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ABSTRACT

A sequence of Older Precambrian volcanic and sedi
mentary rocks more than 15,000 feet thick occurs in the 
Blackjack Mountains and White Ledges, 20 miles north of 
Globe,Arizona. This sequence consists of (from older to 
younger) the Redmond formation (acidic volcanic rocks) and 
the Hess Canyon group (clastic sedimentary rocks). The 
Hess Canyon group is subdivided into: the White Ledges
formation (interbedded quartzites and argillaceous rocks); 
the Yankee Joe formation (argillaceous strata with some 
interbedded graywackes and arkoses); and the Blackjack 
formation (argillaceous quartzites). These rocks have been 
intruded by the Ruin Granite (a porphyritic quartz mon- 
zonite) and subsequently eroded to approximately the present 
level of exposure prior to the deposition of the Younger 
Precambrian Apache Group. The unconformity between the 
Older and Younger Precambrian strata is well exposed at 
Butte Creek north of Haystack Butte. Diabase has intruded 
the Blackjack formation, the Ruin Granite and the Apache 
Group. No Paleozoic or Mesozoic rocks are known to occur 
within the surveyed area. Sediments and volcanic and 
sedimentary rocks of Tertiary and Quaternary age partly 
conceal the older rocks.
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xiii
The Hess Canyon group can be correlated with the 

Deadman Quartziter Maverick Shale, and Mazatzal Quartzite 
of the Mazatzal Mountains (Wilson 1939a) and also the 
Houden Formation of the Diamond Butte Quadrangle (Gastil 
1958).

Whole rock Rb-Sr dating indicates an age of 
1,510 ± 40 m.y. for the Redmond formation. Isotopic 
dating of the Ruin Granite near the Blackjack Mountains 
and of the granitic rocks intruding the Mazatzal Quartzite 
of Four Peaks in the southern Mazatzal Mountains indicates 
that the Mazatzal Orogeny (the Mazatzal Revolution of 
Wilson, 1939a) occurred 1,425 to 1,380 m.y. ago in central 
Arizona. This orogeny followed the deposition of the 
Mazatzal Quartzite and the Hess Canyon group, terminating 
Older Precambrian time in Arizona and was followed by the 
deposition of the Younger Precambrian Apache Group.

Isotopic dating of volcanic metamorphic and plu- 
tonic rocks in the Pinal and Tortilla Mountains and near 
Roosevelt Dam on the Salt River indicate that portions of 
the Pinal Schist in the type locality are greater than 
1,730 m.y. old and that these rocks have experienced a 
complex series of events in Older Precambrian times. The 
Madera Diorite of Ransome (1903) consists of rocks 1,730 ± 
30 m.y. old as well as rocks about 1,500 m.y. old.



xiv
The Older precambrian igneous rocks in this part 

of Arizona appear to have developed from material similar 
in Rb to Sr ratio to average shallow continental crust. 
These rocks formed during the interval 1,730 to 1,370 m.y. 
ago. The continental crust in this region probably orig
inated no earlier than about 1,800 m.y. ago. Igneous rocks 
younger than 1,370 m.y. have not been derived solely from 
average shallow crustal material.



CHAPTER 1

INTRODUCTION

This study concerns Older Precambrian rocks of 
selected areas in central Arizona. This usage of the terms 
Older Precambrian and Younger Precambrian follows that of 
Butler and Wilson (1938). In central Arizona the Older 
Precambrian rocks are those that are overlain by, or be
lieved to be older than, the Younger Precambrian Apache 
Group and the Troy Quartzite (Butler and Wilson 1938,
Shride 1967, and Krieger 1968). The Older Precambrian, 
the Apache Group, and the Troy Quartzite are all intruded 
by Younger Precambrian diabase dikes and sills in the region 
of this investigation (Shride 1967; Silver 1960, 1963;
Damon et al. 1962; Krieger 1968). Older Precambrian and 
Younger Precambrian are provincial terms and in no way 
imply correlation with older and younger Precambrian rocks 
in other areas of North America or the Earth. The terms are 
useful in Arizona and possibly in other parts of western 
North America. The general acceptance of these terms by 
geologists working in Arizona justifies their use in this 
study (Wilson 1962).

The implications of these terms are of general 
application throughout Arizona and they convey a precise
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amount of information. In central and southern Arizona the 
term Younger Precambrian refers to the Apache Group and all 
younger rocks that are, at the same time, older than Paleo
zoic in age. In the Grand Canyon of Arizona the Younger 
Precambrian refers to the Grand Canyon Series and all 
younger rocks that are also older than Paleozoic. The term 
Older Precambrian refers to all rocks in Arizona that are 
older than the Younger Precambrian. This usage is somewhat 
unsatisfactory since the time equivalence of the Grand 
Canyon Series and the Apache Group has been assumed (Butler 
and Wilson 1938, and Shride 1967) but not demonstrated. No 
conflict of terminology is involved within the major part 
of this report since the investigations are mostly restricted 
to central Arizona and the terminology is unambiguous. Only 
in the section on correlation with other areas will.the 
possibility of equivocal meanings of terminology arise.

Purpose
The purpose of this study has been to shed light on 

the general subject of the age and correlation of the Older 
Precambrian rocks of central Arizona and the number and 
general nature of the events which have affected them. The 
major specific problem has concerned the age and nature of 
the Mazatzal Revolution (Wilson 1939a). As this event was 
defined and first studied in central Arizona it seems
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reasonable to assume that its age must also be determined 
within this region. Several statements concerning the age 
of the Mazatzal Revolution occur in the literature. Some 
of these statements are invalid since they have not taken 
into consideration the precise stratigraphic relationships 
with which Wilson (1939a) endowed the Mazatzal Revolution 
in his original definition. They also have been based upon 
some of Wilson's general conclusions concerning the nature 
of the Mazatzal Revolution which have since been partially 
refuted by recent work.

It was not at all certain at the start of this study 
that a convincing and coherent chronology could be assembled 
for these Older Precambrian rocks but it was hoped that a 
combination of the more conventional and modern methods 
would result in an increased degree of order in our know
ledge of these rocks.

Methods of Study
The methods employed in this study are principally 

geochronological in nature. This statement serves to em
phasize that time is the common denominator which ties the 
various methods into a coherent study. The time relation
ships between rock bodies can be studied in a number of 
ways. For convenience, they have been separated into two 
categories: geological and isotopic. The first category
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includes the more traditional methods of field mapping, 
lithological correlation, and scholarship, while the second 
includes methods made available by the atomic and nuclear 
revolution of the first half of this century.

Geological Methods of Study
The initial phases of this study involved a search 

of published accounts of the Older Precambrian of Arizona 
in the literature in order to become familiar with the 
characteristics of these rocks, the extent of knowledge 
available, the apparent problems and alternative points of 
view. Discussions with individuals experienced with these 
subjects was also a part of this early phase of study.
Review of previously published and newly published material 
has continued throughout the duration of the study.

The second phase of geological study involved re
connaissance visits to several areas of potential interest. 
The purpose of these visits was to gain first-hand impres
sions of the local geology and to collect samples for pre
liminary chemical and isotopic analyses. Some of these 
trips were made with persons working in the field and re
sulted in discussions concerning that particular locality 
and neighboring regions. Reconnaisance of interesting areas 
also has continued intermittently throughout the duration 
of this study.
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It was soon recognized that the Older Precambrian 

had been best studied and described in central Arizona.
There the problems had been more clearly defined and pre
sented the best chance of solution. Here: terrains des
ignated as Pinal and Yavapai could be compared; the 
Mazatzal Revolution could probably be dated; and a pre
viously undescribed and poorly mapped area with significant 
Older Precambrian exposures could readily be mapped at small 
scale and described in at least a preliminary fashion 
(Chapter 3).

Four areas were selected to be studied by means of 
isotopic geochronometry. The Pinal and Tortilla Mountains 
were selected because of the early work of Ransome (1903, 
1919), who made the original studies of the Pinal Schist.
The southern Mazatzal Mountains were selected because of 
the presence of Mazatzal Quartzite and younger intrusive 
rocks. The White Ledges were selected because of the ex
tensive exposures of quartzites, slates, volcanic rocks 
and younger granite all overlain by the Apache Group, none 
of which had been extensively mapped or described.

The rock exposures of the White Ledges and the 
Blackjack Mountains were mapped at a scale of one inch to 
one mile on high-altitude vertical aerial photographs. 
Contacts, rock types and structures were transferred to a 
drainage base map with a scale of two inches to one mile
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(see geological map in pocket). Structural and strati
graphic information were plotted on a topographic map with 
a scale of one inch to 2,000 feet in order to study vari
ations of formation thickness after rectifying the field 
data for topographic and structural effects. Thin sections 
were made of many rock types in this area to determine their 
petrological nature and variations. Tectonic analysis was 
restricted to the distribution and attitudes of strata and 
intrusive contacts.

Isotopic Methods of Study
Both K-Ar and Rb-Sr methods of isotope geochronology 

have been applied in this study. Detailed descriptions of 
these methods are presented in Chapter 2. Under ideal con
ditions, all methods of isotope geochronology should, and 
sometimes do, give identical results, within the generally 
accepted ranges of precision and accuracy. However, ideal 
conditions exist mostly within the minds of men and can 
hardly be expected to occur commonly in nature. The ideal 
case would be a rock which once having been formed has not 
subsequently been disturbed. In this case, only a minimal, 
single bit, of information would be obtained, that is, the 
time of formation. Rocks, however, are complicated systems 
and usually have experienced a complex series of events. It 
seems reasonable to believe that rocks have histories, not



simply ages, and that more than one bit of information is 
available for retrieval by means of multiple radioactive 
11 clocks," The dates calculated from the several systems 
of radioactive decay are model ages which are based upon a 
number of basic assumptions concerning the initial abundance 
of daughter product and closure of the system against loss 
and gain of both parent and daughter.

Considering the complexity of rocks and the wide 
variations of the physical and chemical properties of their 
constituent mineral phases it should be no surprise that the 
several dating methods when applied to various minerals 
yield various results. These results can be rejected as 
erroneous or accepted as real events according to one's own 
inclination. In the first case, hard-won data are con
sidered worthless, but the second case can result possibly 
in a reconstructed history. The second approach is pre
ferred by this author and has resulted in an internally 
consistent picture which is amply supported by geologic 
information and other methods of isotopic dating by other 
workers at other laboratories.

The various radiogenic daughter products in various 
mineral phases display a variety of responses to perturbing 
events. These responses are due mostly to difference in 
diffusion coefficients of the radiogenic decay products in 
the different mineral phases. Thus argon is lost easily

7
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from biotite at relatively low temperatures but is quanti
tatively retained by hornblende until very high temperatures 
are attained. The acceptability of daughter products in 
various mineral phases also has important consequences.
Argon released from micas can be lost from the rock due to 
the inert and fugitive nature of this monoatomic gas. 
Strontium, however, might be lost from micas but is readily 
accepted by newly formed minerals such as epidote, feldspar 
and hornblende. As a result the daughter product of rubid
ium decay is likely to remain in the rock. The results of 
isotopic dating are, then, subject to multiple and equivocal 
interpretations; these must be tested by the constraints of 
other independent geological studies to minimize the number 
of alternative solutions.

The Conceptual Use of Time Scales 
in Geological Science

Both traditional and isotope geochronology attempt 
to achieve the same goal: the establishment of a complete
time scale. The methods of these two disciplines are based 
upon independent principles. They are complementary, not 
competitive. In both nature and scale, the limitations of 
these two disciplines are vastly different.

The main forte of isotopic dating is the ability to 
establish an absolute time scale based upon uniform time 
units with the present time designated as the zero point.
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This time scale has inherent within its properties the 
characteristics necessary for the chronological or temporal 
correlation (within limits of resolution) of widespread 
geologic events independent of location and independent of 
biostratigraphic correlations. The fact that isotope geo
chronology can be applied independently of biostratigraphy 
is of great significance to those who concern themselves 
with rocks of Precambrian age. There exists only the hope 
that biostratigraphic correlations will someday be applied 
successfully to Precambrian correlation problems. Until 
then, isotope dating must assume the position of the only 
effective arbiter of widespread Precambrian correlations. 
Isotopic dating is based upon the empirically validated 
principles of radioactive decay. Experimental limitations 
and limitations due to geological perturbations must be 
considered in detail.

The time scale of classical geology is a serial or 
sequential scale. It is based upon the principle of super
position which is abundantly validated for rock systems. 
Units of time in this scale are represented by rocks and 
by intervals between groups of rocks. The units of time 
are nonuniform, but many rock formations can in principle 
be placed in correct relative time order. The observational 
limitations and pitfalls of classical methods must also be 
carefully considered.
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Another time scale must be considered. It is non- 

operational (i,e. nonexperimental and nonobservational) and 
it is the time scale that both disciplines are trying to 
achieve. This time scale is the scale of all real events 
arranged in order of occurrence. The significance of this 
scale is that neither of the operational scales of isotope 
and classical geology is able to distinguish (measure or 
observe) all real events. The best that these two dis
ciplines can achieve geochronologically is to estimate 
(within the limits of resolution) the order, the number, and 
duration of observed events. It is for this reason that 
specific events are given proper names and related to type 
localities.

Two independently established classical events may 
sometimes be correlated in time by means of isotope dating. 
Also, events established by isotope geochronology may at 
times be correlated to events established by classical 
geology. Indeed, it is these correlations which help to 
fill in the scale of all real events. Occasionally, it may 
happen that an event defined by one or the other of the two 
disciplines can be subdivided by the other discipline and 
hence lead to a more complete and accurate approximation 
of the scale of all real events.

The limitations of isotope and classical geology 
are vastly different. These differences are based largely
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upon resolution. The resolution of classical geology may 
even include seasonal events when the subject of study is 
finely laminated (e.g., varved glacial deposits), yet 
classical geology may not be able to distinguish chemically 
similar plutons which might be hundreds of millions of years 
different in age. Conversely, vast thicknesses of volcanic 
and sedimentary rocks in very old terrains might yield iso
topic ages that are equal within experimental errors and yet 
yield an enormous amount of information to classical methods 
of study.

It is clear that, since the advent of isotope geo
chronology, the field geologist must recognize the sig
nificance and power inherent in an absolute time scale.
He must define his geological events so that they are 
operationally unique within the reference of classical 
geology as well as isotope geochronology. He must recognize 
and anticipate any possible ambiguities. A reciprocal 
position must be assumed by the isotope geochronologist.
It is clear that these modern constraints were not required 
before the last one or two decades. Prior to this time, 
little allowance was made for the intercourse of these two 
disciplines. Presently, one must live with the accomplish
ments of his predecessors and the shortcomings of their 
definitions and try to improve upon their work while re
maining faithful to their concepts. Above all, he must
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strive to improve upon the precision, accuracyr and va
lidity of the placement of geological events within the 
time scale of all real events, One must choose those 
earlier presented criteria and characteristics that lead 
to an improvement of precision.

With reference to the Precambrian of Arizona, the 
isotope geochronologist and geologist must search through 
the criteria of events defined by earlier workers, select 
the most meaningful and precise definitions and test their 
conclusions. At times it may not be an easy chore to win
now definitions from conclusions. It is the conclusions 
that must be tested by building upon precise definitions. 
If inconsistencies arise, the geologist may be forced to 
reexamine the regions of earlier work and to redefine 
events and reach new conclusions. The men who have com
pleted classical field studies and published upon the Pre
cambrian geology of Arizona have in nearly all cases been 
competent men and astute and keen observers. More often 
than not, their definitions are precise and it will be 
their conclusions that must be tested, not the quality of 
their work.

As new methods of study arise, new properties and 
characteristics of rocks can be measured. These methods 
will not alter the earlier observed properties, character
istics, and relations of the rocks but may alter the



conclusions deduced from them by the application of new 
constraints.

13

The Theory of Isotopic Dating 
Several experimental isotopic methods of study are 

available to geologists and geochronologists investigating 
the histories of geological materials. In the following 
sections the theoretical considerations from which the 
model ages are derived and the causes for deviation from 
simple model ages are discussed.

All isotopic dating methods are based upon the fact 
that radioactive nuclides are present in the natural envi
ronment. They may be produced from stable nonradioactive 
nuclides by bombardment with highly energetic particles 
such as cosmic rays or they may be residual radioactive 
species left over from nucleosynthesis at the time of 
origin of the solar system.

