
ii
ii
ii
ii

85 C

'

6.56 (Minnesota)2^
5.63
5.65
5.59
6.05
6.04

ii

BBS 111 B

5.73
5.78
5.77 (Minnesota)

5.75
5.70
5.40
5.48
5.59
5.57
5.54
5.52
5.59
6.25
6.26
6.18
5.59
5.70
5.59

Fig, A 1. continued
sample

_______ source

______ # potassium

BBS 315 C

Sitgreaves
«
»

Peak
w
«

5.54
5.56
5.62

BBS 282

ThirteenMile'Rook

5.07
5.11

x')
ythese two samples were analysed by Professor Goldich,
University of Minnesota, who also determined the dates
for the two biotites from Sugarloaf Hill.
For the Thirteen Mile Rock biotite the values
5.07 and 5.11 % potassium were obtained. The mean value,
5.09%, will be used in the following age calculation.

(A.24)

Argon isotope analysis
The argon analysis was performed at Lament Geological

Observatories, Columbia University, New York, courtesy of
Professor Kulp and Dr. Long.
The recording data from the mass-spectrometrio work
are given on Plate A 1. The isotope ratios which are used in
the following calculation are obtained from the recording
data as follows:
A

66.95

-

0.11

(bottom part of Plate)

A"
A

36
0.2076 i

0.0003 (top part of Plate A1)

AThe only other experimental data, the spike data
(known amount of known argon isotope added to the system),
are marked in the following calculation.

Plate A 1
Argon Isotope analysis

(Ao3)

Age calculation

A38 i

1 0 .0 0 0
.387 (air)

a .076

A36 i

.008 (spike)

9.613

2.068

1 0 .0 0 0
.387 (air)

A 38 :

A40 :

669.500
.877 (spike)

9.613

611.193 (air)

57.4-30

A

57.430

A'

57.430 . 100

% radiogenic argon A
(air A 40

5.974

9.613

668.623
2.12 . 10~4 cc A 40

=

STP

5.974 . 3.049 . 10

A

(standard amount of A 4

8.6 #

)

-6

1 .821 x 10“5

in the spike

3.049 . 10“ 5)

Using the potassium content 0.0509 and the
"branching ratio 0.000119 of K 40 decaying into A 4^ and Ca4^,
K 40

=

6.2628 . 0.0509 . 0.000119 .

I>Jo
39.1

3.793 . 10-5

o
39.1

1.821 . 10"5
3.793 .

0.0008373

,-1 0

0.1100 (

00761

=

e5*303 •

4-

_

7=5813 . 10 3

U

5.303

o

°i

e3*'
_k

=

-3

°l

p s

1.744 . 10

. 10-10

. t
~

1

)

. t
14.3

million years

A 7
(Ao4)

Conclusion
The geochemical date of 14»3 million years -

10%

was taken into the field and checked against the field evi
dence o
According to Dr® Evernden, University of California,
potassium-argon dating of the event of Basin and Range
block faulting gives data around 9. to 11 millions of years.
Then, the Thirteen Mile tuff would have to be older than
Basin and Range block faulting®
The Upper Unit

of Hickey formation basalts over

lies the tuff section of Thirteen Mile Rock and also overlies
the Mingus Mountain range and the Mogollon Rim (chapter 6) ®
These basalts must have been spread before Basin and Range
blockfaulting

uplifted the Mingus Mountain range and created

the Verde Valley. Therefore, the Upper Unit of the Hickey for
mation must be older than 9 to 11 million years. The Middle
Unit of the Hickey formation, of which the Thirteen Mile
Rock tuff section is a part (chapter 8) and of which the
sample here dated is taken from the bottom, must be still
older than the Upper Unit basalt. Thus, an age from 13 to
15 million years for the bottom of the Thirteen Mile Rock
tuff

seems to be in good agreement with the field evidence®

(18.2)

APPENDIX

B

THERMOLUMINESCENCE STUDIES ON BASALTIC LAVAS

Table of Contents
Page

(B.1)

General Statement

B

1

(Be 2)

Experimental. Method

B

2

(Be 2)

Experimental Data

B

4

(B.4)

Interpretation of the Data

B

8
8

(Be 41)

Glow area investigation

B

(Be42)

An interpretation considering decay

B 10

(B.43)

Thermoluminescence chronology
for younger basalts

B 15

(B. 44)

Investigation of two young flows

B 17

(Be 45)

Annealing, irradiation and grain size
influence. A study on ten samples

(B.5)

Conclusions

B 24
B 27

Table of Illustrations

Fige B

1. Application of sample

and instrumentation

for thermoluminescence measurements

B

2

Fig. B

2. Younger basalt flows Investigation

B

5

Fig. B

3. Older basalt flows investigation

B

5

Fig. B

4<> Bonito and SP flows investigation

B

6

Fig. B

5. Investigation of 10 samples of widely vary
B

7

B

7

B

8

ing age under varying annealing conditions
Fig. B

6 . Irradiation of normal and annealed samples
with varying dosages of x—rays

Fig. B

7. Influence of grain size on glow areas

Fig. B

8 .Natural glow area (A) versus induced glow
area (B) for the samples of Fig. B 2

Fig. B

Plate B1

9. Apparent ages of Bonito and SP samples

Decay curve

t

=

f (A/«c )

and the

B 11
B 20

B 10

/
age of the younger San Francisco basalts
Plate B2

Spectrographic study of 17 samples from
SP lava flow

11
B 17
^18

(B.1)

General Statement
Kennedy (1959) claimed that it is possible to de

termine the age of basaltic lavas up to a few million years
of age by thermoluminescence. Two basic measurements were
necessary, namely the measurement of the natural glow stored
in the sample and of the susceptibility of the sample to ir
radiation, measured after exposure of the annealed sample to
a constant amount of x-rays.
This writer expressed great interest in this possible
dating method for the San Francisco field basaltic rocks and
obtained permission from Professor Kennedy to use his facili
ties for a study. As has been stated in chapter 9, the investi
gation was expanded to vitric tuffs. In this appendix, the
data found in the study of basaltic rooks will be presented,
and the writer’s interpretation of the results given.
Though in this dissertation emphasis has been placed on the
thermoluminescence study of vitric tuffs, the investigation
of basalts is equally important and will be continued by this
writer after collection of known samples from the classic
volcanic sites in Europe.

(B.2)

Experimental Method
The samples were crushed and ground to — 80 mesh

and were counted for alpha- and beta activity« These measu
rements were applied by Taylor (1959) at the University of
Arizona for correlation of basalt flows* The method was de
scribed by Damon et al. (I960)»
The remainder of the work was done in the thermolu
minescence laboratory at the University of California, Los
Angeles. By means of a scraper, a thin standardized layer
of the ground sample was spread over the graphite plate used
as a heating element (compare Fig. B 1).

Fig* B 1. Application of sample and instrumentation
for thermoluminescence measurements
photomultiplier tube
^intensity (y)

y

xy-recorder

graphite
plate
i=*emperature (x)=L

high
voltage
supply

- heating current

The heating element was then inserted into a light-tight
container* During rapid heating by an electric current the

sample released its glow, which was measured hy a photomul
tiplier tube and registered on the vertical axis of a xy-reoorder. Simultaneously, a thermocouple attached to the hea
ting element measured the temperature which was registered
along the horizontal axis of the recorder.
After a measurement of a fresh sample, the equipment was per
mitted to cool down from about 600°C to about 200°C, and then
the glow of the annealed sample, the black body curve, was de
termined by a re-run of the same sample. The area enclosed
by the glow curve and the black body curve is termed the glow
area (chapter 9, Plate 24 A) and was measured by planimetry.
To insure reproducibility of the data, a known glow
was produced at the place of the sample by use of a light
bulb, which received a standard current under standard vol
tage. The high voltage supply to the photomultiplier tube
then must be adjusted in such a way that the intensity regis
tered by the xy-recorder is exactly as prescribed. For example,
on the scale y = 50 of the recorder, 0*4 milliampSres at 6
Volts produced a glow of an intensity of 1.0 inches, if the
high voltage was set at about 1200 Volts. The light bulb used
was of 110 Volts type.

Depending on the time of day, due to

voltage variations, slight adjustments had to be made.
A standard sample was run before every set of samples and was
injected after every half-dozen samples to make sure that the
glow area remained constant.
Every sample was run at least twice. If the two runs did not

result in identical curves, further repeat runs were produ
ced. In the initial part of the work, the writer reproduced
several samples* glow curves up to ten times under varying
scale— and heating conditions, in order to get familiar with
the equipment.
The **susceptibility" of basalts was first measured
by exposing annealed samples to 1000 rontgens x-radiation
of 26 keV energy, at the rate of 1 rdntgen / second, at the
University of California Medical School. The irradiated samp
les were then kept for one hour at 100°C to remove short
lived glow peaks in the low-temperature field, and then were
measured as usual. It was believed that the ratio of the na
tural glow area and the induced glow area

would be a direct

function of the age of the sample.