The first type of radioactive species may have half 
lives short relative to the age of the Earth. Carbon-14 
is the best known example of this type. It is produced by 
cosmic ray neutron bombardment of in the upper atmos
phere. The reaction is represented by:

+ 14, + 14,

The superscripts represent mass numbers, the subscripts are 
atomic numbers and n and p stand for neutron and proton.
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Letting P stand for the abundance of a radioactive 

species, then the decay equation is:
-dp/dt = A P . (1)

The negative sign indicates decay and A is the appropriate 
decay constant. The experimental count rate also is pro
portional to the amount of radioactive species present and 
can be used as a method of assay if the efficiency for 
detection is determined from standards of known abundance. 
Integration and rearrangement result in the age equation:

t = 1/A In P0/P (2)
p is the amount of material present at the time of measure
ment and Pq is the original amount of material at a time t 
years ago. In the case of dating, it is assumed that 
the original amount of radioactive species has been con
stant due to a constant rate of production. The age, t, 
can then be calculated if Pq and the decay constant are 
known. This method of dating is useful for determining 
geological history in the late Pleistocene and Recent times.

The second type of radioactive species all have 
half lives which are a large fraction of or greater than 
the age of the Earth. The five most useful species are 
listed in Table 1 along with their mode of decay, decay 
constants, half lives and daughter products. These species 
can be applied to dating problems throughout geological 
time but experimental difficulties arise at the recent end



Table 1. The Five Most Useful Long-lived Radioactive Decay Schemes.

Radioactive
species

Daughter
product

Branching
fraction

Decay
mode

Decay 
constant 
(x 10"9/yr)

Half
life
(x 10“9 yr)

40k a k19 4°Ar18 .110 K-electron
capture

A k = ..0588

4°=a2„ .890 /3 emission = .478 
A  = .537 1.29

87to37b 87sr38 1. fi emission .0139 50
232Th b 

ln90 2°8^ 8 2 1. a  6 ,/?4 . 0499 13.9
235u92b ' 207Pb82 1. OC 7 ,/?4 .976 .71

238«92b 206Pb82 1. CX 8 ,^6 .1537 4.51

aDamon 1968.
^Tilton and Davis 1959.
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of the time scale. Each method has its individual limita
tions which are determined by the experimental methods of 
measurement and the geochemistry of the particular system 
being studied. Since the amount of parent material is not 
constant, both the parent and daughter product must be 
measured.

Rearrangement of Equation (2) gives:
P0 = Pext . (3)

The original amount of parent is the sum of the remaining 
parent and the daughter product,

P0 = P + D (4)
Substituting (4) into (3) and rearranging gives:

D = P(ext -1) (5)
and the solution for time is:

t = 1/A In (1 + D/P) . (6)
The life time of the system is t if no daughter product 
was present at the start and there has been no change in 
the amounts of parent and daughter due to any process other 
than radioactive decay. The decay constant must, of course, 
be known. The general Equations (5) and (6) must be modi
fied to take into consideration the systematics of the decay 
being employed and the particular geochemical factors 
pertinent to the rocks and minerals being studied.
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The K-Ar Method of Age Determination

The K-Ar method has been recently reviewed in 
Hamilton and Farquhar (1968), Schaeffer and Zahringer (1966) 
and by Hamilton (1965), The reader is referred to these 
books for descriptions of experimental methods and for ex
tensive lists of references. The most recent theoretical 
advance is given by Damon (Damon 1968, and Damon and others 
1968). He has concerned himself with a generalized geo
chemical treatment which can account for many apparent dis
crepancies and inconsistencies of the method. His approach 
is more general and concise, if less rigorous, than the 
approach described by Fechtig and Kalbitzer (1966). The 
two treatments are strongly complementary. The following 
discussion is taken from Damon (1968), Mauger, Damon and 
Livingston (1968) and Damon and others (1968).

Potassium consists of the three naturally occurring 
isotopes listed in Table 2. Of these is radioactive and 
the least abundant. Eighty-nine per cent of decays by 
beta emission to ^®Ca and 11 per cent to ^Ar by k-electron 
capture. ^Ca is the most abundant isotope of calcium, one 
of the six most abundant elements in the crust of the Earth. 
Because of this, radiogenic calcium is difficult to isolate 
from nonradiogenic calcium and is seldom employed in geo- 
chronological studies. Argon, a trace element in the crust
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Table 2. Isotopic Abundances of Potassium, Calcium and 

Argon.

Element and 
crustal abundance

Isotopes Isotopic 
abundance 
(atomic %)

Remarks

Potassium 39k 93.08
(at. no. 19)
25,900 ppm 40k 0.0118 (radioactive)

41k 6.91

Calcium 40Ca 96.97 (partly
(at. no. 20) radiogenic)
36,300 ppm 42Ca 0.64

43ca 0.145
44Ca 2.06
46ca 0.0033
48Ca 0.185

Argon in litho in atmosphere
(at. no. 21) sphere
0.04 ppm J6Ar — 0.337
(0.93 vol. % in
the atmosphere) 38Ar — 0.063

4 Oat 100% 99.600
(radiogenic)

Table from Damon 1968.



of the Earth, neyer constitutes an essential component of 
minerals and is frequently employed in geochronological 
studies.

The equations which consider the partial decay to 
^®Ca are:

19

and

where

L Xk 40 , At ,.Ar = ^  K(e -1) (7)

1 A 40Ar
x ln 1 + * 7  40k (8)

A a k +
and are the decay constants for K-electron capture

and beta emission and the total decay constant is A , the 
sum of the separate decay constants. The time necessary to 
produce the contained 40Ar from the contained 40K is t. 
Implicit here is the absence of 4®Ar when t is zero and the 
closure of the system to transfer of 4®Ar and 4®K.

Damon (1968, and Damon and others, 1968) has con
sidered the influence of prolonged thermal histories and 

40environmental Ar on model ages. He states that the rate
40of change of Ar in a mineral is given by:

.40. . _40d 40Ar
v ° K - X d (*UAr - CP*") .

The first term is the argon production rate due to the decay 
of potassium. The second term is the fate of loss or gain
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of argon depending upon whether the argon content is 
greater or less than the equilibrium value, CP^, under the 
conditions being considered. A  ^ is the diffusion escape 
constant of argon at the temperature of interest and C is 
a solubility coefficient. Both C and A ^ are dependent 
upon mineral structure and temperature and A ^ is also 
dependent upon grain size. P40 is the partial pressure of 
argon external to the mineral phase under consideration.

A  d has the dimensions of a decay constant and is 
related to the temperature dependent diffusion coefficient, 
D, by:

A d = g D/a2 . (10)
The pertinent diffusion distance is a and g is a geometrical 
factor relating to the shape of the grain.

g/a^ = 14.2/h^ for a slab, 
g/a^ = 12.5/r^ for a cylinder, 
g/a2 = 35.7/r'2 for a sphere,

where h is the thickness of the slab and r and r 1 are the 
radii of the cylinder and sphere respectively. The slab 
represents one dimensional diffusion and the cylinder and 
sphere represent two and three dimensional diffusion.

Integration and rearrangement of Equation (9) (see 
Damon and others 1968, pp. 34-36, and Friedlander and 
Kennedy 1955, pp. 129-137) gives the time dependent equa
tion:
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40t e . ^ K _ 4 0 K
d

+ 40Ar0 e* A at
+ CP40 (1- e- Xdt) . (11)

The first term is the argon produced by the decay of 
modified for the loss of ^ A r , the second term is the ini
tial ^®Ar term modified for loss and the third term is the 
increase in ^Ar in the mineral due to the external ^Ar 
pressure. The time since the new conditions of tempera
ture and ^®Ar pressure have been imposed upon the system is 
now t. It does not necessarily represent the time since 
original crystal formation.

At room temperature A ̂  is very small, the third 
term is near zero, and the result is the same as Equation 
(7) plus the term for initial argon. At elevated tempera
tures A ̂  has a significant value and all three terms must 
be evaluated. If the time is long compared to the half 
life for argon loss, the second term goes to zero.

Steady state conditions may prevail at high tempera
tures when the rate of argon leakage equals the rate of 
^Ar production. In this case Equation (9) equals zero and 
upon rearrangement:

40^ = AiS 40k + CP40 
Ad

(12)
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Thus the argon content in steady state conditions will
have two components; one supported by the decay of K and

4 0the other supported by the external Ar pressure. At
40very high temperature the high Ar pressure A  ̂  may be 

very large compared to A and:

40Ar CP40 . (13)
Substituting Equation (10) into Equation (12)

gives:
40Ar = A sf. 40K + CP40 (14)^ gD

It can be seen that under these restricted conditions the 
40Ar content is dependent upon the square of the diffusion 
dimension and it is possible to explain the dependence of 
the 4®Ar content upon grain size (see Mauger et al., 1968) 
if the diffusion distance is directly related to grain size.

The analytical techniques for the K-Ar method have 
been described by Livingston et al. (1967).

The Rb-Sr Method of Age Determination
The applications and theory of the Rb-Sr method are 

well described by: Compston and Jeffery (1961); Hamilton
(1965); Hart (1961); Hedge and Walthall (1963); Lanphere 
et al. (1964); and Nicolaysen (1961). Extensive references 
to the active literature are given in these sources to which 
the interested reader should refer. The following
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discussion is an abbreviated synthesis from all of these 
sources.

The abundances of Rb and Sr and their isotopes are 
given in Table 3 along with their isotope ratios. As in
dicated in Table 1 the decay of ®^Rb to ®^Sr is direct and 
not complicated by branching or intermediate radioactive 
species. Consequently, it is only necessary to modify the
general Equations (5) and (6) for geochemical considera-

8 7tions. Since radiogenic Sr cannot be distinguished from 
87nonradiogenic Sr the sum of the two components is measured

8 7so that the original Sr must be added to both sides of 
Equation (5) giving:

87Srm = 87Sr0 + 87Rbm (e At -1) (15)
where subscript m indicates the measured quantity and sub
script o indicates the amount at time equal to zero. 
Furthermore, improved precision of measurement is achieved 
by measuring the 87Sr/88Sr ratio so all terms in Equation 
(15) are divided by the amount of 88Sr giving:

(87Sr/86Sr)m = (87Sr/86Sr)0 + (87Rb/86Sr)m (e xt-l). (16)
This is an equation of a straight line, the isochron, when 
the measured 87Sr/8^Sr and the measured 87Rb/8^Sr are plot
ted as coordinates. The intercept of the line is the ini
tial value of 87Sr/88Sr and the slope is (e At -1). This 
type of plot was originally described by Nicolaysen (1961).
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Table 3. Isotopic Abundances of Rubidium and Strontium.

Element and 
crustal abundance

Isotope, isotopic 
abundance (atomic %)

Isotopic
ratios

Rubidium^ 85 - 72.15 85/87 =2.59
(at. no. 35)
120 ppmc 87 - 27.85a

Strontium6 84 - 0.55 84/86 = 0.056
(at. no. 38)
450 ppmu 86 - 9.86

87 - 7.01b 87/86 = 0.711b
88 - 82.58 88/86 = 8.375

a 8?Rb radioactive, 
b 87Sr partly radiogenic, variable abundance, 

variable ratio.
c Mason, 1958.
d Nier, 1950.
e This report, Sr(NCK)2f T* Baker Chem. Co., 

Lot No. 28040.
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Considering the value of the decay constant and the 
age of the oldest known rocks on the Earth, the realistic 
values of At are always less than 0.042; consequently, for 
most rocks (eAt -1) At. Since this product is a small 
number, the error of this approximation is small (exp.
0.042 = 1.043). As a result of this approximation, Equa
tion (16) becomes:
(87Sr/86Sr)m = (87Sr/86Sr)0 + (87Rb/86Sr)m (At). (17)

This result means that (®^Sr/88Sr)m and t may be plotted on 
rectangular coordinates and lines with slope of 
A ( 87Rb/88Sr)m will show the change of 87Sr/88Sr as a 
function of time. This plot may be conveniently referred 
to as the "strontium evolution diagram." This type of plot 
was first described by Compston and Jeffery (1961) and Hart 
(1961).

87 8It is also possible to plot ( S r /  Sr)0 and t for 
rocks of different age. If they have been derived from a 
common source at different times then they will lie along 
a straight line which will have a slope that depends upon 
the value of the Rb/Sr ratio of the source and consequently 
its geochemical nature may be surmised. This type of anal
ysis was first applied by Hurley et al. (1962). Thus it 
can be seen that the (87Sr/88Sr)Q is an important geo
chemical index.
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Equation (15) is useful when applying the method to 

minerals with high rubidium and low strontium contents and 
great age. In this case, the initial ®^Sr is so small that 
it can either be ignored or evaluated with only a small 
amount of error. Experimental techniques are described in 
Chapter 2.

The Geochemistry of Rb/Sr Ratios
The ratio of Rb to Sr appears explicitly in Equa

tion (16) and is an important factor in the dating of rocks 
by the Rb-Sr method. Rb and Sr are respectively alkali and 
alkaline earth metals. Their valence state is invariant 
and hence their natural history is not complicated by oxi
dation-reduction reactions. The valence, crustal abundance, 
ionic radii and coordination number with oxygen are given 
in Table 4 along with those of the other alkali and alka
line earth metals. The comparative geochemistry can be 
explained almost entirely by the differences in valence and 
ionic radii. The ionic radii establish the coordination 
number with oxygen. The radii of these elements are large 
compared to most other cations and Rb and Sr will only sub
stitute for Na, Ca, and K. Rb forms no mineral phases of 
its own and can only occur substituting for K. In feld
spars Sr will substitute in either Ca or K sites. The 
large radius of Sr means that it will tend to be excluded
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Table 4. Properties of Alkali and Alkaline Earth Metals.

Element Crustal
abundance3

Ionic Radii3 

(+1) (+2)
Coordination
number3

Mg 20,900 ppm •— . 66A 6
Na 28,300 ppm . 97A — — 6—8
Ca 36,000 ppm — . 99A 6—8
Sr 450 ppm 1— 1.12A 8
K 25,900 ppm 1.33A — — 8-12
Ba 400 ppm — 1.34A 8-12
Rb 120 ppm 1.47A 8-12
Cs 1 ppm 1.67A — — 12

aCrustal abundance, Ionic Radii, observed co
ordination number with oxygen taken from Mason (1958). 
Ionic radii for six-fold coordination.
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from solid phases relative to Ca and become enriched in the 
liquid phase of igneous systems during magmatic crystal
lization and differentiation. Rb relates to K in the same 
fashion. The large radius of Sr allows it to substitute for 
eight-fold corrdinated K in the potash feldspars but not for 
the 12-fold coordinated K of the mica minerals. Thus the 
behavior of Sr is somewhat more complicated than Rb. The 
Rb, however, is accepted more easily into the 12-fold co
ordinated K sites of micas than in the eight-fold sites of 
feldspars.

The chemical variations of K, Rb, Ca and Sr are 
displayed in Table 5 for ordinary igneous rocks. The im
portant point is that the Rb to Sr ratio increases with 
silica content of the rocks though not as much as the K 
to Ca ratio. This is due to the fact that Sr can substi
tute to a certain degree in the K site of potash feldspars.

Commonly observed Rb to Sr ratios of major igneous 
rock-forming minerals are shown in Table 6. These values 
can be comprehended readily when one takes into considera
tion the K and Ca contents of these minerals.

The General Character of Older Precambrian 
Rocks in Central Arizona

The Older Precambrian rocks of Arizona are most 
widely exposed in the central mountainous regions of the 
state southwest of the Colorado Plateau and in many of the



Table 5. Chemical Variation in Igneous Rocks (ppm)

Gabbro, 
basalt Diorite,

andesite
Granodiorite, 
qtz. latite

Granite,
rhyolite

Rhyolite:
basalt

K 8,300 — 25,200 42,000 5.06:1
Rb 32 88 122 196 6.1:1
Rb/K . 0039 — .00485 . 0047 1.2:1
Ca 76,000 — 25,300 5,100 1:15
Sr 440 500 440 197 1:2.3
Sr/Ca .0058 — .0174 .049 8.5:1
K/Ca .11 — .995 8.25 75:1
Rb/Sr .07 . 18 .28 1.0 14:1

Data from Hurley et al. 1962.
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Table 6. Rubidium-Strontium Ratios in Minerals.

The common range of rubidium-strontium ratios found 
in major silicate minerals

Micas 10-100
Orthoclase 1-10
Plagioclase .1-1

Note: Rb-Sr ratios vary widely for mineral sep
arates and can be sensitive to contamination by other 
phases when either Rb or Sr are below about 10 ppm. These 
ranges represent the writer's experience and values re
ported in much of the extant literature. These values 
merely indicate the general trend for coexisting phases.
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desert mountains of the Basin and Range Province. These 
rocks consist of stratified sequences of volcanic and sedi
mentary origin and enormous quantities of plutonic and hyp- 
abyssal intrusive, basic to silicic, rocks variously 
metamorphosed by both regional and contact metamorphic 
processes. Sequences of eugeosynclinal volcanic and sedi
mentary rocks are present as well as sequences of argillic 
and mature clastic rocks of miogeosynclinal facies.

The lithologies of the volcanic rocks include basic 
pillow lavas and tuffs indicative of submarine deposition 
and acidic ignimbrites and flows indicative of terrestrial 
deposition. Many of the volcanic rocks are intermediate 
in chemical composition and display no environmentally 
diagnostic features.

The sedimentary rocks range in character from grey- 
wackes, some of which contain turbidite features character
istic of deep water deposition, and immature volcani- 
clastic debris to mudstones and silica-cemented ortho
quartzites. All grades of intermediate types of clastic 
rocks are present as are minor limestones, jaspers and 
ironstones.

The intrusive igneous rocks display wide variations 
of textures and compositions. Granites, gabbros and py- 
roxenites have been described by Wilson (1939a) and in
trusive rhyolites by Gastil (1958). Outcrop areas of some
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of these bodies may attain batholithic proportions though 
many are truly igneous complexes composed of many varieties 
of rock types not necessarily all of the same age.

The metamorphic grade of the Older Precambrian rocks 
seldom exceeds the intensity of the green schist facies. 
These rocks are by no means everywhere metamorphosed and 
even where obviously metamorphosed many of their primary 
features can still be discerned. Where the rocks are tec
tonically deformed the original features are usually lost.
It seems that deformation is the agent which destroys the 
primary characteristics for they often persist through 
thermal metamorphic recrystallization where the rocks have 
suffered only slight folding.

The Older Precambrian Pinal Schist in the Pinal 
Mountains was originally named and described by Ransome 
(1903). The name has since been extended to all regions 
of Arizona south of the Salt River. The Pinal Schist is 
widely overlain by the Younger Precambrian Apache Group.

The term Yavapai Series is applied to the Older 
Precambrian rocks of the Mazatzal Mountains and to all 
parts of central Arizona north of the Salt and Gila Rivers 
except in the Grand Canyon of the Colorado Plateau where the 
term Vishnu Series is applied. Wilson (1939a) has applied 
the term Yavapai in the upper reaches of Tonto Creek and 
its tributaries north of the Sierra Ancha. This is the



only known locality where the Yavapai Series is strati- 
graphically directly related to the Younger precambrian 
Apache Group,

The Older Precambrian rocks west and northwest of 
the Diamond Butte Quadrangle have been well studied and, 
consequently, subdivided. Unfortunately, significant 
disagreement and ambiguity are present in published ac
counts of the relative chronology of the subdivided units.

Reviews of Previous Work
The study of Precambrian rocks in Arizona has con

tinued at least since the explorations of Major Powell 
along the course of the Colorado River in 1869. The study 
of rocks of this age in central Arizona dates back to the 
work of Ransome published in 1903. Many other published 
reports include discussions and descriptions of these 
ancient rocks but relatively few reports have treated them 
in an extensive and comprehensive fashion. This review 
includes only works which the writer feels are pertinent 
to the region and scope of this study and only those works 
which seem to be the latest summation of a writer's par
ticular point of view. It also will be limited to Older 
Precambrian topics and discussions. The geological review 
is followed by a brief isotopic summary.

33
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Earlier publications are liberally sprinkled with 

the terms Archean, Archeozoic, Algonkian, and Proterozoic. 
These terms contain traditional concepts which vary with 
author, consequently being ambiguous and imprecise. They 
are avoided in this report so that more precise, if more 
lengthy, statements must be employed. The use of these 
terms is now nearly obsolete due to our current knowledge 
of the age and state of preservation of ancient stratified 
rock sequences. Old rocks must no longer be correlated 
solely by their metamorphic or structural character even 
though it may turn out that these characters do correlate 
in some cases.

Geological Review
The earliest studies of Older Precambrian rocks in 

this part of Arizona were those of Ransome (1903, 1904,
1919, and 1923). They are concerned with rocks from the 
region of Globe, Miami, Superior and Ray. He recognized 
an extensive terrain of Precambrian schist intruded by Pre
cambrian diorite and granite, which he named the Pinal 
Schist, Madera Diorite and Ruin Granite. He recognized that 
these rocks were overlain with profound unconformity by 
the Apache Group. Ransome's main interests in this region 
were the younger rocks and ore deposits. Consequently, 
though his treatment of the Older Precambrian rocks was
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considerable, his descriptions were far from comprehensive 
and his mapping was at the small scale of a reconnais
sance.

Ransome also published some of the earliest des
criptions of the Mazatzal Mountains (1915). A more recent 
and comprehensive report of this range is given by Wilson 
(1939a). Wilson there presented the conclusions of his 
extensive field studies of the Older Precambrian rocks of 
central Arizona giving maps, sections and descriptions of 
the rocks and structures and his views concerning Older 
Precambrian orogenesis. He referred to the Yavapai Schist 
(Jaggar and Palache 1905, and Lindgren 1926) as the Yavapai 
Group and subdivided it into, from older to younger, the 
Yaeger Greenstone, Red Rock Rhyolite and Alder Series. He 
explicitly separated the Deadman Quartzite, Maverick Shale 
and Mazatzal Quartzite (older to younger) from the Yavapai 
Group and gave evidence of their younger age. Wilson also 
recognized the City Creek Series at the north end of the 
Mazatzal Mountains but their stratigraphic position was, 
and still is, uncertain. Wilson's Mazatzal Revolution is 
defined in this paper along with his view of its nature and 
extent.

Later, accepting the terminology of Anderson and 
Creasey (1958), Wilson recognized the Ash Creek Group 
(Yaeger Greenstone), Red Rock Rhyolite, and Alder Group



36
(Alder Series) as subdivisions of the Yavapai Series 
(Yavapai Group), He acknowledged the possibility of the 
existence of granite gneiss beneath the Yavapai Series 
(Wilson 1962, p. 8).

During the 1930's Hinds (1933, 1935, 1936, 1937, 
1939a, 1939b) made extensive studies of Precambrian rocks 
throughout western North America. His main concern was 
with the stratified and predominantly sedimentary se
quences of rocks which occurred unconformably above 
thoroughly metamorphosed basement rocks. He defined the 
Arizonan Revolution and, independently of Wilson, the 
Mazatzal Orogeny. He directly correlated the Mazatzal 
Quartzite with the Uncompaghre Formation of southwestern 
Colorado and stated that the occurrences in the upper Tonto 
Creek locality were the only outcrops which related these 
quartzites to younger sedimentary rocks of Precambrian age. 
Hinds suggested that the Yavapai, although older than the 
Deadman Quartzite, might be younger than other metamorphic 
basement rocks as exemplified by the Vishnu Schist of the 
Grand Canyon.

Gastil (1958) mapped five Older Precambrian forma
tions in stratigraphic sequence along the upper reaches of 
Tonto Creek. He concluded that the Red Rock Rhyolite is 
equivalent to his Flying W Formation making it younger than 
the Alder Group, which he designated as a formation. He
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determined that the Deadman Quartzite is equivalent to the 
lower member of his Houden Formation which unconformably 
overlies the Flying VT Formation. The Board Cabin Formation 
conformably overlies the Houden Formation and is in turn 
unconformably overlain by the Haigler Formation. He found 
possibly older rocks which he thought to be equivalent of 
the Yaeger Greenstone and great masses of rhyolites he 
thought to be younger than all of these units but still 
older than the Apache Group. He stated that there is evi
dence for only one period of orogeny which he related to 
Wilson's Mazatzal Revolution.

Gastil determined that the oldest rocks were de
posited as argillaceous sediments. The younger rocks 
became progressively more arenaceous and then more con
glomeratic, and included increasing amounts of volcanic 
debris and finally volcanic flows, tuffs and ash flows.
The volcanic rocks trended from basaltic to rhyolitic 
with time and the ultimate result was the emplacement of 
granites and intrusive rhyolites. These trends culminated 
with the Mazatzal Revolution which was followed by a period 
of erosion eventually leaving the resistent quartzite 
ridges which have influenced the subsequent Younger Pre- 
cambrian and Paleozoic paleogeography (Shride 1967, Barton 
1925, Hinds 1939b, Wilson 1962).



Blacet (1966) is the only investigator to demon
strate that Older Precambrian sedimentary rocks overlie a 
quartzose plutonic intrusive body. He discovered that the 
Texas Gulch Formation in the Bradshaw Mountains overlies 
the Brady Butte Granodiorite. The Texas Gulch Formation 
was earlier considered to be the oldest formation in the 
Alder Group (Anderson 1966). This formation is identical 
to Wilson's original Alder Series and was included in the 
Alder Group by Anderson and Creasey (1958). Some revision 
of this stratigraphy is now necessary since rocks identi
cal to the Brady Butte Granodiorite intrude the other forma
tions of the Alder Group. Nevertheless, Blacett has dis
covered a quartzose plutonic body which is older than the 
Texas Gulch Formation and consequently older than the 
Mazatzal Quartzite.

Both Barton (1925) and Shride (1967) have made note 
of the occurrence of quartzite beds at the locality of the 
White Ledges described in Chapter 3. Barton showed his 
ideas of their relation to other rocks in cross-sections 
(his Figures 49 and 50, pp. 229 and 230) but does not show 
them on his geologic map (Plate 65, p. 199). He included 
the quartzites within the Pinal Schist and showed them 
overlying a granite terrain (his Figure 50). Shride 
(1967) noted the presence of the great quartzite ridges 
of the White Ledges in his report of the Younger Precambrian

38
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of southern Arizona. He notes their extent in his Figure 2 
(p, 5) and states that they are "The southernmost large 
remnant of such rocks . . . ."

No other extended descriptions of Older Precambrian 
rocks in this region are known to this writer.

Isotopic Review
An exhaustive compilation of isotopic dating in 

Arizona is not presented here since three rather complete 
reviews are available in the recent literature.

Wasserburg and Lanphere (1965) compiled the pub
lished isotopic ages for Arizona and southern California 
in the paper in which they reported on the ages of Pre
cambrian rocks in southern Nevada and northwestern Arizona. 
They reported 14 localities that give apparent ages of 
1,300 to 1,500 million years, and 13 localities that give

V
apparent ages of 1,650 to 1,800 million years. They con
clude that the younger group is not significant and that 
Wilson's Mazatzal Revolution is older than 1,600 million 
years. Their judgment appears to be based upon their lack 
of confidence of the K-Ar and Rb-Sr methods. Curiously, 
these are the methods that they themselves employed.
Their reference to Wilson's Mazatzal Revolution is not 
warranted since they omitted any discussion of it and con
sequently gave no indication of how they interpreted
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Wilson's statements. They seem to interpret the Mazatzal 
Revolution as the only or oldest orogenic event in the Older 
Precambrian of the southwest.

Potassium^argon dating of Older Precambrian rocks 
has been reviewed by Damon (1968). He included a number of 
unpublished, as well as previously published results and 
compared them with the results obtained by the uranium- 
isotopic lead and Rb-Sr methods. He demonstrated that at 
least two Older Precambrian events were indicated and re
lated them to the events defined by Wilson and Hinds. The 
older event, 1,500 to 1,700 million years, was related to 
Hinds; Arizonan Revolution and the younger, 1,300 to 1,450 
million years, to Wilson's and Hinds' Mazatzal Revolution 
(Orogeny). A number of anomalous age values were attributed 
to episodic resetting by younger events.

Livingston and Damon (1968) have reviewed the 
dating of Precambrian rocks in Arizona in the light of known 
stratigraphic relations. They stated that there was dis
agreement on the usage of the term Mazatzal Revolution and 
did not use it in their summary chart. They showed the 
relationships between dated intrusive and stratified rocks 
and especially noted the stratigraphic position of the 
Apache Group, the Mazatzal Quartzite, and the Alder and 
Ask Creek Groups. They noted three intervals of accumula
tion of stratified rocks that were separated by two orogenic



eventsf the older about 1,700 and the younger about 1,400 
million years old.

Silver (1968) has recently presented ages by the 
uranium-isotopic lead method that indicate three events 
which produced quartzose plutonic intrusions. The two 
older events occurring about 1,675 and 1,740 million years 
and the younger event is about 1,440 million years. The 
plutonic rocks of the two older events are generally grano- 
dioritic and those of the younger event are porphyritic 
quartz monzonite to granite.

Older Precambrian Orogenies
Orogenesis and related concepts have strongly in

fluenced the conclusions of all workers who have studied 
the Older Precambrian rocks of Arizona. Different workers 
have held different views regarding orogenesis and at least 
part of the current differences of opinion are dependent 
upon the definition of orogeny. Some workers seem to pre
fer the broad concepts of orogenic or geosynclinal cycles 
(Wasserburg and Lanphere 1965, Silver 1968), Wilson (1939a 
and 1939b) and Hinds (1939b) seem to have preferred the 
simpler concept of orogeny which pertains directly to a 
period of folding and quasicontemporaneous igneous intru
sion. The latter concept lends itself to precise strati
graphic definition since folded rocks and angular
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unconformities are readily observed whereas the prior con
cept tends to merge the developmental stages of geosynclines 
with the stages of their destruction, it tends to minimize 
the significance of stratigraphic breaks. The more general 
concept is valuable when one wishes to generalize, collate 
and summarize numerous facts about a certain period of time 
within a particular thoroughly studied region. The more 
simple but precise concept is useful if one wishes to build 
or construct the time sequence of processes and events by 
gradually adding new data especially if the duration of 
time under consideration is undertain. Currently, the stud
ies of the Older Precambrian in Arizona are still concerned 
with gathering more data. We can as yet make only feeble 
attempts at collating the entire Older Precambrian history 
for the whole state. For these reasons the writer prefers 
the more restricted and precise concept of orogeny.

For purposes of discussion, the author assumes that 
periods of orogeny are manifest in the geological record 
by thick sequences of volcanic rocks, immature conglomer
ates, folding and faulting of stratified rocks and plutonic 
intrusions. In contrast, static periods of geologic time 
are manifest by argillaceous and siliceous sedimentary 
rocks deposited in geosynclihes and intervals of extensive 
and prolonged erosion.
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Statements by Wilson and Hinds concerning their 

views on the stratigraphic positions and general character 
of Older Precambrian orogenies are included in Appendix 1. 
Hinds1 extension of the Paleozoic to include the time of 
deposition of obviously pre-Cambrian rocks need not confuse 
the stratigraphic sequence that he presents. The strati
graphic sequences presented by these two writers may serve 
as definitions for the age of Older Precambrian orogenies.

The Mazatzal Orogeny.— Both Wilson (1939a and 1939b) 
and Hinds (1936 and 1939b) agree upon the definition of an 
event which the writer prefers to call the Mazatzal Orogeny, 
Wilson called it the Mazatzal Revolution and Hinds called 
it the Mazatzal Orogeny. The definition of this event is 
that it occurred after the deposition of the Mazatzal 
Quartzite and before the deposition of the Apache Group.
Its characteristics are folding and faulting of older rocks 
and the intrusion of plutonic rock bodies and their attend
ant contact metamorphic effects. This stratigraphically 
restricted time interval is not known to include more than 
one resolvable event but this possibility does exist. 
Wilson's (1939a and 1939b) conclusion that this single 
event is responsible for all Older Precambrian tectonism 
and metamorphism is no longer tenable due to the field 
evidence of Blacet (1966), and the great range of pub
lished isotopic dates (Wasserburg and Lanphere 1965;
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Livingston and Damon 1968; and Silver 1968), and the great 
thicknesses and broad variety of stratified rock types 
(Gastil 1958) included within the Older Precambrian. The 
restricted definition of orogeny seems to have been accepted 
by Gastil (1958 and 1962), Krieger (1965), and Damon (1968). 
The concept that the Mazatzal Orogeny is responsible for all 
of the tectonism manifest in the Older Precambrian rocks of 
Arizona does nothing to further our understanding of their 
stratigraphy and history.

As a consequence of the restricted stratigraphic 
definition, the dating of the Mazatzal Orogeny must be con
fined to localities which include both the Mazatzal Quartz
ite and the Apache Group. Any rock which is used to date 
the Mazatzal Orogeny must be clearly and unequivocally 
related to these two rock units.