(B.3)

Experimental Data
In this chapter, all the data found in the study

of basalt samples are combined. The first table contains
various ratios which were investigated for their age de
pendence. The following data are given in the numbered
columns on the next page:

1
2

=

alpha activity in alphas / mg,h

=

beta activity in beta / mg,h

3

= glow area of natural sample

4
5

= glow

s* ratio of glow areas

6

= ratio of glow areas divided by alpha activity

7

= glow area

area

of irradiated sample (1000 rdntgen)

(3) divided by alpha activity (1)

Fig. B 2.

Younger "basalt flows investigation

name____________ 1

sample

2

3
2.6

10

Bonito flow

.98

Kana-a flow

133
106

Sunset crater

o45 2.31 4.4
1.41 1.62 12.5

SP flow

1.35 3.35 12.5

175
403

406
186
177
219

*46 1.09

4

5

6____7

3.4 7.55 1 .6]> 5.52
3.7 1.19 2.62: 9.7
4.9 2.55 1.81 8.88
1.9 6.59 4.9 9.3

.51 1.37 48.4 19.0 2.54 5.0 95.0
Sullivan flow
1.63 2.48 76.5 27.0 2.84 1.7 47.0
Vulcan's Throne 1.22 2.72 75.0 49.3 1.52 1.2 61.2
Merriam flow

.95 4.06 30,5 13.2 2.31 2.4 32.0
Monument Entrance.29 1.22 34.7 23.3 1.49 5.1 119.
Shadow Mountain
50.9 26.2 1.94
Strawberry flow

247
284

House Mountain

285
286

Sycamore flow
Dry Beaver flow

382

Toroweap cone

401

Nixon Spring

SOB flow

Fig. B 3.
sample

.67 2.18 42.7 17.1 2.5 3.7 64.0
10.2 4.5 2.2
.47 1.24 48.2 15.8 3.05 6.4 102.
.56 1.42 36.1 22.0 1.64 2.9 64.0
1.19 2.02 96.0 42.0 2.28 1.9 80.5
1.44 2.14 27.9 11.3 2.46 1.7 19.4

Older basalt flows investigation

name

1

2

5

4

6

7

47.7
38.0

24.9

5.4

132

.57

1.57
1.4

16.9

3.9

66

Merriam Stage 1

.75

1 *46

44.1

16.7

59

Switzer Mesa

.29

.82

53.9

12.3

.3.5
15.0

185

96

Mormon flow

.50

61.1

20.2

6.1

122

90

Castle Butte

.68

2.8

56.7

20.3

4.1

.83

228

Tappan flow

.44

1.83

57.1

20.5

6.3

130

480

Prospect neck

1.09

73.5

16.0

4.2

481

Prospect dike

.92

1.8
1.8

84.0

35.5

2.5

67
91

342

Picacho Peak

.63

97.5

18.8

376

Picache upper fl..61

54.0

9.5

8
6

Citadel flow

.35

102

Locket tank

173
184

99

150
56

B 6
Fig® B 3 continued
sample

1

name

2

3

6

4

7

231

Oak Greek top

*96

0*8

85.3

45.0

.88

240

1.0

148.0

46.0

130

388

Oak Creek bottomi *17
Trumbull top
*27

28.0

11

105

399

Trumbull bottom

*60

43.6

20.5

75

263
267

13 Mile top

.92

29.0

12.0

32

13 Mile nOo2

1 .21

60.5

22

50

269

13 Mile no.4

.30

25.2

11.8

.85

272

13 Mile bottom

*76

126.1

37.

162

1.8

To ascertain the reliability of the method and the
limits to which each sample represents the flow from which
it was taken, some twenty samples from two young flows,
Bonito and SP flow in the Flagstaff area, were studied.

.Fig. B 4. Bonito and SP flows investigation
Bonito flow
sample

glow area

SP flow

alpha act® k#

sample glow area alpha K%
activ.
cm2
d/mg,h #

cm2

d/mg,h

•#

88
93

31
62

.46
.44

.95
.64

n

103

23

.53

.73

n

18

.59
.47

n

158

23
72

.75
.88

m

n

105
146

n

164

30

.55
.46

.87
1.0

M
-

1"
M

187
191

50

.60

1.2

56

.48

.70

II

193

39

.49

1.09

II

194

43

.54

.9

m

237
262

62

.50

.81

1%

244

34

.48

.9

.60

.60

M

286

.35

1.1

CAE
ii

M

1.21

2.8

60

1.37
1.26

2.5
2.6

30

1.36

21

1.32

2.7
2.6

441 117

1.60

2.4

CAS .69
* 123
M 308
M

377
402

29
28

Bonito flow
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Fig. B 5. Investigation of 10 samples of widely varying age
under varying annealing conditions
sample

age

alpha act.

glow
glow after annealing at
normal 200°G 250*0 295*0 410°C 500°
p

_________________ d/mg,h______ cm

O

O

O

p

cm

om

cm

cm

cm
0

405

recent

1.6

38

n.o.

14

7

2

106

recent

1.35

20

19

13

9

0

Pliocene

.67

31

He O o

12

10

2

0

247

recent

.67

27

12

11

3

0

399

late Mio»

.60

35

27
20

15

15

0

175
.10

recent

.51

31

n.o.

28

15

6

0

900 B.P.

.45

13

11

6

5

177

Wisconsin

.29

23

n.o.

20

.5
12

0
0

184

late MiOo

31

272

late Mio.

.29
.76

29
50

10
30

90

75

5

3
0

24

5

0

Fig. B 6 . Irradiation of normal and annealed samples with
varying dosages of x-rays (1000 to 4000 rontgen)
sample

alpha act.
d/mg,h

normal sample
1OOOr
200pr 400Qr
___cm2_____ cm2
cm2

annealed sample
1000r 2000r 400Or
cm^
omr
om^

52

6

13

24

10

34
11

.26

7

8

.4

63

95

130

20

32

72

28
21

35

44

8

14

22

27

29

.8

9

13

29

37

45

11

18

.51

34

35

17

20

.10

.45

10

34
11

27
20

8

5

9

6

177
184

.29

24

32

51

20

22

32

.29

24

26

35

5

10

9

1.6

28

272

1.35
.76

90

.67

247
399

.67
.60

175

403
106

B 8
Fig. B 7 o Influence of grain size on glow areas
sample

glow areas of sieve fractions
80-150 mesh
150-350 mesh
— 350 mesh
2
cm2
cm'
cm

106

11

15

20

175
184

24

34

24

29

25
56

(B.4)

Interpretation of the Data

(B.41)

Glow area investigation
The "basaltic lavas were not completely unknown as

to their age. Indeed, it was the advantage this writer had
over other students of thermoluminescence that a sequence of
"basaltic lavas of more or less well known age could he studied
and compared* Only hy this knowledge was it possible to de
cide whether a definite relationship exists between glow area
and age.
The basaltic rocks studied can be divided into three
groups* To the first group of young lavas belongs Sunset cra
ter, whose eruption was dated by tree-ring studies (Smiley
1955) at 1067 A.D*. Other flows in the same group range up
to several thousand years in age. The second group includes

..

flows from several thousand to several tens of thousands of
years of age. These flows can be recognized by their erosion
stage, which corresponds to the Stages Four and Three of Col
ton’s classification (Plate 5), while the youngest flows are
termed Stage Five flows. The third group contains the older

flows of Stages Two and One, which range from several tens
or hundreds of thousands of years to about 15 million years.
Accordingly, it was expected that the glow areas
would vary by factors up to several thousand. However, this
was not so. The younger flows (groups 1 and 2) yielded glow
areas in the range 2 to 100 cm

(Fig. B 2). The older flows

(group 3) ranged in areas from 60 to 180 om

(both data in

the 50 scale). Because the areas of re— irradiated samples in
both cases range from 3 to 50 cm , it appears that there is
no general relationship between age, glow area and *suscep
tibility".
Inspection of Fig. B 2 shows that the youngest lava
flow, Bonito flow off Sunset crater, has the smallest glow
p
area, namely 2.6 cm . For other young flows, a rough corre
lation between glow area and erosion stage (= age) seems to
be warranted:
2.

Kana—a flow

3.

SP flow

4.4 om'
12.5 M

4.

Strawberry flow

30

M

5.

Merriam flow

48.4

M

o • o
C

O

*

If such increase in glow areas would continue over the
millions of years, we should find glow areas of roughly
1000 cm

2

per million years, in order of magnitude. But this

is not so:
1.