The Arizonan Orogeny.— Hinds (1936) first used the 
term Arizonan Revolution in reference to the oldest erogenic 
event that he could recognize in the western United States. 
It is clear that he meant it to apply to the deformation 
affecting the Vishnu Schist at the Grand Canyon and the 
oldest recognizable deformation in southwestern Colorado.
By his definition this event is older than the deposition 
of the Mazatzal Quartzite. He acknowledged that more than 
one event might be included in what he could recognize as 
only a single event. He was not certain as to the
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chronological relation between this event and the rocks 
included in the Yavapai Series (Hinds 1939b). His defini
tion is not truly precise and unambiguous. Damon (1968) 
applied it to the earlier of the two Older Precambrian 
events discernable by the potassium-argon method. Not 
being entirely satisfied with the distinction between a 
revolution and an orogeny, the writer prefers to use the 
latter term and call this event the Arizonan Orogeny.
Since the isotopic results of Silver (1968) indicate that 
two phases are probably involved, the older phase may be 
called the Mingus Mountain phase and the younger the 
Dragoon phase. These two names are taken from quadrangles 
of the same names in which relatively undisturbed plutons 
of appropriate ages occur.

Gastil (1958) has presented stratigraphic and litho
logic data which pertain to this subject. The rock se
quence he presented, though not completely unambiguous, 
suggests three periods of accumulation of fine-grained 
argillaceous and quartzose sediments followed by three 
periods of accumulation of volcanic rocks and conglomerates. 
The termination of the latest period was attributed to the 
Mazatzal Revolution. Later, Gastil (1962) suggested the 
possibility of two earlier disturbances based upon his 
study and earlier reports.
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Summary of previous Work

In summary, it appears that at least two and pos
sibly three Older Precambrian erogenic events are indicated 
by reported field and isotopic studies in Arizona. The 
field studies are concentrated in central Arizona, but the 
isotopic studies are widespread throughout the state. The 
field and isotopic studies do not yet yield a one-to-one 
correlation but a possible sequence is suggested in Chapter 
5 and shown in Figure 21 (in pocket).

This interpretation is in the writer's opinion the 
simplest scheme which includes all known facts and several 
postulated relations. Gastil's suggestion that the Red 
Rock Rhyolite is younger than the Alder Formation is ac
cepted. Wilson's (1939a) map of the contact between these 
two units indicates a northwesterly dip nearly parallel 
to the dip of the Alder Formation, but his cross-section 
shows a southeasterly dip. It is not necessary to deny the 
presence of his postulated fault, but neither does a fault 
deny a normal sequence. Silver's (oral report, 1967) 
dating of the type Red Rock Rhyolite and Gastil's Flying W 
Formation indicate that both of these rocks are 1,715 
million years old. Consequently, Gastil's suggestion must 
be accepted. Personal field inspection of a part of 
Wilson's contact indicated no evidence for a fault.
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This suggested history of the Older Precambrian of 

central Arizona reyeals several problems which can readily 
be tested or solved. The solution of one of these prob
lems, the age of the Mazatzal Orogeny, is presented in 
the following chapters.



CHAPTER 2

EXPERIMENTAL METHODS AND INVESTIGATIONS

As a part of this investigation the writer assumed 
the task of initiating the program of rubidium-strontium 
isotopic age determination at the University of Arizona.
An introduction to the method was obtained during the sum
mer of 1962 at the laboratory of the Isotope Geology Branch 
of the U. S. Geological Survey in Washington, D. C. While 
there, the writer became acquainted with soild source mass 
spectrometer analytical techniques, problems, and equip
ment. A few of the analyses reported here were completed 
during this time. Upon return to the University of Arizona 
the planning of the program began.

The establishment of this program has included the 
following phases:

1. Design, specifications and acquisition of the mass 
spectrometer components and test equipment;

2. Acquisition of equipment and improvement of facili
ties for mineral separation;

3. Acquisition of equipment and improvement of facili
ties for chemical preparation;
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4. Acquisition of standards and calibration for quanti

tative chemical determinations;
5. Acquisition of standards and calibration for quanti

tative isotope ratio determination;
6. Construction and application of the above equipment 

and materials.
These phases of the project are discussed more fully 

below along with the x-ray fluorescence elemental analysis 
for rubidium and strontium.

Physical Preparation of Samples 
Sample preparation actually begins in the field at 

the outcrop of interest; a number of decisions must be 
reached even prior to sample collection. The suitability 
of the sample is judged by its geological significance and 
relationship to other rock types of interest. It also is 
necessary to estimate the degree of alteration of the rock, 
its geological significance, and whether or not the rock 
has suffered significant recent weathering. Ordinarily, 
the method of dating to be applied is decided at this time 
and the sample is collected accordingly. A judgment is 
made as to the size of sample that is to be collected and 
this depends upon the type of analyses to be done, the rel
ative abundance of minerals present, and upon the degree of 
sample homogeneity. Samples as large as 100 kilograms may



50
occasionally be collected as well as some as small as 0 , 1  

kilogramt The sample may be trimmed of weathered material 
either in the field or in the laboratory. Frequently, a 
rock may be collected for both total rock analyses and for 
the analysis of the separate mineral phases.

Total Rock Samples
Total rock analyses are usually of one to several 

tens of kilograms in size. The object of sample prepara
tion is to reduce the size of the sample to a representa
tive portion of about 50 grams of a minus 1 0 0 -mesh powder. 
This procedure is accomplished without contamination by 
using carefully cleaned equipment.

The sample is crushed with a ten-inch jaw crusher 
and a 1 2 -inch roller crusher until all material passes 
through a 20-mesh power screen. Next the sample is split 
by a successively halving the crushed material to about 1.5 
to 1.0 kilogram. One portion of the sample is passed 
through a pulverizer mill to remove contamination from the 
mill and then discarded. Another portion is passed through 
the mill which is set to yield a product of less than 1 0 0 - 
mesh grain size. This portion of the sample is then suc
cessively halved with a small sample splitter to about 50 
grams and stored in a carefully labelled plastic vial. The 
larger portion of the pulverized sample may be labelled



and stored in a plastic bag. This portion of the crushed 
minus 2 0 ^mesh material is frequently used as feed for min
eral separation and purification.

Mineral Separation and Purification
Crushed material such as that which passes through 

a 2 0 -mesh screen, as described in the previous section, is 
used for all mineral separation. First the sample is 
screened on a series of sieves arranged so that the dimen
sions of the openings each increase by a factor of 1.41.
For equidimensional material the cross section of the grains 
increases by a factor of 2.0 for each sieve. The sieve 
sizes used are: 32 (.495 mm); 60 (.246 mm); 80 (.175 mm);
115 (.124 mm); and 170 (.088 mm) mesh. Material of each 
sieve size is bagged separately until the whole sample*is 
processed. A portion of each size is examined by binocular 
microscope to determine the relative abundance of the con
stituent material and the degree of disaggregation of the 
mineral grains. Ordinarily, material of smaller size has 
a greater proportion of disaggregated or free mineral 
grains and is preferred for further separation procedures 
over materials of larger size. If necessary the coarser 
portions may be further reduced in size if insufficient 
quantities of liberated minerals are available.
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Commonly, the portion containing the greatest 

abundance of liberated mica grains is coarser than the 
portion containing the greatest abundance of liberated 
feldspar grains, Consequently, two or three consecutively 
sized portions may be subjected to the mineral separation 
procedures. In this case, each grain size is treated 
separately and never mixed since experience has shown that 
a portion of narrow size range can be purified more easily 
to a greater degree of purity than a portion of broad size 
range.

Portions are first backwashed with water in a two- 
liter separatory funnel. This step removes adhering dust 
from the mineral and aggregate grains and has been found to 
improve the results of subsequent separation steps. Ad
hering dust can greatly influence the gross properties of 
the mineral grains particularly for the smaller grain sizes. 
The washed samples are drained and then dried in an oven or 
under infrared heat lamps. Iron fragments from the crushing 
apparatus and magnetite can be partially removed during the 
backwashing process if a magnet repeatedly is suspended in 
and withdrawn from the water and the adhering particles 
removed.

Next, the dried material is passed repeatedly 
through a Carpco magnetic separator. The pole gap is set 
for maximum width and no current is applied to the



53
electromagnet for the first pass, This removes most of 
the magnetite from the sample. For the second pass through 
the Carpco, the magnet current is set at 0.1 ampere. The 
current is doubled for each successive pass until maximum 
current is used. The last pass through the Carpco sep
arator is done at maximum magnet current and minimum magnet 
gap width. These steps produce a magnetic spectrum of six 
or seven fractions which varies from magnetite, aggregates 
with magnetite, micas, aggregates with quartz and feldspar 
to feldspar with quartz. Appropriate magnetic fractions are 
selected on the basis of the relative proportion of liber
ated grains and the mineral phases desired.

If sufficient micaceous minerals are present, the 
sample is passed over a sloping, asymmetrically vibrating 
plate. The flat mica grains tend to travel in the direction 
of vibration and fall from the end of the plate into con
tainers. The more blocky mineral aggregates and equidimen- 
sional mineral grains tend to roll down slope faster than 
they are transported in the direction of vibration falling 
from the side of the plate into other containers. A re
markable separation of flat from blocky and round grains is 
obtained quickly by this means.

By the time the preceding steps have been completed, 
the sample has been considerably reduced in bulk and
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improved in purity, The succeeding steps are slower and 
more tedious.

The next step in mineral purification is to pass 
the sample through a Frantz Isodynamic magnetic separator.
The side slope and magnetic field of the Frantz are ad
justed so as to remove the magnetic contaminants and ag
gregates on the first pass and then to separate out the 
lesser magnetic contaminants with the second pass through 
the device. This leaves the desired product in the middle 
magnetic portion if one is processing mica samples or in the 
nonmagnetic portion if one is seeking the feldspar minerals. 
Frequently it occurs that other mineral species such as 
epidote or hornblende can be concentrated at this step 
and further purified in the succeeding steps.

The next step is to further purify the minerals 
according to their densities. This is accomplished by 
means of several successive flotations of the sample in 
heavy liquids. The liquids usually employed are mixtures 
of acetylene tetrabromide (specific gravity = 2.95) diluted 
with acetone. Liquid mixtures with densities as low as 
2.50 gm/cc may be useful. Liquid of the desired density 
is put in a separatory funnel and the density checked with 
a hydrometer. The sample is then stirred into the liquid 
and allowed to settle and float according to the density 
of the grains. Usually one is able to remove the more dense



contaminants with one flotation bath and the less dense 
contaminants with another flotation bath.

By this step a very pure mineral sample is usually 
obtained, but in some cases it may be necessary to resieve 
the sample and again use the vibrating plate and the Frantz 
magnetic separator to achieve a more highly purified product. 
If there still are some contaminants adhering to the desired 
mineral grains, these can sometimes be dislodged by means 
of ultrasonic treatment in a distilled water bath. The 
contaminants can then be separated by decantation, sieving, 
or one of the other previously described separation tech
niques .

Fine Grinding
After having obtained about 50 grams of minus 100- 

mesh whole rock powder or a purified mineral sample, about 
5 to 10 grams of the materials are further ground in a Pica 
blending mill to less than 200 mesh. This finely ground 
portion is suitable for elemental analysis of K, Rb, and 
Sr and for Sr isotopic analyses. Mineral grains greater 
than 150 mesh are used for Ar analysis.

Potassium and Argon Analyses
The methods of K and Ar analyses used for this in

vestigation are typical of the methods commonly employed 
by other laboratories for K-Ar dating. The methods have
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been described in detail in Livingston et al, (1967) and 
will be only briefly described here.

The results of K and Ar analyses are given in
Table 7.

Potassium Analyses
Samples of known weight are digested with solu

tions of HF and H2 SO4 in teflon crucibles. The temperature 
is kept at 60°C so that HF and SiF^ are volatilized without 
loss of SO3 . The damp residue is dissolved with water and 
transferred to a volumetric flask. Na buffer and Li in
ternal standard are added and the solution brought up to 
volume. This unknown solution is compared with standard 
solutions of equal sulfate Na and Li concentration with a 
flame photometer. The K content of the unknown is bracketed 
with standard solutions ranging from 0 to 80 ppm K in 10 
ppm increments. The K content of the weighed sample is 
calculated from the flame photometric results.

The precision of 150 duplicate samples is + .056 
per cent (s.d.) and the accuracy indicated by 1 0  inter
laboratory standards is ± 1.54 per cent (s.d.) of the 
amount contained.

Argon Analyses
Samples of known weight are fused in a vacuum 

fusion system to release the Ar. ^®Ar spike is added



Table 7. Potassium-Argon Analyses

Sample
number

Mineral K % ^®Ar x 10" 9  Apparent
mole/gm age mil

lion yrs

FED-la-59 muscovite 7.05
6.98

25.56 1,385

PED-2-59 biotite 7.245 34.33 1,660
PED-3-59 muscovite 8.60

8.55
38.68 1,605

PED-32-61 biotite 5.34
5.30

2 1 .1 0 '
21.72
21.65
21.34
20.43,

>-21.25 1,477

DEL-3-62 biotite 6 . 6 8
6.62

24.75 1,410
(USGS) 6.36 24.70 1,450

DEL-3-62 K-spar 1 0 . 1 2
10.13

2 1 . 1 2 912

DEL-3-62 plagioclase .828 3.21 1,430
.858
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and the unknown quantity of ^Ar is determined by isotope 
dilution with a gas source mass spectrometer. Argon con
tamination from the atmosphere is monitored by measuring 
^Ar and proper corrections are applied.

Three interlaboratory comparisons indicate an 
accuracy of ± 0.5 per cent (s.d.) and seven duplicate 
analyses indicate a precision of ± 1.74 per cent (s.d.) 
of the amount contained.

X-Ray Fluorescence Analysis for 
Rubidium and Strontium

Many of the rubidium and strontium analyses for 
this study have been accomplished by means of x-ray fluor
escence spectrometry. The method in this laboratory was 
developed by Mr. Raymond Eastwood and closely follows the 
published method of Reynolds (1963). The author has not 
performed any of these analyses but he has worked closely 
with Mr. Eastwood during the development period and supplied 
the standard sample suite and done the isotope dilution 
analyses on this suite. All data reduction was performed 
by the author from the raw data obtained by Mr. Eastwood. 
Many of the particulars are set forth in the annual progress 
reports of this laboratory to the U. S. Atomic Energy Com
mission (Damon and others 1965 to 1968). The method has 
evolved considerably over a period of years and no concise 
but complete description is available in one source.
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The finely ground (minus 200 mesh) powders of whole 

rock or mineral samples are pressed into bakelite supported 
briquettes in a 1 1/4-inch diameter #20-2112 Buehler molding 
die with a Carver hydraulic laboratory press at a pressure 
of 20,000 lbs. per square inch. A 3/4-inch inside diameter 
aluminum loading cylinder is placed inside the moulding die 
and partially filled with about three grams of sample 
powder. The powder is packed with an aluminum rod and 
slightly dampened with a drop of distilled water if addi
tional coherence is needed. The packing rod and loading 
cylinder are removed and two tablespoons of granular bake
lite are poured over the button of rock powder. The 
plunger is inserted into the die sleeve and the assembly 
is placed in the press and compressed. After reaching the 
maximum, the pressure is allowed to slowly decrease to about 
10,000 lbs. per square inch and then rapidly released. The 
result is a pressed rock disc 2 cm in diameter and about 4 
mm thick which meets infinite thickness requirements at 
the wavelength of molybdenum radiation for rocks having a 
mass absorption coefficient about the same or greater than 
that of G-l standard granite. The bakelite forms a back 
and a rim about 5 mm thick and serves to support, protect, 
and preserve the sample.
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Operating Conditions

The pressed samples are analyzed with a Phillips 
vacuum spectrograph using an air path. The instrument is 
equipped with a molybdenum target x-ray tube, operated at 
50 kilovolts and 25 milliamperes; a 0.005-inch entrance 
collimator; a LiF analyzing crystal; and a transistorized 
scintillation counter operated at 960 volts. The pulse 
height analyzer is operated as a differential discriminator 
with a baseline of seven volts and a window of 30 volts.

For the purposes of this investigation, three 
characteristic peaks and four background intensities were 
measured. The two-theta positions at which these measure
ments were made are shown in Figure 1 along with the K 
series emission spectra and absorption edges. Also in
cluded is the position of the Compton-scattered molybdenum 
radiation. The background positions were selected for the 
minimum possibility of emission interference. Only the 
position has any possibility for interference and that is 
from the L series emission of thorium whose abundance is 
exceedingly low in rocks and minerals of the type included 
in this investigation. Bromine and krypton emission could 
interfere with the rubidium and strontium analyses but their 
abundance in rocks is too low to be influential. Yttrium 
can interfere with the Compton-scattered molybdenum radia
tion and special corrections must be applied when necessary
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Measurement Mo-C Sr Rb
positions Bl | B2 | B3 | B4

Emission
Nb Zr Sr Rb

Nb Zr Y Sr Rb Kr Br Se

Absorption Mo Nb Zr Y Sr Rb Kr Br Se 
edges I I I I I I I I I

18 20 22 24 26 28
20 I I I  I I I I I I I I I o I I I ^  I ' r ^  T"
A .6 .7 B .9 1.0

Figure I. X -ray  spectral data and measurement 

positions. See text for discussion.
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especially in the analysis of sphene. The zirconium and 
yttrium absorption edges can affect the measurement of 

when they are present in great abundance. Only rubid
ium and strontium can alter the relative absorption values 
between 0.730 and 0.950 angstroms since krypton and bromine 
are of exceedingly low abundance in ordinary rocks.