Castle Butte lava

56.7 cm2 (middle Pliocene)

2.

Trumbull bottom

43.6 »

(pre- late Mio.)

3.

Thirteen Mile Rock

126.1 "

(late Miocene )
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(Bo42) An interpretation considering decay
In the light of the data analyzed above, it must
he assumed that the glow areas are not built up uniformly,
but are subject to decay. If it were possible to calculate
the halflife of such decay, assuming that one major accumu
lative halflife were valid for the high- and low energy com
ponents of the thermoluminescence, it should be possible to
investigate how far back a possible proportional relation
ship could exist between glow area and age.
If A is the natural glow, B the area of glow artificially
produced by irradiation with a constant x—ray source, X

the

decay constant assuming that natural decay of the glow goes
on with one statistical halflife for all decay processes,-c
the activity of the sample in alphas/ mg,h, and K a constant,
then it is
d A

K

B

K

B

X

A

d t
d
d t

e Xt

A

e Xt

A

s

A

a

C

a

or

For t = 0

so that

•

A

C

ex t

K B <*C

+

C e - Xt

_

+

K

B «

X

K B <X.
X

K 3 ct

X

e At

X

(

1

-

e~ X * )

Plate B 1
Jeofxy

carve

t

=

f ( A/<*c )

and the a^o

of tlie yoUiiger 3an J'raaclaco field oasalts

/< )

halflife 1 - 1 6
i

—

Sycamore Canyo
flow

Merrlam flow

Prospect Talley oone

House Mountain — Dry Bearer
loan's Throne
Cre*k flows

BullIran flow (Dinkaret field)

Strawberry flow

- Nixon Spring flow (Dinkaret field)

SP flow - Kana-a flow (I)
Sunset Crater
- Bonito flow

A / -C

B 11
for small t
-AoC
t

=

K

B

t

J l__ K1
B

The age of the sample, then, should he proportional to the
ratio of original glow and induced glow times activity» If
the age exceeds a certain limit, the relationship grows
slightly more complicated due to decay effects*
This equation was set up on the grounds of the data obtained
by field work and laboratory measurement, and it will now be
checked against these data.

Fig* B 8. Natural glow area (A) versus induced glow area (B)
for the samples of Fig. B 2

A

B 12
From a comparison of the plotted data one obtains the
following information:
1) A and B, the natural and induced glow areas of a
sample, are not independent of one another. The graphic re
presentation shows that all the points in a A/B coordinate
system can he restricted by two straight lines within a
rather small area (Fig. B 8). If B were a true expression
of the sample's susceptibility, it should not be a function
of A, which is a function of <. and t. Then, B seems to in
dicate radiation damage done to the crystals of the sample
rather than "susceptibility" to irradiation.
2) The plot A versus c

and the plot B versus <=c

of the data from Fig. B 2 do not indicate any pronounced
dependence (not shown in this paper). However, it appears
that maximum values of A follow similar values for oc .
This should be expected, because A, the glow area, is a func
tion of the alpha activity. This effect is considered in age
calculations by dividing the two magnitudes. Thus, the ex
pression for the age t, as given on page B 11, is free of
any alpha concentration effect. However, it is assumed here
that the increase of A with time is constant.

The diagram Fig. B 8 shows that B is impeding age
calculations, and that it does not express the sample’s
susceptibility to irradiation. In order to prove this, we
go ahead and treat B as if it were perfectly good.

_A_

small t:

K

t

B <jC.
, At this point, two assumptions must he made.
1)

The age of Bonito flow is accepted to he known

as 900 years, as determined hy dendrochronology.
2)
than 15

It is assumed that no value of A / B «C larger

will he found in the San Francisco field (compare

Figs. B 2 and B 5), other than values strewn at random
around a decay curve which asymptotically approaches the
value

A / B oc =

15

in infinity.

Then is
A

=

1 5 ( 1 —

K
A

=

15

,

and for small t

K

_

_ A__
B t -<

_

2.56_____

B cC

X
Halflife

.

.693.
T

.46 x 3.4 x 900
1.82x10*3
_

.695

T

_

1.82x10*5
1.22x10~4

15
3
=

5.7 x 10

years

1.22x10“4
t

=

0.55 x 105 x ------B •°C

years

Using this formula and the data of Fig. B 2 for
young basalts, the age of the lava flows can he found and
plotted.

B 14
This formula gives the age for Bonito flow as
900 years, as was put into it. The next event is the eruption
of Vulcan*s Throne, with 700 years of age 200 years younger
than Sunset crater® Kana-a and Strawberry flows appear to
he about 1400 years old, the Stage Three volcanic rocks of
House Mountain in the Verde Valley fall around 2000 years,
and SP flow, Merriam flow, and the Stage Three Monument
Entrance flow near Sunset crater come to stand near 3000
years of age. The Sycamore flow, which once buried the Verde
river and was then dissected by the stream, is shown to be
4000 years old.
Field evidence leads this scheme ad absurdum*
Not only that Stage Three and Stage Four flows, clearly dis
tinguishable by their erosion characteristics, are rather
wildly mixed in this representation, and that an astonishing
recency of some events appears suspicious.

But more conclu

sive is the fact that the Stage Three flow at Monument Ent
rance

is older than the latest glacial event, and therefore

cannot be 3000 years old. Furthermore, SP flow is quite re
cent in age, probably only very slightly different from Bo
nito flow. It is impossible, by reason of erosion stages,
that SP and Sunset Entrance flows are of the same age.
This argument may suffice to show that B cannot be used in
age calculations. The information given by B is actually
already expressed by A, as shown by Fig® B 8.
Another approach will be tried, v/hich eliminates B.
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A.

K

dC

A

(

Because no value for

)

1
A / <

larger than 150 was

found (Figo B 5), it is assumed that the decay curve asymp
totically approaches this value.

JL

=

150

A
K

=

X

=

— —

^2_

«

,

T
Halflife

T
t

(B»45)

6.2 x 10~5

„ 4.12X10-5
150

16,800 years
a

0.162 x 10"5 x — —
®C

years

Thermoluminescence chronology of younger basalts
Application of above formula to the data of Fig.

B 2 yields ages between 900 and 35,000 years for the lava
flows listed. The list of data was presented in table
(14.4) in the maih body of this dissertation.
The decay as derived from the apparent maximum
value of glow area becomes quite effective from about
10,000 years upward. The Monument Entrance flow, for examp
le , which would be placed at 20,000 years

if a strict line

ar relationship were valid, comes to stand at 35,000 years
with consideration of the decay. This flow overlies older
glacial till which is believed to be of lowan-Wisconsin
age. On the other hand, it is older than the late Wisconsin

B 16
till, and therefore should he around 35,000 years old, hy
field evidence.
More work on the method and checks on its reliabi
lity are necessary before age lists like table (14.4) can
be depended upon. For this purpose, this writer

intends

to work on young basaltic lavas of known age. It is inten
ded to collect lavas from the classic volcanic fields in
Europe, where exact dates of eruption and exact locations
of the lavas are known back to the burial of Pompeii ( 79
A.D.) and beyond.
For older flows of several tens of thousands to
several millions of years of age, no reliable age informa
tion can be obtained at the present time.

B 17
(Be44)

Investigation of two young flows
Colton (1937) showed that Bonito flow, filling

Bonito Basin, is not uniform hut cohsists of one older and
one younger hatch. A structure named Yaponcha Crater rises
from Bonito flow. It has been considered both older and
younger than the flow and Sunset Crater by various observers.
Sunset and Yaponcha craters are situated along a northwest
trending fracture which probably gave rise to a multitude
of recent ash cones

and lava flows along its course. A red

band of alteration zones

due to fumarolio activity marks the

course of the fracture.
SP flow and cone a few miles to the north of the
San Francisco Mountain are also of recent age. The fact that
the rim of the SP cone appears quite sharp and not breached
caused the belief

that this cone must be younger than Sun

set crater. However, SP cone wears a solid collar of lava
and pyroclastics, which preserve its contour and give it
some advantage with respect to erosion over the ash-capped
Sunset cone.
SP flow is not a uniform flow either. It contains some mar
ginal remnants of "blder-looking" lava, which is weathered
and stained and quite different in appearance from the SP
lava, which is usually jagged and brittle and rings like
metallic iron when struck with the hammer.
Can thermoluminescence, counting techniques,spectrography and field study help decide, whether there was

Plate B 2

Semi-quantitative spectrographio study of 17 samples
from SP flow. Samples can be divided in two groups,
1 = older lavas,

2 = younger lavas

B 18
only one SP (and Bonito) flow or whether there were two or
more ? The samples collected in this study were collected in
cooperation with Miss C»A. Hodges, whose numbering system
has been adopted. On the grounds of field study, the writer
and Miss Hodges could not agree as to whether there were one
or two volcanic events necessary to put the lava flows into
their present shape.
Fig. B 4 shows that Bonito flow is low in potassium
and low in alpha activity. SP flow has about twice the pot
assium content and up to three times the alpha activity of
the former. It contains free quarta (according to Miss Hod
ges). The counting data of Fig. B 4 have been plotted on
Plate 56, chapter 14.
Apparently, though of similar age, the two lavas have a dis
tinctly different chemical composition. The tv/o areas are
associated with different structural elements. In case of
SP flow which lies in the SP graben on the down-warped side
near the East Kaibab monocline's Coconino salient, contami
nation of the lava with acidic material from the fault zone
at depth can be suspected.
Inspection of the alpha counting data (Fig. B 4)
for the two flows reveals that a clear distinction between
either of the lavas is possible based on counting data.
Considering the sample description, several comments are
worth making.
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Samples 308 and 402 were taken from the SP cone.
There is no difference in activity between flow and cone
lava, and suggestions that the cone is either younger or
older than the flow seem unreasonable. Sample 441 is taken
from the "older-looking* material, from the protected, inner
part of a block. It is highest in alpha activity, lowest in
potassium content of the SP samples studied.
Sample 69, on the other hand, is black, iron-ringing lava
from the farthest tip of the flow. It is highest in K and
lowest in alpha activity from all SP samples. Both sets of
variations are too large to be just of statistical nature
and lie outside of the standard deviation which is about
5 #.
The observation that the Holder—looking" lava is
lower in potassium than the younger lava holds also for Bonit o flow, where field relationships show clearly that an ol
der flow did exist and that it was later taken aback

and was

partly floated about by the younger lava, in which it is now
embedded as cliff-like islands. In the column of data, Fig.
B 4, we note samples 93 and 191, 103 and 105 and 462 as show
ing lower K values than the average. The first two samples are
from the older flow (Colton), and samples 103 and 105 are
parts of pipe-like protrusions from the Xaponcha area, also
presumably older than the youngest flow, and sample 402 is
massive material from Sunset crater. One more sample stands
out, 187, with higher values than the average. It was taken
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from the flow southwest of the ranger headquarters, from
the large squeeze-up zone. It could he that these zones of
late mobility of the lava actually are geochemical anomalies
within the lava flow and show enrichment in alkalies caused
by absorption of wall rock, which upon cooling of the lava
flow work similar to a flux. Several partly absorbed enclo
sures were found near squeeze-up zones.
Arrangement of the glow areas for Bonito and SP lavas
in order of size and calculation of the age of each sample by
the formula given on page B 15 leads to the following result.

Fig. B 9. Apparent ages of Bonito and SP samples
Bonito flow
sample

description

SP flow
glow .age

________ ________ _______ om^

•

sample description glow age

10OOy ____________________cm2 1000y

105

Yaponcha pipe

18

0.5

402

crater

21

2.6

105
146

Yaponcha pipe

23

123

iron ring

28

3.3

bomb fragment

23

0.7
0.8

69

iron ring

29

3.8

164

younger lava

30

1.0

377

older, red

30

88

younger lava

51

308

older, red

60

244

younger lava

441

older, red

117

195
258

older flow

34
39

1.0
1.1

3.5
7.6

Yaponcha crater

194

older flow

187

younger, high act50

191

older flow

56

1.3
1.9

95

older flow

62

2.4

Yaponcha pipe

62

older flow

72

2.0
2.1

257
158

59
42

1.3
1.3
1.3

12.
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A discussion of the glow areas and then of the
age data follows. The younger samples from Bonito flow
have all "been marked as such, with exception of the "bomb
fragment 146. Yaponcha is considered to he older. For SB,
the first three samples are believed to be younger.
An inspection of the glow areas shows that the
samples "fall into their place". Older samples show larger
glow areas, and younger samples show smaller areas, both
for SP and Bonoto flow.
Exceptions are samples 105 and 103 from the pipelike pro
trusions near Yaponcha crater, which show the smallest
glow areas found. It is believed that some of the older
samples must have been completely or partly annealed, that
is heated to about 500°C, upon extrusion of the younger
lava. This may explain the low age data for seemingly
older flows, because from the moment of annealing the glow
had to be re-built beginning from zero, while the erosion
condition of the lava may not have been changed. Significant
ly, the sample 441 was taken from the protected interior of
an old-looking lava cliff where it was presumably protected
p

from annealing and preserved its large glow (117 cm )«,
. Inspection of the age data of Bonito flow is of
more interest than that of the SP data, because Bonito lava
has a low activity, which improves the chance that the results
are correct, and because the date of the youngest activity
is believed to be known (900 years B.P.). Lastly, a large
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number of samples from the same area is available for inter
pretation.
There are three groups of samples. Some give too young dates
(samples 105, 105, 146), some are about right, and others are
apparently too old ( samples 195, 258, 194, 187, 191, 95, 257,
and 158) to fit the "exact" date. The first group is explained
by invoking annealing processes for samples 105 and 105, taken
from the Yaponcha pipe. The bomb 146 may be a true product of
the younger activity and merely show a statistically low value
of glow area. And the third group is also believed to repre
sent a variety of complete and incomplete annealing processes,
which were unavoidable, considering the field relationships.
The maximum values should belong to unannealed, older samples.
There are three values of 1.9, 2.0 and 2.1 millenaries from
samples taken in parts of the older flow, somewhat removed
from any contact with younger lava. It is believed that these
samples give the age of the older flow including the structure
called Yaponcha.
The same relationship between older and younger flows
has been shown by means of a few samples from Kana-a flow.
This flow is often considered to be a "brother" of Bonito
flow and to have a common age and source with it (Sunset
crater)• Sample 286 from Kana-a flow was described by Miss
Hodges as " North margin of flow, about 0.5 miles from the
northeast end, fragment from older Stage Four (Colton) flow
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included in Kana-a flow". The glow area was found to be

2

67 cm . Sample 262, Kana-a flow proper near the Wupatki road,
p
has 18 cm glow and otherwise resembles Bonito lava. It ap
pears that both Bonito and Kana-a flows are not the first
occupants of their present locations, but that older flows
preceded theme Moreover, the age interval, at least in case
of Bonito flow, seems to have been 1000 years.
From erosional evidence, Colton (1937) arrived at
the conclusion that basaltic activity in the Sunset crater
area had occurred at 1000 year intervals. However, he had
other flows in mind and not the older Bonito flow.
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(B.45)

Annealing, irradiation and grain sise influence
A study on ten samples of varying age
When samples are kept at a certain temperature

"between 200°C and 500°C in a furnace and then taken out
and measured for thermoluminescence glow, it turns out
that different samples lose or retain their glow with
varying degrees (Figo B 5)o Some samples are found to he
completely void of glow after heating to 400oC, and others
must he heated to 500°C for the same result*
Young samples with high and with low alpha acti
vity are in both groups of samples, namely the group which
shows complete annealing at 400°C and the group which retains
its glow up to 500°C* Also old samples with low alpha acti
vity are found in both groups* Therefore no conclusion as
to age and activity implications can he drawn* It remains
that some samples give off their glow at lower temperatures
than others* This phenomenon will he studied.
In irradiating samples with varying dosages of st
rays (Fig. B 6), some dependence in the sample’s behavior
on its alpha activity seems to exist. It appears that for
highly alpha active samples the glow increases proportio
nal to the radiation dosage. For example in sample 403,
2
the first 1000 rontgen create 6 cm glow in the dead sample,
the next 1000 rontgen add 7 cm

2

2

glow area, and the next

2000 rontgen add 11 cm . The normal, not annealed sample
2
also gains about 6 cm in glow area for each 1000 rontgen
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applied. However, the M g gain in the 4000 rdntgen column,

2

from 34 to 52 cm , to a large part takes place in the low
temperature part of the diagram and therefore is not com—
parable. The necessary reduction amounts to about 12 cm ,

2

reducing the increase in glow area to about 3 cm / 1000
r'dntgen.
Contrary, low-activity samples show more pronounced
saturation effects. Sample 175, normal, cannot be charged be—