Elemental Analysis
The collection and reduction of data are based on 

the method of Reynolds (1963), He discussed the theory and 
application of Mo-K-alpha Compton-scattered radiation 
(hereafter called Mo-C radiation) as a measure of the mass 
absorption of a sample. He shows that the concentration of 
an element is directly proportional to the intensity of its 
K-alpha fluorescence peak and the mass absorption coef
ficient at the wavelength of the fluorescence peak and re
sults in the following equation:

Ci = kT li {18)

where: is the concentration of element i in the sample,
u^ is the mass absorption coefficient for the

sample at the wavelength of the K-alpha fluor
escence peak of element i,
is the intensity of the fluorescence peak (the 
count rate) of element i.

The general factor k includes the fluorescent yield, power 
and geometric factors for the particular element, instrument,
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and operating conditions. If a standard sample of known 
elemental concentration is also analyzed then the ele
mental abundance of an unknown can be determined from;

(19)cix _ uix ^i ^ix 
cis uis ki lis

where x indicates the unknown sample and s indicates the 
standard sample. The k factors divide out if the opera
tional conditions are maintained constant.

Hower (1959) has shown that the mass absorption 
coefficient of a sample at a given wavelength is propor
tional to that of another wavelength as long as no major 
element absorption edges intervene. Therefore:

u^ = a Uj (20)
where i and j indicate different wavelengths and a is a 
constant. Equation (19) may now be written;

Cix _ ujx ^ix (2 1 )
cis ujs lis

since it will be more convenient to estimate Uj than u^.
A suite of mass absorption standards was analyzed 

to determine the relation between mass absorption and the 
intensity of the Mo-C peak. The standards and their cal
culated mass absorption values at 0.735 angstroms (u.735) 
are given in Tables 8 and 9. A linear relation of the
following form was found to hold for these standards;

Uj Mo,
lG-l .795- G-l

Mo^ + .205 (22)
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Table 8 . Mass Absorption Standards for X-ray Analysis.

Sample number 
or

composition
u.

Calc. (2)
735
Meas. ± s.d. (3)

G - 1 (1 )
I

5.87 —
W - 1 (1 ) 8.76 8.60 ± .05
DEL- 3-62 (1 ) — — 6.26 ± .04
DEL- 5-62 (1 ) — 6.60 ± .06
DEL-10-62 (1 ) —  — 5.79 ± . 0 2

DEL-14-62 (1 ) — — 5.98 ± .06
k h c 8 h 4 o 4 4.28 —

Si02 4.77 —
S 1 1 . 0 0 —
NaCl 9.82 —  —

K2Cr2°7 17.28 —

(1 ) Concentration standard.
(2) Mass absorption standard, values calculated by 

R. L. Eastwood.
(3) Measured mass absorption values relative to

G - 1. Standard deviations from nine replicate analyses.



Table 9. Rb and Sr Standards for X-ray Analysis.

Sample no. Rb (ppm) 1 Sr (ppm) 1 Rb/Sr (mole :ratio)^
± %I.D. X-ray ± s.d. I.D. X-ray ± s.d. I.D. X-ray ± s.d.

G - 1 2 2 0 . 0 — 256.3 — 0.880 0.876 ± . 0 2 0 2.4
W - 1 2 2 . 0 2 0 . 6 ± 1.5 192.6 183.5 ± 1 . 2 0.117 0.113 ± .009 8 . 0

DEL- 3-62 283.3 288.4 ± 3.8 158.0 159.0 ± 0 . 6 1.838 1.867 ± .044 2.4
DEL- 5-62 175.3 172.5 ± 2.5 249.0 251.6 ± 1.7 0.722 0.702 ± . 0 1 2 1 . 8

DEL-10-62 2 1 2 . 2 219.5 ± 2.7 207.3 213.0 ± 1 . 6 1.049 1. 050 ± . 0 2 0 1.9
DEL-14-62 266.1 259.4 ± 2 . 2 27.1 29.6 ± 1 . 0 10.08 8.910 ± .31 3.5

^"Isotope dilution analyses at this laboratory and at the U.S.G.S. Isotope 
Geology Branch. X-ray fluorescence analyses with respect to G - 1 standard 
deviation from nine replicate analyses.

2 Derived from Equation 25. Standard deviations from nine replicate
analyses.
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G-l indicates the reference standard G-l granite and i in
dicates any other sample. This equation has been rearranged 
as:

and plotted in Figure 2. This form of the equation is par 
ticularly convenient since the sum of the two constants 
equals one, and the value of the intercept for Equation 
(22) is manifest as the slope of Equation (23). The mass 
absorption for any sample can then be calculated from 
Equation (22) if one accepts the calculated value for G-l 
and measures Mo-C radiation for G-l and the unknown at 
identical operating conditions.

which includes all samples analyzed for this investigation. 
Equation (22) is inserted into Equation (21) to determine 
the elemental abundance. The x-ray fluorescence analyses 
for rubidium and strontium and the mass absorption coef
ficients are given in Table 10. The analyses are discussed 
in their geologic context in Chapters 3 and 4. Estimates 
of precision of these analyses can be derived from the 
measured precision of replicate analyses of the standard 
suite given in Table 9 and displayed in Figure 3. X-ray 
fluorescence analyses are compared with isotope dilution 
analyses in Figure 4.

.795 + .205 (23)

The valid range of u .735 is between about 4 and 18
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• NaCI

Figure 2. Variation of Mo - C  Radiation with

Mass Absorption.
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Table 10. X-ray Fluorescence Analyses for Rubidium,

Strontium and Mass Absorption Coefficients.

Sample
number

Rb
ppm

Sr
ppm

u (.735)a Rb/Sr
(mole
ratio)

Ruin Granite :near Horseshoe Bend
DEL- 3-62K* 610.7 160.1 6.07 3.90

Metarhyolite from Tortilla Mts.
DEL- 3-65* 135.7 73.9 b —  “

141.4 77.1 6.17 1.84
DEL- 4-65* 165.8 79.4 b —

DEL- 5-65* 182.3 125.4 b —  —

192.6 125.8 6.42 1.54
DEL- 6—65 185.4 115.1 b —

DEL- 7-65* 147.6 126.2 b —  —
157.4 126.3 6.23 1.19
162.6 127.5 6.47 1.28

DEL— 8—65* 125.4 100.7 b —

Madera Diorite from Pinal Mts.
DEL- 9-65 97.7 373.7 7; 1 0 0.275
DEL-10-65 108.3 339.8 6.99 0.336
DEL-11-65 64.0 354.6 5.53 0.190

66.7 357.8 5.64 0.193
DEL-12-65 106.3 342.2 6.90 0.327
DEL-12-65Sph. * c 2 . 1 23.1 5.46 0.0938

d <4.8 25.1 6 . 0 2 0.0744
DEL-12-65FIII 25.9 624.0 5.50 0.0425
DEL-12-65FIV 16.1 676.6 5.48 0.0243
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Table 10. (Continued)

Sample
number

Rb
ppm

Sr
ppm

u (.735)a Rb/Sr
(mole
ratio)

DEL-13-65 137.4 274.1 6.53 0.528
DEL-16-65 62.3 443.4 7.33 0.148
DEL-16-65FI 9.9 574.2 5.35 0.0182

8.5 571.1 5.43 0.0155
DEL-16-65FII 7.9 449.7 5.24 0.0185

5.7 447.2 5.30 0.0130
DEL-16-65FIII 11.5 866.4 5.67 0.0173

1 1 . 1 867.1 5.76 0.0134
DEL-16-65Ep. 3.6 1830. 10.54 0.00213
DEL-16-65Hbl.* 26.9 129.4 9.11 0 . 2 2 0

Granitic Rocks from the Southern Mazatzal Mts.
DEL- 1-67 73.2 242.0 5.57 0.309
DEL- 2-67 76.9 293.0 6.82 0.268
DEL- 3-67 95.3 147.8 5.65 0 . 6 6 8

DEL- 5-67 185.6 207.8 6.39 0.912
DEL— 6—67 178.5 228.5 6.57 0.809
DEL- 7-67 297.1 90.4 5.66 3.40

aMass absorption at the wavelength of the Mo-C 
radiation 0.735 angstroms. See text for discussion.

^Primary data not available for the calculation of 
mass absorption coefficients.

cNot corrected for yttrium interference.
^Corrected for yttrium interference.
*Rb and Sr concentrations also by isotope dilution.
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200 300 
Concentrotrotion ppm

Figure 3. Precision of X -ra y  fluoresence analyses. 

See Table 8 fo r data.
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hornblende

sphene

X-ray

Figure 4. Comparison of isotope dilution analyses 
and x-ray fluorescence analyses. See Tables 
10 and 15 for data and text for discussion.



72
Element Ratio Analysis

From Equation (16) it can be seen that the indi
vidual element abundances of rubidium and strontium are 
not necessary if one can readily evaluate the ratio of 
these two elements. For this purpose x-ray fluorescent 
analysis may be superior to any other analytical technique 
if the abundance level is great enough to give satisfactory 
levels of precision.

From Equation (18) the element ratio is related to 
the x-ray fluorescence intensity ratio by:

2i = uiki£i . (24)
Cj uj ki Ij

The i and j indicate different elements and the other 
symbols are as described above. The constants k and the 
mass absorption values may be combined into a single con
stant, the value of which may be determined empirically, 
giving:

Ci 1.21 (25)

The value of the constant was determined from nine repli
cate analyses of the six samples of the standard sample 
suite. The measured mole ratios of rubidium and strontium 
are given in Table 9. Estimates of the precision of anal
yses may be determined from the replicate analyses of the 
sample suite given in Table 8 .
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Chemical Preparation of Samples

Chemical preparation of the samples has a two-fold 
purpose. One is to convert the samples to liquid solutions 
homogenizing the strontium isotope ratio and the other is 
to separate out the major constituents and thus increase 
the relative concentration of the elements of interest.
The procedures can thus be conveniently separated into 
chemical digestion and chemical separation.

Chemical Digestions
The chemical digestion is a rather straight forward 

procedure. Approximately 0.2 gram of powdered sample is 
weighed into a 50-ml flat-bottomed teflon crucible and 
dampened with distilled water. Two ml of 6 N HNO3 and 25 ml 
of 70 per cent HF are added into the crucible and it is 
placed on a hot plate to speed reaction. The crucibles 
are covered with teflon crosses and lids so that they may 
freely fume. They are left on the hot plates overnight and 
an additional 25 ml of HF is added when they dry. If com
plete solution results when the HF is added the second time, 
they are again allowed to dry and taken into solution with 
25 ml of 2N HC1. The HC1 is added twice after the sample 
has been taken to dryness. This ensures that all of the 
SiF^ and HF are removed by the volatilization process.
The sample is now in the chloride form and can conveniently
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be handled for subsequent procedures, and the major con
stituent, Si0 2 , has been removed. The teflon covers serve 
to prevent the direct rain of contaminants into the cruci
ble during the digestion process.

Commercial reagent grade 50 per cent HF and redis
tilled reagent grade HNOg are used for digestion. The 
teflon crucibles are scrubbed with detergent, soaked over
night in hot HNO3 and rinsed with 2N HC1 between each 
digestion.

Chemical Separations
The chemical separation is performed on sulfonated 

polystyrene cation exchange resin cross-linked with 8 per 
cent divinylbenzene (DVB). The eluent is HCl of selected 
concentrations. A compilation of data available in the 
literature concerning the behavior of selected elements on 
cation exchange resin is presented in the following section. 
These data allow one to select the most appropriate con
ditions for chemical separation.

The ion exchange columns are constructed of Pyrex 
glass and the resin is supported by a fritted disc. The 
column is 1 cm in diameter by 30 cm long. The top of the 
column is enlarged to about 3.6 cm in diameter by 14 cm 
long forming a reservoir of about 150 ml capacity. The 
bottom end of the column is fitted with a teflon plug
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stopcock. The column is filled with about 15 ml (21 
milliequivalents of exchange capacity) of 200^400 mesh 
resin beads. This resin has been thoroughly decanted to 
remove the finer portions and fragments. The amount of ion 
exchange resin used is such that the columns are run at 
10 to 30 per cent of capacity.

These conditions are far from ideal but give 
adequate separation with convenient amounts of eluent.
After selecting the approximate working conditions from 
the tables of distribution coefficients the columns were 
calibrated by means of radioactive tracers of rubidium and 
strontium. These calibrations have been done using the 
pure tracers and ordinary rock and mineral samples. No 
difference in performance due to column loading was de
tected. Solutions of 4N, 2.5N, 2N, and IN HC1 have been 
calibrated. No change of performance due to aging of the 
resin has been observed.

Operation of the columns consists of several steps. 
The columns are regenerated to the hydrogen ion form by 
passing 100 ml of 4N HC1 through the column. The columns 
are next backwashed with 1 or 2N HC1 sucking all of the 
resin into the reservoir. The resin is allowed to settle 
in the column for about two hours. The HC1 is drained from 
the column until only 2 or 3 ml remain above the top surface 
of the resin bed.

2
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The sample in the digestion crucible is taken into 

solution with 5 ml of IN HC1 and diluted with 20 ml of water 
giving a solution of 0.2N HC1. This solution is run through 
the columns and the cations are absorbed. Another 25 ml of 
distilled water is washed through the columns to ensure 
complete absorption. If both rubidium and strontium are to 
be recovered, the column is first eluted with 85 ml of 
IN HC1. Sodium and potassium are removed in this step and 
the rubidium is at the lower end of the column ready to be 
removed in the first 30 ml of 2N HC1. After the rubidium 
has been recovered the magnesium, calcium, and iron are 
removed in the next 35 ml of 2N HCl and the strontium is 
at the bottom of the column ready to be collected in the 
next 40 ml.

If only strontium is to be recovered, the first 
elution is with 90 ml of 2N HCl. The columns are next 
regenerated with 100 ml of 4N HCl and are ready for back- 
washing.

The separated rubidium and strontium are collected 
in Vycor beakers and then placed in a covered Pyrex drying 
dish on a hot plate. The drying dish is swept with air 
dried by passing through concentrated sulfuric acid. When 
the sample solutions are reduced to about 5 ml they are 
transferred to 10 ml Pyrex beakers and taken to dryness in
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the drying dish. The samples are now ready for mass spec
trometer analysis.

To reduce contamination levels, steam-condensed 
water is redistilled in a tin-lined still and passed through 
a mixed-bed ion exchange column. Only this deionized 
doubly-distilled water is employed in making up all re
agents. Commercial reagent grade HC1 is diluted to 6 N and 
distilled from a Pyrex flask and condensed in a Vycor con
denser tube. Only this redistilled acid is used for column 
elutions and regeneration.

Distribution Coefficients of Selected Elements 
on Cation Exchange Resin

This compilation was undertaken to evaluate and 
systematize the data on the behavior of selected major and 
minor elements on sulfonated polystyrene-divinylbenzene 
resins in aqueous HC1 solutions. Data have been collected 
for Al, Felll, Fe IX, Ba, Sr, Ca, Mg, Cs, Rb, K, and Na.
This list (Table 11) includes nearly all the major elements 
and selected minor elements likely to be present in geo
logical samples after digestion in HF solution. The data 
are compiled for resins of 2 to 16 per cent divinylbenzene 
and for solutions of 0.1N to 12N HC1.

This compilation probably does not include all of 
the pertinent references but some data have been obtained 
for all of the elements of interest. Only eight articles



Table 11. Mass Distribution Coefficients for Selected Elements on Cation ExchangeResin.
Strelow (1960, Table 1) 
8 % DVB

Cation
0 . 1 0 . 2 0.5

N HC1 
1 . 0 2 . 0 3.0 4.0

A1 8 , 2 0 0 1,900 318 60.8 12.5 4.7 2 . 8

Sr 4,700 1,070 217 60.2 17.8 1 0 . 0 7.5
Ca 3,200 790 151 42.3 1 2 . 2 7.3 5.0
Fe III 9,000 3,400 225 35.5 5.2 3.6 2 . 0

Mg 1,720 530 8 8 2 1 . 0 6 . 2 3.5 3.5
Fe II 1,820 370 6 6 19.8 4.1 2.7 1 . 8

Rb . 1 2 0 72 33 15.4 8 . 1 — — —

K 106 64 29 13.9 7.4 — — — —

Na 52 28.3 1 2 5.59 3.6 — —

Ba > 1 0 4 2,930 590 127 36. 18.5 11.9
Cs 182 99 44 19.4 10.4 — — —

<4CO



Ohtaki and Yamasaki (1958)
8 % DVB

Table 11. (Continued) Mass Distribution Coefficients.

Cation N HC1
0.41 0.75 1.21 1.25 2.04 2.37 3.37 4.44 5.44 8.53 8.82 11.43

Mg 1 2 0 36.3 16.4 — 5.55 — — 2.32 — —  1.33 —

M — — — — — 37 10.5 5.58 — 2.54 2.64 — 2.35

Mann and Swanson (1961)
Fe III

% DVB N HC1 •

0.5 1 2 4 6 8 1 0 1 2

2 — — — — — —— — — 46.8
4 — 2 2 . 2 — -' — — — 57.1
8 — — 39.2 — — — — — — — 8.9

1 2 403 40.9 4.16 0.44 0.316 0.62 4.22 6.46
16 ■i — 38 —  — — «■» ̂ —  — —  — 0.885

'-iVO



Nelson et al. (1964, Figures 6 , 20, 22, 26, Table II)
4% DVB

Table 11. (Continued) Mass Distribution Coefficients.

Cation
1.0 1.2 2.0

N HC1
2.2 2.4 2.6 3.0 4.0

Ba
Ca
Sr
Fe III
Al
Mg
Na
K
Rb
Cs

32
40
28

34
10.2
34
34
34

2.72
2.7

2.68
2.65

11.8
4
5
0.65
4

7.35 2.48

ooo



Nelson et al. (Continued)
4% DVB

Table 11. (Continued) Mass Distribution Coefficients.

Cation N HC1
5.0 6 . 0 6.9 8 . 2 9.0 1 0 1 2

Ba — 9 — 1 0 9.9 1 1 . 8 18.9
Ca — ̂ 2.3 mm mam — — /7.5 13 30

17.04
Sr 3

e.v
14 25

Fe III 2 . 1 25 90 — (750 — —

1600
1400

Al 2 (2(1.32
1

Mg — — — — 0 . 6 6 0.67 —

Na — — — — < 2 . 2 1 . 1 —
K — — — — — < 2 . 2 1 . 1 —
Rb — — — — — < 2 . 2 0.51 —
Cs — — — — < 2 . 2 0.67 —

ooH



Table 11. (Continued) Mass Distribution Coefficients
Whitney and 
12% DVB

Diamond (1963, Figure 8 )

Cation
0 . 1 0.36 0.4

N HC1 
1 . 0 2 . 0 4.1 4.2

Rb 227 62.5 56.8 22.7 — 3 • 64 —
Na 62.5 17.8 15.9 6.25 3.10 1.55
Cs 322 83.3 34.1 3.71 —

Cation
5.6 6 . 8 7.0

N HCl
9.0 1 1 . 0 1 1 . 8

Rb — 1.97 — 1.55 — 1 . 0 2

Na 1.44 — 1.48 1.78 2.16 — —
Cs — 1.55 — 0.947 — — 0.568

oo
to



Table 11. (Continued) Mass Distribution Coefficients 
Diamond (1955, Figures 2, 3, 4, 5)

Cation
2 . 6 5.5

N HCl
8.7 1 2 . 2

10-12% DVB
Sr 15.5 9.2 14 34
Ca 8.5 3.5 8 33
Rb 5.5 2 1.4 1 . 1

Na 2 1.45 1.65 2.05
Ba 49 23.5 2 0 19
Cs 6 1.72 0.91 0 . 6 8

2% DVB
Sr 5 3.9 4 20.5
Na 1.7 0.72 1.75 2.3
Cs 3.55 1.78 1 . 2 0.7

00w



Table 11. (Continued) Mass Distribution Coefficients. 
Diamond (Continued)

Cation
2 . 6 5.5

N HC1

00
i

1 2 . 2

16% DVB
Sr 19 9.8 15 27
Na 2.7 1.7 1.7 1.7
Cs 8.4 2 0 . 6 0.3

Kraus et al. 
12% DVB

(1959, Figure 2)

Cation N HCl
0 . 1  1 . 0 2 . 1 4.4 6.9 9.75

Fe III 6,900 33 3.4 0.23 5.4 9.1

00•b.



Table 11. (Continued) Mass Distribution Coefficients
Whitney and Diamond (1965, Figure 2) 
12% DVB

Cation
0.125 0.3 0 . 6 1.25

N HC1 
3.0 4.8 6.3 9.2 1 2 . 0

Ca 5,300 725 165 41 6 . 6 3.16 2.85 7.4 31.6
Ba 35,000 5,900 1,230 231 35.5 16.8 12.3 13.7 13.7

ooU1
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were needed to give the data for this compilation. These 
articles are generally systematic in nature and are based 
upon extensive investigations.

The data are reported as equilibrium weight dis
tribution coefficients which are usually determined by 
batch equilibration:

_ amount of metal/gram of resin (26)
Dw ™" amount of metal/ml of solution

or

Dw Mo - Me Vs 
Me x Wr (27)

where: Mo is the initial concentration of metal in solu
tion,

Me is the equilibrium concentration of metal in 
solution,

Vs is the volume of the solution,
Wr is the weight of resin equilibrated with the 

solution and
Dw is the weight distribution coefficient.

These data may also be obtained from column experiments 
since:

Dw = BY = 1 / v _ e \ _  — . v ---- —  (38)p p ( x / weight of resin
where: Dv is the volume distribution coefficient,

p is the bed density, 
v is the peak elution volume, 
x is the corrected bed volume and 
e is the bed porosity.
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Most articles give enough information to calculate or read 
Dvr from tables or charts. Occasionally it is necessary to 
estimate bed densities to calculate Dw from Dv.

The data are presented in Table 11 as Dw for the 
various cations at various acid strengths. The content 
of divinylbenzene in the resin for each part of the table 
is listed along with the reference. These data can be 
plotted on log-log graph paper to display the behavior of 
the metals as a function of acid strength. In this type 
of plot simple mass action relations predict decreasing Dw 
with increasing acid strength where singly-charged ions 
have a slope of -1; doubly-charged, -2; triply-charged, -3. 
Anomalous behavior deviating.from the predicted behavior 
occurs in solutions of strong acid.

The group I metals all display simple behavior from 
0.1N HCl to 4N HC1. The data for four per cent DVB resin 
are probably in error due to the difficulty of accurately 
reading charts in Figure 26 of Nelson et slL. (1964) .

Sodium follows simple behavior to about 4N where an 
anomalous increase in Dw begins to occur as the concentra
tion of acid increases to 12N. The minimum value of Dw 
occurs at about 6 N and may possibly be a function of cross 
linkage with the minima decreasing with decreasing DVB
Content.
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Surprisingly little information is available for 

potassium. It appears to retain simple behavior up to ION 
HCl.

Simple behavior of 12N HCl is indicated for rubidium 
but the weight distribution coefficients may possibly be a 
function of cross linkage, with Dw decreasing with decreas
ing content of DVB.

Cesium departs from the simple behavior for singly- 
charged ions. Above 2N HCl the mass distribution coefficient 
decreases more rapidly than expected and continues to do so 
to 12N HCl. A positive relation of Dw with DVB content may 
hold below 6 N HCl but a negative relation may occur at 
higher concentrations of acid.

The data for magnesium at four per cent DVB look 
anomalous but they also were taken from the poor resolution 
graph (Figure 26) of Nelson, Murase and Krause (1964) . The 
data follow simple behavior below 2N HCl but show positive 
deviations from simple behavior from 2N to 12N HCl. A nega
tive relation with DVB content appears at high acid con
centrations while a positive relation holds below 4N.

Simple relations hold for calcium from 0.1 N to 2N 
HCl and the Dw increases with DVB content of the resin. 
Distinct minima at all DVB contents occur at about 5-6N HCl 
and a marked increase in Dw occurs up to 12N HCl. This 
surface may have the shape of a saddle with the highest
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minimum at 8-10 per cent DVB. This feature, if real, would 
have important implications for the separation of strontium 
from calcium.

The data for strontium are surprisingly complete. 
The behavior is simple to 2N HC1 with a positive relation 
of Dw with DVB content of the resin. Distinct minima occur 
at about 6 N HC1 and Dw increases remarkably up to 12N HC1. 
The minima of Dw increase with increasing DVB content.

Barium behaves in a simple fashion up to 2N HC1 
with increasing Dw with DVB content of the resin. The 
strongly positive anomalous behavior at high acid concen
tration is apparent for resin of low DVB content but not 
marked for resin of high DVB content.

Aluminum behaves in a simple fashion with only 
slight positive anomalous behavior at high acid concen
tration.

The ferrous ion appears to behave in a simple form 
from 0.IN to 12N HC1.

The ferric ion has the most remarkable positive 
anomalous behavior at high acid strength of all the cations 
compiled. The increase of Dw occurs above 4N HC1 and has 
been attributed to the formation of the FeCl^'"^ 
plex by Kraus, Michelson and Nelson (1959).

anion com-
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Mass Spectrometer Analyses 

Three types of mass spectrometer analyses were 
employed for this investigation. Two are the isotope dilu
tion analyses for rubidium and strontium and the third is 
the isotope ratio analysis of strontium. The same instru
ment is used for all three of these measurements and in 
fact can be used for all of the measurements necessary for 
the rubidium-strontium dating method. With readily avail
able sources of enriched stable isotopes this instrument 
is an exceedingly versatile analytical tool. It can be used 
for element concentrations from several per cent to below 
the parts per million level with high precision as long as 
careful and appropriate attention is paid to the special 
necessary procedures. The chief detractions of this method 
of analysis are the somewhat tedious chemical digestion, 
separation and prolonged instrumental operation time. The 
rate of analysis can hardly exceed two elements per man day 
where the x-ray fluorescence analysis can possibly achieve 
ten element analyses per man day, but is limited to con
centrations of from about 50 to 2,000 ppm.

The instrument is described below followed by the 
description of the analytical methods. Since the procedures 
and equipment have been modified according to the experience 
gained by operation, only the most recent operations and 
configurations are discussed.
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The Solid Source Mass Spectrometer

The instrument to be described was assembled from 
components some of which were purchased from commercial 
industrial firms and some of which were built by laboratory 
personnel. Standard components were employed wherever 
feasible and custom items wherever necessary. The instru
ment is a Nier type, first-order focusing, six-inch radius 
of curvature, 60 degree sector symmetric-field mass spec
trometer employing an Inghram-Chupka type triple rhenium 
filament surface emission ion source. The tube is hori
zontally mounted with the magnetic field oriented on the 
vertical axis.

The Vacuum System.— The ion source and analyzing 
tube are each pumped by 75 liter per second high-vacuum 
ion pumps which require no refrigeration. Both vacuum 
pumps may be closed by means of four-inch diameter, right- 
angle, high-vacuum valves when the mass spectrometer tube 
is vented to atmospheric pressure while changing samples. 
After insertion of a new sample, the tube and source are 
evacuated by a 40 cu. ft. per minute mechanical pump through 
a roughing manifold and 1  1 /2 -inch diameter high-vacuum 
valves. The oil vapors from the mechanical pump are trapped 
by means of a 13-angstrom molecular sieve which can be de
gassed by means of an internal heater. Venting at times 
of sample change is done with nitrogen gas passed through
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a chemical dessicant. The instrument can routinely be 
evacuated from one atmosphere to 10  ̂torr in 20 to 30 
minutes. One to one and a half hours are required to reach 
pressures below 10"  ̂torr, A four-inch diameter pumping 
lead from the ion source enables low pressure to be main
tained during the course of analysis.

A block diagram of the instrument is shown in 
Figure 5 giving the vacuum and electrical components.
Cooling water circuits are not required for any component. 
All of the electrical components of the vacuum system are 
powered with unregulated electrical mains.

The Ion Source.— The ion source contains the three 
filaments, three high-voltage focusing plates and a split 
pair of deflection plates, all operating at or slightly 
below the high-voltage accelerating potential. These are 
followed by a ground-potential collimating slit 0.006 inch 
wide, a low-voltage split pair of deflection plates and 
another ground-potential collimating slit also 0.006 inch 
wide.

The filaments are each powered by an alternating 
current six-volt isolation power supply operating at 3,700 
volts. This unit was designed and built in the geochemistry 
laboratory at The University of Arizona. Each filament 
can be supplied with up to five amperes of current.



Fig. 5. Schematic Diagram of 
VM vacuum meter 
RP rough pump 
MS molecular sieve 
N 2 nitrogen 
IP ion pump 
PS power supply 
IS ion source 
EM electromagnet 
IC ion collector 
PA pre-amplifier

the Mass Spectrometer.
VR vibrating reed
XS expanded scale
CR chart recorder
BS beam switcher
MR magnet regulator
BC beam centering
SC source control
FP filament power
HV high voltage
VS voltage stabilizer
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Figure 5. Schematic diagram of the mass 

spectrometer.
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The accelerating potential is supplied by a 0 - 

5,000 volts, 2 ma high-voltage power supply. The output 
voltage regulation is better than ± 25 mv.

The ion-source control provides the appropriate 
currents and voltages for the plates in the ion source.
This unit can provide up to 5,000 volts in opposition to 
the accelerating power supply at currents of greater than 
5 ma. Such large interelectrode currents are necessary to 
provide stable voltages to the various ion-source plates. 
The high-voltage deflection plates are controlled by this 
unit and serve to center the beam on the first collimating 
plate.

The low-voltage deflection plates are located be
tween the two collimating plates and are controlled by the 
beam-centering control. These plates serve to center the 
beam on the second collimating plate.

The sample to be analyzed is loaded on the two side 
filaments in triple-filament configuration. A current of 
0 . 1  to 1 . 0  amperes is used to vaporize rubidium and a 
current of 0.3 to 1.5 amperes is necessary to vaporize 
strontium. The vaporized sample impinges upon the center 
filament, operating at 2.5 amperes, and is ionized. This 
configuration allows the operator to control both processes 
and obtain maximum efficiency for each analysis. The two



sample filaments are employed to preserve electrical sym
metry about the ion-source axis.

The Magnetic Analyser.--The magnetic analyser for 
the mass spectrometer is supplied with an electromagnet 
which is ordinarily operated at about 5,300 gauss at about 
140 ma current. The two coils each have 25,000 turns of 
#24 copper wire with a nominal resistance of 1,100 ohms 
each. The maximum flux of this magnet is approximately 
6,600 gauss at 180 ma. The magnetic field is homogeneous 
to 2.5 per cent within the magnet gap of 9/16 inch. Output 
voltage of the power supply is regulated to one part in 
30,000 for line voltage variations of 1 0  per cent at 115 
volts. The magnetic field can be operated statically or 
varied linearly with time. A modification of this unit 
allows the magnetic field to be rapidly switched to any of 
five preselected values within the mass range of about 80 
to 90 under normal operating conditions.

The Ion Collector, Amplifier and Recorder.— The 
separated ion beams are measured one at a time with a 
single Faraday box mounted behind a collector collimating 
slit 0.012 inch wide. The Faraday box is surrounded by an 
electron suppressor which keeps electrons from leaving the 
collector (and giving a false signal) as the ion beam is 
being measured. The charged-ion beam is neutralized by a 
current from the preamplifier of the vibrating reed
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electrometer which measures the voltage produced across a 
10^-ohm input resistor. The 100-mv output (full scale) 
of the vibrating reed electrometer is fed into a 1 0 0 -mv 
potentiometer which feeds a 10-mv recorder. The zero point 
of the recorder can be suppressed by 1 0 -mv increments up to 
90 mv. This modification is locally called the expanded 
scale and enables the operator to measure the peak heights 
to four digits with the ten-inch recorder.

Ancilliary Equipment.— Ancilliary equipment neces
sary to operate the mass spectrometer includes a spot 
welder to fabricate the filament assemblies, a vacuum oven 
for drying samples and filament assemblies before loading.
A vacuum filament-degassing apparatus is used to degas and 
decontaminate the rhenium ribbons of alkali metals before 
sample loading.