2
yond 35 cm

glow area, and the completely annealed sample
2
does not build up more than 20 cm of glow.
This experiment may show how important the alpha— ac
tivity really is for the behavior of a sample under thermo

luminescence study. At the same time it appears that x-rays
play only a secondary part and do not seem to affect the
structure of a sample. It is suggested that the explanation
for different behavior of various samples in irradiation
tests lies in their different history with respect to alphaexposure .
For young samples deexcitation and reduction in
glow areas

with continued irradiation is demonstrated, both

in the normal and annealed samples (sample 10). The normal
sample 106, SP flow, does not exhibit any saturation and
size reduction effects. Thus, another discrepancy between
Bonito and SP lavas becomes apparent.
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The grain size studies (Fig. B 7) reveal that the
finest fraction should he avoided in glow studies. Not only
is the application of a homogenous layer of material of fine
ness -*550 mesh

on the graphite plate quite difficult, but

it appears that the glow properties are affected. The frac
tion 150 - 350 mesh seems to represent the "true" glow most'
closely, probably because it is most accurately applicable
and forms a rather uniform, dense layer. The next larger
fraction leaves unavoidable irregularities and unevenness
in the layer and consequently gives lower results.
Glow curves actually indicate the grain size com
position of a sample automatically, in that the closer the
black body curve high temperature cutoff approaches the
right bottom corner of the recording sheet on the xy - recorder,
the finer is the sample. It was found that most samples in
vestigated

had a very uniform grain size. Sometimes, how

ever, when for some reason a very "dusty" sample was encoun
tered, it was noticed that the high temperature branch of
both the glow curve and the black body curve may reach the
right-hand vertical edge of the recording sheet, before it
comes even close to the lower, horizontal edge of the recor
ding plain. Passing the sample over a 350 mesh sieve elimi
nated the irritation and made the glow area comparable to
that of other samples.
Standardization of crushing and grinding processes
is the best precaution against grain size effects. The grain
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size distribution is then dictated by the law of RammlerRosin-Sperling, a logarithmic distribution function, which
is applicable to all natural and technical grinding and mil
ling processes.

(B.5)

Conclusions
Basaltic lavas do not react in a random fashion to

thermoluminescence studies. Particularly for young lavas up
to several tens of thousands of years, good reason exists to
believe that some relationship exists between glow area and
age of the sample. This relationship involves the alpha acti
vity of the sample and is the more uncertain, the higher the
activity and the age of the sample.
Alpha activity as well as luminescence studies may
be applied to identify young lavas of certain flows and tell
them apart from other young basaltic lavas, which have a dif
ferent alpha activity. Age estimates appear to be possible
up to several tens of thousands of years.
Irradiation with x—rays seems to have different ef
fects on lavas of different alpha activity. Annealing at
various temperatures up to 500°C

also shows different ef

fects, but no criterion has been found as to why some samples
give off their glow sooner than others. Variations in grain
sizes of samples must be avoided.
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General Statement
The subject of authigenic feldspars in volcanic

rocks is new. No literature on the subject is known to this
writer. The ideas here written down were crystallized during
various observations in northern Arizona.
The writer has previously worked on authigenic mag
netite in sedimentary deposits (Sabels, 1956). Feldspars
are much easier to investigate than magnetites, because they
occur in the environment in which they have been formed and
can be studied in petrographic thin sections. Magnetites, on
the other hand, had to be extracted from their redeposited
matrix and were studied in polished sections and by emission
spectrography.

(C.2)

Field Evidence for Authigenic Feldspar
Feldspar phenocrysts in volcanic rocks often occur

in restricted areas somewhere at the base of a cone or in
patches. These usually cannot be predicted from field rela
tionships. Robinson (1913) gives several indications for such
occurrences. Concerning Sugarloaf Hill, for example, (page
104) he states:
C

1

HThe groundmass in general consists of about equal
parts of microcrystalline feldspar and quartz and of
glass. Only slight evidence of flow structure is seen
in the lava of Sugarloaf Hill, because the crystals of
feldspar and quartz are nearly e quidimensional, but it
is shown

in the rhyolite of the northern part of the

area by lath-shaped feldspars in parallel arrangement".
Reporting on Sitgreaves Peak, Robinson (1913) states
page 107:
"Idiomorphic phenoorysts of soda orthoclase, a few of
oligoolase, and corroded quartz in crystals up to 5mm
long, constitute in most specimens not over 5 % of the
rook, but in a few reach a maximum of 20

Some of the

larger orthoclase crystals are graphically intergrown
with quartz. The groundmass contains numerous submicrosoopic black crystals, averaging perhaps 0,005mm, which
form the nuclei of radiating growths of triohites. The
dark mineral is predominantly biotite. Without exception
it is much altered, some of it completely so, to a
blaok opaque mass.
Of the two specimens that are not glasses one is a
drab-oolored lava from the northeast slope of the moun
tain. It has a hypomicrocrystalllne groundmass composed
predominantly of lath—shaped feldspars which are plain
ly arranged in lines of flow. The second specimen has a
holomioroorystalline groundmass composed principally of
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lath—shaped feldspars hut in part of stouter feldspars;
it probably represents a oore or dike rook. Both these
specimens are differentiated from the outer

lavas by

numerous roughly circular patches of quartz of indefi
nite outline, These quartz areas are invariably filled
with minute feldspar crystals diversely arranged and
thus have a mioropoikilitio structure. It is supposed
that these areas, like those seen in rather similar
specimens found at Kendrik Peak and Slate Mountain,
are the result of secondary enrichment by fumarolio
activity".
Robinson mentions the noticeable banded structure of
Sugarloaf South rhyolite, produced by the alternation of
thin compact and porous layers. He observed that only in the
northern part of the area feldspar phenoorysts show parallel
arrangement. In the Sitgreaves Peak area, the feldspar con
tent varies from zero to 20

Larger orthoolase phenoorysts

should be distributed rather uniformly through the rhyolite,
had they formed in the liquid magma before its solidifica
tion. They should be broken up, flattened and of a smaller
size, had they been deposited as phenoorysts together with
the tuffaceous groundmass. Robinson noticed intergrowth
with quartz in larger orthoolase crystals. This is unusual,
because at depth, where it is generally assumed that porphyroblastic crystals form, such intergrowths are not expected
to take place. Growth of trichites and destruction of biotite

are further indications for non-nnagmatio origin of the feld
spars in Sitgreaves rhyolite. The occurrence of quartz in
connection with lath-shaped feldspars in ±1ow—arrangement
suggests that the graphic intergrowth of quartz in larger
phenocrysts is of similar significance, pointing toward
a simultaneous formation of both minerals. It is interesting
that Robinson concludes some of the areas were enriched with
secondary feldspars by fumarolic activity. With this state
ment he comes close to the ideas entertained by this writer.
Field evidence for the existence of non-magmatio
feldspar phenocrysts in some rhyolites, for which the Sit
greaves rhyolite is here chosen as an example, may be summed
up as follows:
1)

;Feldspars are arranged in flow structures. They

contain quartz, v/hich has been called corroded quartz. It
is believed that this ”corroded quartz" never assumed the
regularity of the quartz crystal structure, but represents
tuffaceous matter in various stages of conversion.
2) The local concentration of feldspar phenocrysts
and their association with quartz zones is connected with
pipe—like structures, which are filled with tuff breccia.
3) The pipes are not orifices which once served for
the escape of molten lava. They are tuff pipes, and may
never have produced anything but fine-grained tuff.
The latest episode of activity of the pipes was not eruption,
but was subsidence.

(Ce3)

Tuff Pipes
Tuff pipes in the Sitgreaves Peak area were found

"by this writer and have never previously "been described.
The pipes constitute a neck-like structure in the general
central area of the former volcano, which has been eroded
almost to the level of the surrounding Government Prairie
(Plate 31). The tuff pipes are located along a northeast
trending line and grade from very fine tuff filling in the
southwest to coarse tuff breccia to the northeast. The fine
tuff consists of rounded to subrounded to subangular grains
between 0.1 and 5 millimeter in size. The largest grains
are the roundest. Microscopic analysis of the material will
be presented below. The coarse breccia pipes consist of an
gular blocks of rhyolite and contain obsidian in blocks up
to 20 inches.
It is commonly believed that obsidian is an extru
sive glass, formed by supercooling a liquid of granitic com
position. Such supercooling has never been found to occur at
depth, but is known only from the surface. Then, the presence
of obsidian chunks in the breccia pipe, at a location about
2500 feet underneath the top of the mountain at the time
of its greatest hypothetical height (Robinson) and about
1500 feet below the present top elevation, indicates that
it can have reached its present place only by collapse of the
pipe, or by subsidence of the volcano. Theoretically, there
is the possibility that the obsidian may have been picked up