Isotope Dilution for Rubidium and Strontium
Isotope dilution analysis offers a versatile, con

venient and sensitive method of analysis for rubidium and 
strontium. The method is subject to only a few types of 
errors and these can usually be controlled within tight 
limits. The precision of analyses is considered to be 
about 2-3 per cent by most workers and appears to be the 
limiting factor of precision for the Rb-Sr method of age 
determination.
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Principles of Isotope-dilution Analysis.— The 

method of isotope-dilution analysis is dependent upon the 
availability of isotopically enriched elements. The iso- 
topically-enriched material is conveniently called the 
"spike." The spike rubidium and strontium were obtained 
from the Oak Ridge National Laboratories of the U. S.
Atomic Energy Co;i. nission. The isotopic composition of 
these materials given in Table 12.

When a known amount of spike material is mixed 
with an unknown amount of ordinary material the measured 
isotopic ratio of the mixture will be intermediate between 
the isotopic ratios of the spike material and that of the 
common material. To determine the unknown amount of the 
common material it is necessary to measure only the iso
topic composition of the mixture. The isotopic ratios of 
strontium and rubidium are not known to vary in nature

O  *7except for the radioactive decay of Rb and the radiogenic
8 7accumulation of Sr. The isotopic abundance ratios for 

rubidium and strontium are given in Table 3.
The isotopic ratio of the mixture, R", is related

to the isotopic fractions of the spike, i' and j1, and the
unknowns, i and j, by the following equation:

= iM + i'M' . jM + j'M'R" (29)
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Table 12. Values Used for Calibrating Rubidium and 

Strontium Spike Solutions.

Source of Information
Rubidium*

Cone, of spike, gm/ml
Oak Ridge (O.R.N.L.) 23.09
M.I.T. 23.06
U.S.G.S. 22.53
U. of A. (L. Light & Co. ) 23.52

Ave. 23.05

Oak Ridge (O.R.N.L.)
Strontium**

24.50
M.I.T. 24.30
U.S.G.S. 24.21
U. of A. (Baker A.R.G.) 23.71

Ave. 24.18

*85Rb/87Rb atomic ratio of spike = 0.00803.
**Strontium spike composition (atom %)

84Sr = 0.044%
86Sr = 83.893%
87Sr = 9.400%
88Sr = 6.677%

100.014%



M and M 1 represent the number of moles of the element of 
interest in the unknown and spike respectively. Upon 
rearrangement and substitution of:

R = i. and R' = iZ. (30)
] r

Equation (29) becomes:
M = M' 3' (%' - R") (31)j (R" - R)

R and R1, j and j 1 are constants; M 1 is a controlled vari
able and R" is a measured quantity. Thus M may be calcu
lated. Systematic bias may be present in the four constants. 
Measurement errors are present in M 1 and R".

Calibration of Spike Solutions.— The spike solu
tions can be calibrated by directly weighing the spike and 
accurately diluting to appropriate concentrations. They 
may also be calibrated against accurately known solutions 
and standards of the common element. The results of cali
brations are shown in Table 12 and analysis of inter
laboratory standards are shown in Table 13.

Isotope Dilution Measurements.— For isotope- 
dilution measurements, finely ground samples are accurately 
weighed into the teflon digestion crucibles and the sides 
of the crucible are washed with two ml of distilled water 
which also serves to dampen the sample. Known amounts of 
spike solution are added to the crucible with class A 
volumetric pipettes. The samples are carried through the
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Table 13. Rb and Sr Isotope Dilution Analyses of Inter

laboratory Standards.

Sample Rb ppm Sr ppm
G-l:

Univ. of Ariz. analyses 
MIT (Pinson et al., 1962) 
Recommended Values

(Fleischer, 1965)

214.6
224.0
2 2 0 . 0

254.6
258.0
250.0

W-l:
Univ. of Ariz. analyses 
MIT (Pinson et al., 1962) 
Recommended Values

(Fleischer, 1965)

22.45
23.2
2 2 . 0

191.2
194.0
180.0

B^Rb ppm Sr com. 
ppm

®^Sr rad. 
ppm

Bern 4B (biotite):
Univ. of Ariz. analyses 171.8

164.0
3.015
2.742

.04001.0010 

.06001.0400
Average of 4 labs

(Jager et al., 1963) 167.0 2.76 .0402

Rb total
MIT B-3203 (biotite):

Univ. of Ariz. analyses — — 8.826
9.588

1.761
1.731

Average (Hurley et al., 
1963)

446a 10.94b 1.725b

a 1 0  laboratories 
b? laboratories



Table 13. (Continued)

Sample Rb
moles/gm 
x 1 0 6

Sr com. 
moles/gm 
x 1 0 6

87Sr rad. 
moles/gm x 1 0 9

USGS P-207 (muscovite):
Univ. of Ariz. analyses0 9.606

9.800
3.222
3.276

.09866

.09616
Average of 2 laboratories 

(Lanphere and 
Dalrymple, 1965)

9.206 3.174 .1138

cThese values supersede those given in Lanphere and 
Dalrymple, 1965.



102
digestion and separation procedures. Complete solution of 
the sample ensures isotopic homogenization. Blank diges
tions are carried through for each batch of isotope-dilution 
analyses to monitor the levels of contamination. Blank 
analyses are shown in Table 14. It is possible to spike 
aliquots of the sample digestion if desired, but propor
tioning of the blank contamination becomes a source of 
error. The data of Table 14 indicate variable levels of 
contamination. These problems have not been entirely 
solved.

Isotope ratio measurements of spiked samples are 
made without the expanded scale. The peak heights are 
measured alternately in groups of about 1 2  and the back
grounds are measured before and after each group. The mass 
spectrum is also swept before and after each group to monitor 
peak interference. Each group of measurements, background, 
and spectra constitute one run. Three runs are made for 
each analysis. The results of the isotope dilution anal
yses are included in Table 15. Isotope dilution analyses 
are compared to x-ray fluorescence analyses in Figure 4.

Isotope Ratio Analysis of Strontium
The mass spectrometer employed in this investi

gation yields data of exceedingly high precision and ac
curacy. The absolute values (the accuracy) of the isotope
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Table 14. Blank Analyses by Isotope Dilution.

Date Rb
ugm

Sr
ugm

Rb/Sr

8-24-64 .0236 (.694) .0340
9 — 1—64 .0198 .156 .127
9-18-64 .0056 .0867 .0646
9-29-64 .0176 .131 .134

11— 3—64 .0068 .123 .0554
5—11—65 (.487) . 0415 11.5
6-11-65 .0148 . 0 2 1 2 .698
7- 5-65 — — .1182 —

8 - 3-65 .0347 .0378 .918
12-28-65 .0031 . 0644 .0482

8 - 5-66 (.628) . 0638 9.85
9— 9-66 — .0432 — —

12-29-66 < . 0 0 0 1 .0298 .003

Mean s.d. 
(excluding 
values in 
parentheses)

.014 ± .011 .076 ± .045



Table 15. Mass Spectrometer Analyses

Sample No. 
Sample Type

Rb
ppm

Sr
ppm

(common)
87Sr
ppm(radiogenic)

8 7 Sr/86Sr 
at. ratio

Ruin Granite, Sierra Ancha
PED-32-61
whole rocka 273.4 115.7 — .8417
biotite Ae,a 698.1 24.94 3.924 —*

705.1 25.21 3.919 —

biotite Be 912.3 11.47 5.168 —  —

orthoclasea 526.3 197.7 — — .8567
Ruin Granite, White Ledges

DEL- 3-62d
whole rocka 279.3 156.8 — .8090
whole rock 287.4 159.2 —  — .8158
biotite3 667.0 14.60 3.729 —  —

biotite 697.7 13.60 3.962 —

orthoclase3 '̂ 616.5 149.2 3.35 .9383°
orthoclase 605.2 157.4 —  — .9358

615.8 158.4 3.291 .9236°
plagioclase Ae,a 144.3 398.1 —  — .7295
plagioclase Be 74.98 276.6 —  — .7336

74.34 274.3 —  — —  —

DEL- 7-62
whole rocka 285.8 192.0 — .7899
orthoclasea 514.5 208.4 — .8448

DEL- 8-62
whole rocka 299.7 123.7 —  — .8480

302.2 — — — —  —
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Table 15. (Continued) Mass Spectrometer Analyses.

Sample No. 
Sample Type

Rb
ppm

Sr
ppm

(commor)
87Sr
ppm

(radiogenic)
8 7 Sr/86Sr 
at. ratio

Redmond Formation, White Ledges
DEL-RR-62
whole rockd 204.9 224.7 — — .7613

DEL- 2-62
whole rock 390.9 15.52 — —

392.3 14.28 2.316 2.373c
DEL- 5-62d _
whole rock 173.2 249.1 — .7501
whole rock 177.6 249.0 — — .7484

DEL-10a-62
whole rock* 165.4 209.8 — .7514
whole rock 170.2 207.7 — — .7556

DEL-10b-62d
whole rock 207.3 207.2 — .7671
whole rock 217.3 207.2 — .7678

DEL-14-62d
whole rock 244.8 29.93 — 1 . 2 0 2
whole rock 266.3 27.72 1.520 —

— — — — 1.233

Metarhyolite from the Tortilla Mts.
1.232

DEL- 3-65f
whole rock 140.7 71.15 — .8232

137.8 75.27 — —

DEL- 4-65f
whole rock 166.3 80.56 — .8405

165.9 82.11 — — —
DEL- 5-65f
whole rock 192.2 127.1 — .8045

188.3 128.7 — — — —
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Table 15. (Continued) Mass Spectrometer Analyses.

Sample No. 
Sample Type

Rb
ppm

Sr
ppm

(common)
8 7 Sr 
ppm

(radiogenic)
8 7 Sr/86Sr 
at. ratio

DEL- 6-65f 
whole rock 198.7191.4

117.3
119.3

” — .8112

DEL- 7-65f 
whole rock 149.0 125.7 — — .7949

DEL- 8-65f 
whole rock 129.6 105.5 .7871

Madera Diorite from the Pinal Mts.
FED- 2-59
biotitea 459.7 51.88 2.752 —

DEL- 9-65
whole rock b b — .7201

DEL-10-65
whole rock b b — .7239

DEL-11—65
whole rock b b — .7169

DEL-12-65
whole rock b b —— .7242
plagioclase III b b — .7068
plagioclase IV b b — .7060
sphene^ 3.482 68.96 .7086

DEL-13-65
whole rock b b —  — .7373

DEL-16-65
whole rock b b — .7141
plagioclase I b b — .7059
plagioclase II b b — .7057
plagioclase III b b — .7058
hornblende^ 28.45 160.6 — .7148
epidote b b — .7152
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Table 15. (Continued) Mass Spectrometer Analyses.

Sample No. 
Sample Type

Rb
ppm

Sr
ppm

(common)
87Sr 8 7 Sr/86Sr
ppm at. ratio

(radiogenic)

Granitic rocks from the southern Mazatzal Mts.
DEL- 1-67 
whole rock b b .7221

DEL- 2-67 
whole rock b b .7197

DEL- 3-67 
whole rock b b —  .7458

DEL- 5-67 
whole rock b b .7546

DEL- 6-67 
whole rock b b —  .7500

DEL— 7-67 
whole rock b b .8943

aU.S.G.S. analysis.
^Rb and Sr concentration by x-ray fluorescence. 
cValue calculated from the isotope dilution analysis, 
^x-ray standard.
eA and B indicate mineral fractions of different

purity.
fAlso analyzed by x-ray
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ratios are somewhat uncertain due to mass fractionation 
effects but the values of the isotope ratios relative to 
an arbitrary standard can be determined with high precision 
by a normalization procedure which corrects for all mass 
fractionation effects of individual analyses.

Principles.--In Chapter 1 it was shown that the
87 87 86logical measure of Sr enrichment was the Sr to Sr

ratio. This ratio ordinarily has a value near 0.7 and is
not subject to scale factor errors in measurement. Mass
spectrometers inherently fractionate the sample being
measured. Thus it is necessary to correct the measured
values with some other simultaneously measured ratio that
will reveal the degree of mass fractionation.

The ®®Sr to ®^Sr ratio is ideal for this purpose. 
Because ®^Sr is about eight times more abundant than ®^Sr 
they are measured on different scales and must be corrected 
for differences in scale factors. The method of mass 
fractionation and scale factor calibration is described 
in detail in a later section.

Technique.— The separated sample whose isotope 
ratio is to be determined is deposited as a chloride on 
the rhenium sample filaments. These filaments are cleaned 
with HCl and in a vacuum degassing unit where the bare 
filaments are burned at three amperes for about five min
utes. This procedure serves to purge the filaments of
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alkali contamination, the only contaminants recognized to 
date. The sample-bearing chloride solution is deposited 
on the filaments which are heated with one ampere of cur
rent to vaporize the I^O and HC1. The sample is not 
allowed to go completely dry on the heated filament since 
this would allow the sample to become hot enough to vaporize 
rubidium and possibly strontium.

The nearly dry filaments are assembled in the fila
ment holder, precisely adjusted for position in a replicate 
of the ion souce, and then placed in a vacuum oven to dry 
thoroughly. After being dried for an hour or more the 
samples are placed in the mass spectrometer and the in
strument is pumped to an operating pressure of 1 0  ® to 
5 X 10™ 7 torr. During the pump down the sample filaments 
are run at 0.05 amperes to completely dry the sample. When 
the operating pressure has been reached, the center filament 
is turned on and set to run at 2.5 amperes. The current 
in the side filaments is increased until a signal of suf
ficient size is obtained. Signals of at least 100 mv are 
necessary to obtain high precision results. When a signal 
of adequate stability and size is obtained the spectrum 
is swept from above the 8 8  peak to the 84 peak. The ex
panded scale is used so that appropriate zero values are 
obtained and the presence of interfering rubidium can be 
detected. The beam-switching device is adjusted so that
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peaks 8 8 , 87 and 8 6  can be measured in rapid sequence about 
12 to 16 times. Another mass spectrum is recorded so that 
zeros may be determined by linear interpolation. The 
spectrum scans also serve to determine the quality of peak 
shape and the extent of peak tailing. During the measure
ments of the peaks, the appropriate zero suppression of the 
recording potentiometer is noted as well as the mass number 
and recording scale. Each pair of spectra and intervening 
peak heights measurements constitute a single run. Three 
runs are made for each load to improve the reliability of 
the zero measurements. Each run requires about 20 to 30 
minutes for measurement.

Electrical Calibration.— Electrical calibration of 
the mass spectrometer was accomplished with a Hewlett 
Packard model 74OB DC voltage standard and differential 
voltmeter which has six digit resolution and is accurate 
to ± 40 ppm in the upper 80 per cent of the selected range. 
The instrument can be internally aligned so that linearity 
to the stated precision can be achieved without the use 
of basic electrical standards.

The expanded scale recorder has been calibrated 
against the voltage standard and the chart readings have 
been found to be linear to ± 40 ppm between 0.2400 and 
0.9900 of full scale output provided the lines labeled 3̂ 
and 1 0  on the chart paper are not used to make a reading.
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The ratio of input to chart reading for the recorder is 
0.99973 ± 0,00004 under the above provisions. Since all 
measurements are converted to ratios the scale factor 
divides out.

The vibrating reed electrometer has been calibrated 
for scale factors which are shown in Table 16. All scale 
factors have a standard deviation of 0.00008,

Empirical Calibration.— A program of periodically 
measuring an interlaboratory strontium isotope standard 
was continued throughout this investigation. This standard 
can be used to determine scale factors if arbitrary values 
of the 87/86 and 8 8 / 8 6  ratios are assumed. Values of 
87/86 = 0.7080 and 8 8 / 8 6  = 8.375 are assumed for the E 
and A SrCOg standard. The 8 8 / 8 6  ratio is used instead of 
the 8 6 / 8 8  for calibration and normalization of measured 
isotope ratios. As a result the derivation of the normali
zation formula is more straightforward and the initial 
equation is in standard form for isotopic work.

(87/86)m i f  (8 8 /8 6 )m— 1(87/86)n ' 2 ( (8 8 /8 6 )g
This initial equation results in:

,87/86) n - 2 (S8/86)s

where: (87/86) =

- 1
(32)

(33)

(88/86)

(88/86)m + (88/86)g
normalized value of the measurement, 
0.7080 for E and A SrCO standard, 
8.375, assumed for all ordinary Sr,



Table 16. Scale Factors by Electrical Calibration

Scale Scale
factor

Combined
scales

Combined 
scale factors

1 0 mv 1.00417 — —

30 mv 1.00264 — — —

1 0 0 mv 1.00128 1 0 0  mv/ 1 0 mv 0.99712
300 mv 0.99931 300 mv/30 mv 0.99668

1 V 1.00003 1 v/ 1 0 0 mv 0.99875
3 V 0.99963 3 v/300 mv 1.00032

1 0 V 0.99999 1 0 v/ 1 V 0.99996
30 V 1.00018 30 v/ 3 V 1.00055

The voltage coefficient of the lÔ -O ohm input
resistor has not been determined.
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(87/86)m - measured 87/86 ratio and
(8 8 /8 6 )m = measured 8 8 / 8 6  ratio.
The data for the isotope standard are listed in 

Table 17 and displayed in Figure 6 . Equations (32) and 
(33) are represented by the diagonal line in Figure 6 and 
the crosses represent the assumed standard values and the 
standard values multiplied by the reciprocal of the square 
root of the mass ratio.