at the older surface underneath the volcano» But despite the
extensive erosional destruction of the northern part of Sitgreaves Peak down to the base level, no such older obsidian
flows are known. Then, blocks of the size of the obsidian
discussed here generally did not move upward with the fine
tuff, but were shown by Cloos (1940) to sink downward.
If the tuff pipes of Sitgreaves Peak received their present
contents of breccia, tuff and obsidian by collapse, then the
mountain may never have reached the hypothetical height postu
lated by Robinson and used for age comparison on an erosional
basis. Instead, erosion may have had a head start on this
mountain with its collapsed core and possibly breached north
rim.
Collapse of tuff pipes is typical for tuff volcanoes
and discussed at length by Cloos (1940) for the tuff volcanoes
in Schwaben. Cloos states (translation, page 777):
"These subsidences are a fact and must be considered
as such in all arguments regarding the structure, mode
of formation, volume and material balance of tuff pipes,
o...It is very significant that the upward conveyance
of the pipes in the main phase of activity is quite
large. The grain size or the load of the individual
piece of material carried along is, however, quite
small. (This is to say, despite the fact that huge
•volumes of tuff are piled up by the pipes, the indi
vidual components are surprisingly small). Almost all
large blocks come from adjacent areas, in most cases

even from above, and they are not part of the "active
pipe tuff", hut passive material taken up at a late
stage of activity. These pecularities have often been
mentioned in the literature, but have been interpreted
very differently, quite often not at all, and have never
been formulated analytically. It must be concluded that
the volcanic work of mass-lifting in the pipes has not
been accomplished so much by strong, single events,
(in which case transportation of huge blocks in an up
ward direction would be expected), but by the integrated
rise of a mass whose energy was the sum of innumerable
small single impulses. The same conclusion must be ar
rived at from the fact that tuff occurs in intrusive
form and that it forms a fine, equally distributed
groundmass between country rock fragments".
The tuff and breccia pipes of Sitgreaves Peak with
their obsidian inclusions form an analog to the Schwabian
tuff pipes. Then, any flow structure in the rhyolite inclu
ding the rhyolite itself and its phenocrysts must be secondary,
formed by later, probably thermal activity.
Further evidence to illustrate the tuff - rhyolite
complex was found by this writer in the Mount Floyd area
northeast of Seligman (Plate 38). Tuff, rhyolite, aplite and
perlitic glass occur together and grade into one another imperceptably. Evidence for conversion of tuff to rhyolite and
perlite

and for thermal activity is as follows:

1) A large tuff deposit to the east of Mount Floyd
grades into rhyolite and perlite.
2) Hot spring activity is documented by abundant opalization of tuff and rhyolite. In the topographic low of the
area a rancher maintains a cattle tank which is fed by a per
manent spring in the rhyolite - perlite mass.
2) Inclusions of unconverted tuff were found by the
writer both in the glassy perlite and in the rhyolite.

(Co4)

Microscopic Evidence for Authigenic Feldspar
and Rhyolite
In the following, thin sections cut from rhyolites

and tuffs are described and the descriptions illustrated by
micrographs. These sections constitute the main evidence for
the existence of secondary or authigenic feldspar and rhyo
lite.
(Co4*0

Sitgreaves Peak tuff and breccia pipes.
Coarse and fine pipes (sample 451, 5 thin sections)
Subrounded to angular tuff grains up to 5 millimeter

occur in a glassy matrix* The grains consist of glass, homo
geneous as well as banded, with tiny enclosed orthoclase
crystals (0=1 millimeter). Agglomerations of round to angu
lar units from 0*05 to 0*1 millimeter, consisting of glassy
tuff shards, occupy the interstices. The boundaries between
tuff bodies are fuzzy, and some tuffs are converted to feld
spar, which occupies grain interstices and whole grain spaces
up to 0.2 millimeter! The feldspar is anhedral, and some tuff
grains may protrude into the feldspars. Some feldspars appa
rently converted adjacent tuff grains, which still preserve
completely rounded outline, but changed their color (bleach
ing) and show extinction (parallel) under crossed nicols and
are part of the feldspar. Such "feldspars" are hardly visible
under normal light because of the similarity, if not identity
with adjacent unconverted tuff grains. Only the slight dis
coloring of the yellowish to buff tuff grains indicates under
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non-polarized light that some change has taken placee Other
grain agglomerates now form small crystal agglomerates,
where the step from tuff to feldspar has been taken indivi
dually and integration into one large crystal did not occur.
Streams of single tuff grains, unattached and unchanged, are
visible in various channels, similar to flow between the lar
ger obstructions. Some of the feldspars are subhedral, appa
rently Mshaping up", with little irregularity. Some are per
fect euhedrals. Their size and perfect shape in this environment
of abrasion look suspicious. Therefore it is believed that
they are also of secondary rather than of primary origin.
Some of the rounded breccia grains have a schistose
character, showing layering with about 15 layers to the milli
meter, with micas and hornblende in the bedding planes and
tuff grains in between, many of which show extinction and
could be identified as quartzes or feldspars. Some of the
biotite crystals are fractured and show replacement by feld
spar.
Rhyolitic glass outside of the tuff pipes, but
confined to their immediate environs, shows many fractures
and joints, some of which in the concentric arrangement
known in perlite (Plate C 1, Fig. 1). Part of the mass is
converted to feldspar, either orthoclase, anorthoclase or
albite. It appears that the x - direction of the crystals
coincides with the major direction of fracturing of the
glass (Plate C 1, Fig. 2). This may indicate influence of
strain on crystal growth. Twinning of the feldspar is common.
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Without polarized light, the "boundaries of the crystals
cannot he distinguished from the glass (Plate C 1, Pigs.
3 and 4). Highest power magnification reveals that feldspar
grain boundaries are completely arbitrary with respect to
the glassy remainder and follow the course of the joints
which are believed to be older than the feldspars.

(G.42)

Sitgreaves rhyolite outside of the tuff pipes
Sample 302, a rhyolite from the top of Sitgreaves

Peak, does not constitute a "super-cooled liquid", but con
sists of individual little shards and grains which are ce
mented together. The average grain size is 0.2 millimeter.
The sample was collected from one of the scarce outcrops
of a solid mass of rhyolite on the north side of the top
region. It evidences that Sitgreaves Peak was a tuff pile,
extruded by "Schwabian" type activity and later consolidated
to a rhyolite which still retains tuff texture.

(C.43)

Krantz Collection and San Francisco Mountain tuff
Sample 190, Krantz Collection of petrographic thin

sections, is from the vitric tuffs of the Rheinland, Germany.
The individual shard agglomerates show complete resemblance
to the consolidated rhyolite from Sitgreaves Peak. The mate
rial stresses the statement that Sitgreaves rhyolite in thin
section does not convey the impression of having been erupted
in a liquid state and consisting of supercooled liquid.
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Sample 207 is a light colored inclusion taken from
a dacite dike at the bottom of the interior valley in the
San Francisco Mountain* In the field, the material was be
lieved to be a sandstone. Microscopic analysis shows iden
tity with the Sitgreaves rhyolite (sample 302) and the tuff
from Germany. This identity is merely physical and does not
imply that the three materials came from the same source or
event.

(Co44)

Mount Floyd area tuffs and rhyolites
Sample 313, hornblende-biotite-rhyolite from Trinity

Mountain (Plate C 4, Fig. 1), contains feldspar phenocrysts
of several millimeter. Some of the crystals contain uncon
verted tuff, and even the accessory minerals of the rhyoli
te - tuff outside of the phenocrysts are in cases contained
in the core of the feldspars, namely hornblende and biotite* In most phenocrysts the conversion of the enclosure
to feldspar is complete ( for example in the Fig. 1 shown),
even though the crystal lacks homogeneity in the core region.
The occurrence of mafic minerals of the same size
and optical properties inside and outside of feldspar pheno
crysts can only be explained by assuming that the feldspar
aggregated from the tuff or rhyolite.
Sample 354 ( Plate C 2, Fig. 1) from Mount Floyd
shows euhedral plagioclase (albite) which is much too large
and delicate in its twin arrangement to have been transpor
ted and deposited in this form.
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Pitting and incisions "between the original grains which are
now contained in the feldspar can he detected upon close
inspection of the photograph.
Sample 360, Floyd tuff (Plate C 2, Fig. 2), shows
feldspar phenocrysts, most of which are oriented in the
direction parallel to or slightly angled to the flow han
ding in the tuff. Cores of some feldspars are imperfect»
Others are dissected hy many joints and cracks.
No flattening of phenocrysts is observed. If the joints in
some of the feldspars were produced hy compacting forces,
it would he expected that the loose mass of feldspar frag
ments would have disintegrated completely during the process
of compaction and would have formed a feldspar "smear", as
can he observed in welded tuffs and in zones of tectonic
unrest, particularly near saline deposits.
Sample 359 ( Plate C 2, Figs. 3 and 4) consists of
tuff in aplitic association. Partly the material forms dikes
cutting through the tuff, partly it is tuff enclosed in the
"dikes". The micrograph indicates flow arrangement of the
tuffaceous glass which grades into perlitic glass with the
characteristic concentric habit. Though phenocrysts of quartz
or feldspar generally seem to he absent, a few individuals
of several millimeter length may he picked out under crossed
nicols (Fig.4). From the joint pattern in the glass no hint
as to the existence of a crystal phase can he derived. The
crystal lies parallel to the flow lines. Field relationships
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rule out any possibility that sample 359 is from a welded
tuff or ignimbrite. The only source it can be derived from
is the depth in the crater underneath. Because the sample is
taken directly in the crater it did not move very far. The
flow structure is not caused by compaction because it is
parallel to a vertical plain, and moreover parallel to the
aplitic dike the sample is taken from. Thus, conversion of
tuff to rhyolite and to perlite, probably by thermal solu
tions, seem the only conclusions which are in keeping with
field evidence. Tuff, rhyolite and perlite all consist
basically of glass, and it is only the arrangement and the
size of the particles which need be changed to convert one
into the other.
Sample 364 is a rhyolite from Mount Floyd. In the
pink groundmass red haloes are visible under the microscope,
surrounding decaying phenocrysts of biotite. The groundmass
itself has a grainy texture. In the decay- or discoloring
zone, under crossed nicols, strange arrays of white dots
along straight lines appear, seme of which are intersecting
one another. The white dots show simultaneous extinction
in accordance with the feldspar laws and apparently repre
sent a loose frame of a feldspar crystal which, however,
is not yet there. The interstices between the "claim markers"
are filled with tuff. This example seems to indicate that
the forces which govern the growth of crystals must not be
localized close to the crystal nucleus or the crystal edges,
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"but that they may hare the nature of field forces, not
hound to an immediate carrier. - A short distance away
in the slide there are aggregated, grainy feldspars, as they
are so characteristic for tuffs and rhyolites.
Sample 579 (Plate C 5, Figs. 1 and 2) is a rhyolite
from Floyd tank. The flow structure is similar to the one
described from the aplitic tuff sample 559. There are macro
scopic flow structures visible in the field which look very
similar to the micrograph. Glassy channels, forming hard
layers, are imbedded between soft, porous layers which
still consist of sharp tuff shards. The hard layers are
formed of quartz crystals and of feldspar growing outward
into the soft layer. It appears that the tuffaceous material
will be consumed with continuation of the circulation of
solutions. In the hand specimen 579, as in nature, the hard,
glassy layers can be traced into solid perlite, where tuff is
present only as an occasional remnant inclusion in the glass.
It appears to this writer, that perlite in the Floyd area
was formed by solutions from tuff shards. Formation of perlite
by hydration of obsidian is ruled out, because there is no
obsidian present in the area. If the perlite were derived
from obsidian, remnant obsidian should be found as inclusions
in the perlite. This is not so. On the other hand, the occur
rence of tuff remnants in the perlite is considered to be in
compatible with a derivation of the latter from obsidian.
Examining the channelways left by the solutions
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in the glassy tuff it appears that one almost gets the
impression of looking at a gneiss<» The layering is just as
pronounced as is the slaty cleavage in metaraorphio rocks®
The phenocrysts of feldspar

are oriented just like meta-

morphic crystalloblasts, and they seem to form in places of
least resistance to the solutions.
The similarity of the feldspar-tuff or banded rhyolite
structure with the gneiss structure is important for two
reasons. Gneisses are certainly not primarily deposited
rock types, and their minerals are known to have formed in
place. We could afford to know more about the mode of forma
tion of gneissoid crystalloblasts. It could be that some
rhyolites are low-temperature, "toy"-analogs of gneisses.
Secondly, in a solidifying melt there would be no reason
for phenocrysts to line up and form banded rocks. The forma
tion of banded rhyolites and their hard and soft, alternating
layers, as described by Robinson and as discussed from sample
379, is hard to conceive in connection with crystallization
of highly viscuous, rhyolitic melts.
It may be that the finely banded gneisses with their puzzling
alternation of layers (see for example Sabino Canyon, Santa
Catalina Mountains) may have a lesson to tell®
Sample 442 from Mount Floyd is a rhyolite with opal.
Opal formed along the flow direction of water and feldspars
are aligned in that direction. In round inclusions, tuff is
still preserved.

C 17
(Co 45)

Thirteen Mile Rock area
Tuff and rhyolite give very much the same impression

as the rocks described above» Small tuff grains are in part
bound into blocky feldspar phenocrysts, which still show
the boundaries between the original grain constituents«
Sample 472 (PlateC3, Figs. 3 and 4) shows a homo
genous tuff with a through-going joint or flow line pattern.
Under crossed nicols (Fig. 4), the larger part of the section
is identified as a feldspar phenocrysto It appears that the
flow lines should surround the phenocryst, had the crystal
existed before the material settled down. One must conclude
that the phenocrysts were not present at the time when the
tuff settled down, but are of an authigenic nature«

(C.5)

Conclusion
The assumption of Robinson (1913) that secondary

formation of feldspar and quartz in rhyolite occurred in
the San Francisco field is confirmed inna modified sense
and expanded to explain some observations on rhyolites in
compatible with the present knowledge.
Authigenic formation of feldspar in tuff is quite
common in northern Arizona. Some rhyolites appear to be
secondary products after tuffs, which probably consolidated
under hot spring activity.
It is believed that both the molten and the tuffaceous form of rhyolite reach the surface, and that tuff volca
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noes actually may produce rhyolite in a molten form “before,
during or after tuffaceous activity. The spines of Thirteen
Mile Rock, for example, are believed to be products of mol
ten lava, and the bombs collected at the base of the tuff
section are certainly extruded in a phase of nconventional”
eruptive activity.
The formation of rhyolite at depth is an enigma.
There are many different models to explain the origin of
basalt and the initiation of basaltic activity. We do not
know why rhyolitic activity so often precedes basaltic acti
vity, and we do not know why and how the rhyolite involved
in such activity forms. Certainly differentiation of a mag
ma is completely insufficient to account for early rhyolitic
activity.
The difficulty to explain early, pre-basaltic rhyo
litic activity did not exist in the past. In the model of
San Francisco volcanism as established by Robinson, pre—
basaltic acidic volcanism does not exist. According to
Robinson, volcanism commenced with basaltic activity, and
then, in the intermediate to acidic period, the magma
evolved nicely through a latitic, dacitic and rhyolitic
stadium, strictly in keeping with ideas of differentiation.
Then, after an andesitic interval, basaltic activity was
resumed.
Rhyolites and tuffs deserve much more attention
than they receive. They entered into the problems treated
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in this paper only as a side issue« Before long, they stood
in the center of the study, and the major chapters of this
dissertation deal with tuffs and rhyoliteso Even though some
results have been written down, and some questions asked,
a lot must remain unsaid, and several interesting tuff and
rhyolite occurrences of northern Arizona which were studied
during the past two years have not even been mentioned in
this dissertation.

The subject treated in this Appendix C is of central
importance

for this dissertation also from another point

of view. Secondary feldspar formation may form a problem
for the age determination of rocks. In 1959, the writer
concentrated and purified about a dozen biotite and feldspar
samples from a dozen rhyolitic lavas of northern Arizona,
and it was intended to date younger events of rhyolitic
activity both by using the mica and the feldspar. This study
will be carried out in the future and will appear now in a
different light.
It is known among geochemists that feldspar "leaks" and yields
less argon gas than can be obtained from micas of equal age
and potassium content. The material presented in this appen
dix calls for attention in work with feldspars from volcanic
rocks, Authigenic minerals may be present in samples to be
dated and may cause discordant ages. It is intended to follow
up these questions.
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"Baked Feldspars** in Basic Volcanic Rooks
General statement
During the examination of the 400 petrographic

sections made for this study it was found that basaltic
lavas overlying tuff often contain alkali feldspar phenocrysts which are much larger than any phenocrysts of conven
tional type in the same basalt. Such lavas usually show an
increased potassium content, as discussed in chapter 6 of
the dissertation.
The petrographic evidence for the existence of "baked feld
spars" will be presented here.

(Co62)

Baked feldspar in basalt
Sample 265 (Plate C 4, Fig* 2) from Thirteen Mile

Rock basalt shows an anhedral feldspar phenocryst with mel
ted down crystal outline and reaction rim showing relict
twinning. It was heated beyond its stability limit and reac
ted by exsolving cristobalite (Kerr, I960).
There is little uncertainty about the source of the potassic
enclosure. This basalt rests on top of a vitric tuff section
in excess of 1500 feet. Eight other basaltic lava flows under
lie the source flow of this particular sample* The bottom
flow, which is closest to the rhyolitic tuff, is an andesite
which abounds with baked feldspar inclusions.
The recent Bonito flow in places contains white, tuffaceous inclusions, which by various observers have been termed
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sandstone or limestone inclusions. Also in the northern
part of the flow feldspars of O'Leary dacite type are present
as inclusions in Bonito "basalt„ The steep slopes of O'Leary
Peak still permit huge dacite "blocks to obtain a remarkable
speed, which nowadays sends them against the northern, steep
"bounding slope of Bonito flow. Before the Bonito lavas filled
Bonito Basin to its present limits, O'Leary dacite blocks must
have covered a strip along O ’Leary Peak. This is proven by
the occurrence of the characteristic rimmed O'Leary feldspars
in the northernmost Bonito basalt. There is no other known
source for these feldspars. The observation seems to bear wit
ness to the fact

that basaltic lava flows incorporate feld

spars from rocks through which or over which they pass.
Petrographic study indicates that Bonito flow must
hide tuffaceous strata somewhere in its subsurface and that
O'Leary Peak is older than Bonito flow. In the present case
the age relationship between the dacite and basalt involved
is rather clear-cut, but the feldspar inclusions might be
significant in more complicated relationships.
Quartz phenocrysts up to 4 millimeter and feldspars
with extinction angles from 0 to 15° with reaction rims and
exsolved cristobalite were found in the Mingus Mountain top
basalt flow and have been reported on in chapter 6.
In the older Ott Mountain basalt (sample 174), in places
thick, dense nests of feldspar laths were found, und in other
places orthoclase with tuffaceous cores. The extinction angle
of the "nest" feldspar was found to be on the average 5 to 8°
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lower (maximum values) than the extinction angle of the
feldspar laths in the pure "basalt (about 30°)« It appears
that the feldspar nests could, be explained by contamination
of basaltic magma with acidic material.
Plate C 4, Figs. 3 and 4, show baked feldspar inclusions
from the Ott Mountain flows. Plate C 5, Fig»1, gives a highpower magnification at the scale of 7 1/2 inches to the milli
meter.
Plate C 5, Fig. 2, shows a salic inclusion in Ott Mountain
basalt which looks very similar to tuff and rhyolite as shown
in other micrographs.
Sample 298, South Kendrik basalt (Plate C 5, Figs*
3 and 4), contains plagioclase with a maximum 30° extinction
angle. However, some glassy feldspars

have an extinction

angle of about 10° and are considerably larger than ordinary
calcic feldspar. The specimen shown in Figs. 3 and 4 (Fig.
4 gives the view of Fig. 3 with nicols crossed) is 5 milli
meter large, ten times the

size of the largest lath.

Slate Mountain well in the

area proves the existence of

tuff strata in the subsurface. It is believed that the South
Kendrik basalt may have derived its alkali—feldspar content
from that source. The driller could have obtained an indica
tion that tuff is present by examining the basalt of the nea
rest lava flow.
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Conclusions
Some "basaltic lavas contain foreign feldspar.

They have picked it up either at the surface during the
spreading of the lava or in the subsurface when the lava
welled up to its outlet.
The importance of these inclusions for correlation
need not be stressed. Moreover, the inclusions give infor
mation which otherwise can be obtained, only by counting tech
niques or chemical analysis (change in alkalinity) or by
drilling (composition of the subsurface).
That alkali-feldspars do endure in basalts despite
baking and exsolution is a nice test of Bowen's reaction
principle.

Plate C 1.

Photomicrographs of Acidic Rocks

Fig* 1. Sitgreaves Peak rhyolitic glass near tuff pipes
Concentric (perlitic) joint pattern, few feldspar
and quartz phenocrysts almost invisible in plain
light.

Fig* 2* Sitgreaves Peak rhyolitic glass near tuff pipes
Same as (Fig* 1.) with nicols crossed* Glass re
mains dark* Large feldspar phenocryst does not
show distinst demarcation against glass.

Fig. 3. Sitgreaves Peak rhyolitic glass near tuff pipes
High power magnification of boundary crystal —
glass from Fig. 1.

Fig. 4. Sitgreaves Peak rhyolitic glass near tuff pipes
Crossed nicols make crystal outline appear. The
rather straigh crystal edge is maintained by an
array of grains which do not lie parallel to the
edge* Apparently similar grains on the other side
of the crystal edge are amorphous.

Plate C 1

Fig. 3

Fig. 4

Plate C 2.

Photomicrographs of Acidic Rocks

Fig. 1 o Mount Floyd tuff
Euhedral plagioclase (alhite) phenocryst, pitted,
which shows a network of joints, representing the
former grain "boundaries. Crystal is too large and
delicate to have "been deposited in this form as a
primary mineral„

Fig. 2. Mount Floyd tuff
Flow handing in tuff near aplite dike. Banding
parallel to the dike, in a vertical plain. Phenocrysts mostly oriented parallel or slightly angled
against flow direction.

Figo 3. Mount Floyd tuff
Flow handing in tuffaceous glass, grading into con
centrically arranged perlitic glass. Some of the
consolidated, perlitic masses are converted to feld
spar and quartz, though they cannot he distinguished
from the surrounding glass in plain light.

Fig. 4o Mount Floyd tuff
Same as Fig. 3., with nicols crossed. Euhedral to
suhhedral feldspar, oriented parallel to flow di
rection, with sharp crystal edges which separate
apparently formerly identical grains and shards,
some of which remained amorphous (outside) and
some of which assumed a crystal structure (inside).

Plate C 2

Fig. 5

Fig. 4

Plate C 3.

Photomicrographs of Acidic Rocks

Figo 1 o Floyd tank rhyolite
Flow handing between tuffaceous shards, giving way
to perlitic glass, some of which is converted to
feldspar phenocrysts. The latter still show the
same concentric joint system as the glass surroun
ding them, and apparently "push aside" the flow
lines on either side.
Fig, 2. Floyd tank rhyolite
same as Fig. 1», with nicols crossed, Phenocryst
clearly visible. If flow banding were not caused
by solutions, but by compression of formerly
ignimbritio, Pel§ean avalanche, it would be ex
pected that phenocrysts were crushed and flattened.
This is not the case.

Fig, 3, Thirteen Mile Rook tuff
Pitted, bedded aggregate of compacted tuff shards,
showing weak indications of solution penetration
ihvapproximate north-south direction.

Fig. 4, Thirteen Mile Rock tuff
same as Fig. 3., with nicols crossed. The larger
part of the section is taken up by feldspar twin.
Another example for authigenic feldspar. There is
no discontinuity in the tuff apparent at crystal
boundaries. The boundary between the dark and light
parts of the twin is more pronounced that the boun
dary between the light part of the twin and the out
side tuff.

Plate C 3

F ig . 3

Fig. 4

Plate C 4.

Photomicrographs of Acidic and Basic Rooks.

Fig. 1. Trinity Mountain hornblende-hiotite rhyolite
niools are crossed. Subhedral feldspar twin
which encloses hornblende and biotite of same
properties as is contained in the surrounding
material.

Fig. 2. Thirteen Mile Rock basalt baked feldspar
anhedral feldspar phenocryst with melted down
outline and reaction rim showing relict twinning.
Exsolution of cristobalite in the inner region.

Fig. 3. Ott Mountain flow baked feldspar
graphic intergrowth - exsolution pattern
feldspathic inclusion in basalt.

in

Fig. 4. Ott Mountain flow baked feldspar
same as Fig. 3. with niools crossed. Twinning is
preserved despite exsolution of SiO? . Cristobalite
does not obey twin law and stays lit up, contrasting
against extinct feldspar.

Plate C 4
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Fig. 3

Fig. 4

Plate C 5. Photomicrographs of Inclusions in Basalts

Fig* 1 * Ott Mountain flow "baked feldspar
high-power magnification of graphic intergrowth
of exsolved and remnant material in "baked feldspar,
approximate scale 7 1 / 2 inches to 1 millimeter or
1 : 200 (linear).

Fig* 2. Ott Mountain flow tuffaceous (?) inclusion
glassy inclusion from the Sycamore Canyon Upper
Hickey unit flows* Price (1949) reports obsidian
found as inclusions in basalt of the area.

Fig. 2. South Hendrik basalt feldspar inclusion
The xenocryst is 5 millimeters long and gives the
impression of a shard-composed tuff or rhyolite.
Underneath this basalt flow, more than 100 feet of
tuff have been found by drilling. It is believed
that this material was picked up by the basaltic
lava when passing through the tuff beds*
Fig. 4. same as Fig.

, with nicols crossed.

Plate C 5

Fig. 3

Fig. 4

ARIZONA
l ib r a r y

''

BINDING
COMPANY
Phoenix
OrtfiedL.brary