The normalized measured ratios given in Column 4 
of Table 17 indicate that consistent differences can be 
attributed to scale factors to correct the measured 8 8 / 8 6  

ratios which are given in Column 5. These combined scale 
factors show no simple relation to the electrically cali
brated combined scale factors shown in Table 16 and Demon
strate that an unknown bias is present in the mass spectro
meter.

The method of empirical calibration by the isotope 
standard assumes that the measured ratios should lie along 
the fractionation line of Equation (32). The consistent 
deviations of the measured points from this line should be 
due to combined scale factors which apply only to the 8 8 / 8 6  

ratio. The uncorrected data are normalized to the assumed 
87/86 ratio (0.7080) of the standard, yielding values of 
the 8 8 / 8 6  ratio which are corrected for mass fractionation. 
The ratio of these normalized 8 8 / 8 6  ratios to the standard



Table 17. E and A SrCOg Isotope Standard

Date (number) (87/86)m (8 8 /8 6 )m (87/86)n 
not corrected 
for scale 
factors

Empirical
combined
scale
factors

(87/86)cn 
corrected 
for scale 
factors

1 0 0  mv and 1 0  mv scales .996642
May, 1967 (6 ) .706100 8.36221 .706640 .707827
May, 1967 (13) .707022 8.37591 .706983 .708173

.706812 .708000
<$> = .000239 = .000244

= .000167 crx  = .000173
300 mv and 30 mv scales 1.000099
July, 1966 (1 ) .709490 8.40840 .708078 .708043
July, 1966 (5) .716078 8.56393 .708091 .708056
May, 1967 (1 ) .705099 8.30164 .708201 .708166
May, 1967 (7) .706121 8.33317 .707889 .707854
May, 1967 (14) .707526 8.36171 .708088 .708053
May, 1967 (15) .707242 8.36027 .707864 .707829

.708035 .708001
<rx = .000130 = .000130
< 7 %  = .000045 = .000053 114



Table 17. (Continued)

Date (number) (87/86)m (8 8 /8 6 )m (87/86)n 
not corrected 
for scale 
factors

Empirical
combined
scale
factors

(87/86)cn 
corrected 
for scale 
factors

1 v and 1 0 0 mv scales 1.000810
July, 1966 (2 ) .710088 8.41173 .708533 .708247
May, 1967 (2) .704828 8.29885 .708048 .707762
May, 1967 (3) .705256 8.31161 .707936 .707650
May, 1967 (8 ) .706485 8.32382 .708650 .708364
May, 1967 (16) .707304 8.35164 .708291 .708005
May, 1967 (17) .708705 8.35326 .708262 .707976

.708287 .708001
<$'’X = .000272 = .000273

= . 0 0 0 1 1 0 = . 0 0 0 1 1 1

3 v and 300 mv scales 1.000809
July, 1966 (3) .713171 8.48757 .708410 .708122
July, 1966 (4) .714490 8.51892 .708403 .708114
May, 1967 (4) .705778 8.31758 .708205 .707920
May, 1967 (9) .706622 8.33122 .708474 .708188
Feb., 1968 (2) .707168 8.35068 .708196 .707910
Feb., 1968 (3) .707467 8.35647 .708251 .707964
Feb., 1968 (4) .707634 8.36469 .708070 .707784

.708287 .708000
4% = .000141 o'x = .000144

= .000045 II£ .000054
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Table 17. (Continued)

Date (number) (87/86)m (8 8 / 8 6 )m (87/86)n 
not corrected 
for scale 
factors

Empirical
combined
scale
factors

(87/86)cn 
corrected 
for scale 
factors

1 0  v and 1 v scales 1.000147
May, 1967 (5) .705665 8.32062 .707964 .707912
May, 1967 (1 0 ) .706496 8.33796 .708062 .708010
May, 1967 (1 1 ) .706926 8.34552 .708172 .708120
May, 1967 (1 2 ) .707001 8.35113 .708010 .707958

Ox
Ox

.708052

.000084

.000032

Average of all 25 runs -

.708000 

.000089 

.000044

.708000

.000167
°x = .000033

116
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-.716

(8 7 /8 6 )  m
-.714

-.712

-.710

-706

-.704+' (88/86) m

Figure 6. Moss fractionation of strontium isotopes.
Measured strontium isotope ratios for the 

E and A SrCO^isotope standard, uncorrected 

for scale factors.
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8 8 / 8 6  ratio (.8 ,375) then gives the scale factor which yields 
the standard value. This process is repeated for several 
measurements on each pair of scales to be employed.

Data Collection and Reduction
The experimental procedures described above result 

in data which must be variously manipulated in order to 
arrive at meaningful values. These methods of data re
duction are described briefly below.

X-ray Data
The x-ray data are recorded as total counts accumu

lated over a given period of time. A 6 6  second timer on 
the equipment provided a convenient counting time. All 
measurements were made over two 6 6  second time periods.
The total counts for each time period were written down on 
standard laboratory forms along with all pertinent opera
tional conditions such as the two-theta angle of the gonio
meter, the tube voltage and current, differential discrim- 
ator settings, peak or position being measured, and the 
appropriate scale multipliers. The pertinent data were 
entered into a programmed desk-sized electronic digital 
calculator along with the element concentrations of the 
standards. The results for the unknowns are given directly 
in appropriate concentration units.
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Isotope Dilution Data

These data are recorded on a chart and must be 
manually converted to numerical form. The spectrum scans 
before and after the run are first read for zeros and 
linear interpolation lines are drawn across the chart.
The possibilities of peak interference are assessed and 
if necessary linear interpolation lines are drawn for these 
effects. Smooth lines are drawn across the tops of the 
peaks of interest and the magnitudes are read for the peaks 
at equal time values. The signal may vary with time but 
true ratios will result from the measured peaks. One pair 
of peak heights are read for each pair recorded. Appropri
ate zero point and interference corrections are made on 
the charts and the corrected data are introduced to the 
digital calculator which computes and prints the individual 
ratios, the mean of the ratios, standard deviation, relative 
error, standard deviation of the mean and the relative 
error of the mean. Thus it is easy to recognize reading 
and keyboard errors which may be appropriately corrected.
The mean value of the measured isotope ratios is entered on 
another computer program along with the weight of sample 
and the amount of spike. The proper calculations are 
automatically performed and the pertinent concentrations 
are printed in the proper units.
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Strontium Isotope Ratio Data

These data are recorded and reduced in a manner 
similar to those of the isotope dilution analyses. They 
are recorded on the expanded scale mode of operation and 
proper additions to the chart readings must be made. 
Additional scrutiny of spectra are made to determine the 
degree of tailing of the 8 8  peak under the 87 peak. If 
necessary, appropriate linear interpolations are made to 
correct the 87 peak readings. This tailing effect is 
caused by nonideal peak shape during analysis. Every effort 
is made to eliminate this effect by proper focusing of the 
beam and operation of the instrument at low pressure.

Isochron Analyses

The x-ray and/or the isotope ratio analyses from 
consanguinous sample suites are combined for isochron 
analysis. These data are analyzed with a double error 
least squares regression program which is too extensive for 
desk-sized digital calculators and must be run on the 
C. D. C. 6400 computer at the University Computer Center.
The program considers errors on both measured parameters 
and weights the values according to their measured or 
estimated precision. An approximate slope is introduced 
along with the data and is used to estimate an improved 
value of the slope and intercept. The new value is then
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used to calculate another improved value and the process 
is repeated until the improvement in slope is less than

accepted as the true values. Each step of the iteration 
is printed out along with many of the intermediate sums 
and products that serve as a check on the consistency and 
validity of the calculations. The method of analysis is 
a modification of a method written by H, Wendt (Brooks, 
Wendt and Harre 1968 and Wendt 1967).

puter prints out the residual of each point from the line 
of the best solution. It also computes and prints the chi 
statistic for each point which is the value of the residual 
divided by the expected error:

In this equation: i is the index for the separate data
points, y is the value along the ordinate and Sy£ is its 
estimated error, x is the value along the abscissa and 
sxi is its estimated error (all errors are estimated at 
the one-sigma level). The a and b are the computed values 
of the slope and intercept respectively.

From the individual values of Equation (34) one 
may compute:

1 x 10"4. This slope and its corresponding intercept are

In addition to the above mentioned data, the com-

(yj - axj -b) 
(asxi "** Syi)

(34)

(35)
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for the whole suite of data, s is the average deviation 
of the pleasured data points from the regression line. Its 
value should be near unity if the total variance of the 
data suite is due to analytical (estimated) error. Addi
tional sources of error or incorrect estimated errors are 
indicated if S is much greater than one. S is called the 
chi squared statistic.

Experimental Conclusions 
The possible range of ages and the expected age 

resolution that can be determined for rocks of given Rb 
to Sr ratio can be derived from knowledge of the experi
mental precision. The relationships are shown in Figure 
7. On this figure is plotted the approximate formula:

This approximation introduces no serious error into the 
argument. The ®^Rb to ®^Sr ratio and age are plotted as 
the ordinate and abscissa respectively. The radiogenic 
increments, A  (®^Sr/®^Sr), produced as a function of the 
ratio and time are plotted as diagonal lines. The left 
line is approximately equal to the one sigma level of 
measurement of the ^Sr to ^Sr ratio. This line represents 
a 0 . 0 2  per cent radiogenic increment of the ratio and is 
the maximum limit of resolution. Rocks occurring to the 
left of this line will not give measurable increments.



Fig. 7. Resolution Diagram for Rb-Sr Isochrons.
Rocks which plot in the shaded area cannot be 
dated. The diagonal lines are contours of equal (87gr/86gr). Left to right the limit of resolu
tion is: 100%, 10%, 1%, 0.1%, 0.01%. See text
for discussion. Typical values for granite and 
basalt are indicated.
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Figure 7. Resolution diagram for Rb-Sr isochrons.



Rocks occurring to the right of the line will give a 
measurable increment.

The limit of resolution, R, can be defined as:
R _ dt _ cr(8 7 Sr/8 6 Sr) (37)
~ t “ A(87Sr/86Sr)

where dt is the uncertainty in age and o' (8 7 Sr/8 8 Sr) is the 
uncertainty in the strontium isotope ratio. The radio
genic increments are plotted at intervals of one order of 
magnitude since the coordinates are logarithmic. The Rb 
to Sr ratios are shown for basalt and granite. From this 
figure it can be seen that rocks of granitic composition 
and as young as the middle Tertiary can be dated with a 
limit of resolution of 10 per cent or better. Rocks of 
basaltic composition must be older than Paleozoic to give 
a limit of resolution of 10 per cent. This figure also 
demonstrates that the limiting factor for high resolution 
of the ages of Precambrian rock is not the geochemisty or 
the isotope ratio measurement. It is the measurement of 
the rubidium to strontium ratio, with a precision of about 
three per cent that limits the age resolution. An age 
resolution of 1  to . 1  per cent should be possible for many 
Precambrian rocks if the element ratio measurement can be 
improved and if the rocks have experienced no chemical 
perturbations.

The first conclusion is that most igneous rocks 
Mesozoic and older can be dated by the whole rock isochron
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method. The second conclusion is that useful age resolu
tion could be improved for Precambrian rocks by improvement 
of the precision of measurement of the Rb to Sr ratio. The 
third conclusion is that x-ray fluorescence analyses for 
samples containing greater than about 75 ppm Rb and Sr is 
as precise as isotope dilution analyses under the present 
set of circumstances (see Figure 4).
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CHAPTER 3

THE WHITE LEDGES AND BLACKJACK MOUNTAINS

The White Ledges and Blackjack Mountains were 
selected for reconnaissance field studies and dating 
because of the presence of a sequence of rocks possibly 
correlative to the rhyolite, quartzites and shales of the 
northern Mazatzal Mountains all intruded by granite and 
overlain by the Apache Group.

Location and Access
This area lies along the southeast bank of the Salt 

River from the western edge of the Natanes Plateau to Red
mond Mountain. The area extends in a northeasterly direc
tion for 15 miles and is at most about four miles wide. 
Prominent landmarks in the region are Haystack and Jackson 
Buttes along the western edge of the Natanes Plateau, 
Rockinstraw Mountain and Horseshoe Bend near the south
western end of the area and the Apache Mountains to the 
south. Elevations range from 4,880 to 2,320 feet. The 
southeastern edge of the area is a highland at an elevation 
of about 4,000 feet which drains northwesterly through 
moderately steep canyons to the lower elevation of the Salt 
River. A spectacular gorge has been cut through the
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quartzite beds by the Salt River at Jump Off Canyon near 
the center of the area and at several other places by 
streams tributary to the Salt River.

Vehicular access to the area is by two routes.
The southwestern part of the area (near Horseshoe Bend, 
Rockinstraw and Redmond Mountains) is accessible from State 
Highway 8 8 , the Apache Trail, by way of Horseshoe Bend 
Road. These roads join in Pinal Creek at the mouth of 
Horseshoe Bend Wash (located in Rockinstraw Mountain Quad
rangle) . The road forks about one mile south of Rockinstraw 
Mountain; the left-hand fork leads to Redmond Flat on the 
Salt River via Redmond Wash and the right-hand fork leads 
to Horseshoe Bend via Sycamore Canyon and Mudsprings Wash.

The northeastern and central parts of the area are 
accessible from Haystack Butte Road which joins State High
way 77 at Seven Mile Wash about 20 miles northeast of 
Globe. Several poorly maintained roads lead off from Hay
stack Butte Road and a four-wheel drive vehicle is recom
mended .
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Geology
The geologic map (Figure 8 in pocket) of the White 

Ledges, Blackjack Mountains and surrounding area shows the 
extent of the major rock units of interest, their contacts 
and general structural attitude. Included are rocks of
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Older Precambrian, Younger Precambrian and Tertiary age. 
Four stratified Older Precambrian formations have been 
intruded by an Older Precambrian granite. The stratified 
rocks were probably tilted at approximately this same time. 
These rocks were extensively eroded and subsequently over- 
lain with angular unconformity by the Younger Precambrian 
Apache Group. Diabase intruded the older quartzite and the 
granite probably after the deposition of the Apache Group. 
No rocks of Paleozoic or Mesozoic age occur within the 
mapped area and the next younger rocks are of middle 
Tertiary age. The only prominent period of deformation 
was at the time of granite emplacement as both the Younger 
Precambrian and middle Tertiary rocks depart only slightly 
from the horizontal.

Geologic mapping of this area began with a brief 
reconnaissance into the northeast, central and southwest 
portions of the area. The unconformity near Butte Creek 
beneath the Apache Group was observed and recognized for 
its stratigraphic significance. The base of the sedi
mentary formations was observed at Hess Canyon but searches 
for older formations below the volcanic rocks were fruit
less. At Horseshoe Bend the granite was observed to in
trude the sedimentary rocks thus indicating that an event 
possibly related to the Mazatzal Orogeny could be dated.
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The area north of the Salt River was visited and 

the Older Precambrian volcanic rocks indicated on the Gila 
County Geologic map were located. The presence of Middle 
Tertiary volcanic and sedimentary rock cover in this area 
precluded the possibility of observing any older stratified 
sequences and the area north of the river was abandoned.

Next aerial photographic coverage was obtained and 
the most obvious contacts were plotted. These contacts 
proved to be the approximate base of the sedimentary rocks, 
the approximate top of the lowest sedimentary formation 
and the approximate granite intrusive contact. Field 
checking of these contacts at several localities lead to 
improved placement of these contacts and extended the area 
of known exposures. Further studies of the aerial photo
graphs suggested that the entire area was a single simple 
homoclinal or monoclinal block and that additional extensive 
sequences of strata were present between the older rock 
units and the granite. Further field work proved this to 
be the case and also revealed the nature of the total 
stratified sequence. The remaining field work included 
more thorough inspection of the stratified sequence, selec
tion and tracing of contacts and marker horizons both on 
the aerial photographs and in the field. Specimens of the 
rock types were then obtained by the collection of a fairly 
representative sample suite.



Examination of thin sections of the rocks has 
essentially confirmed the field conclusions as well as 
revealed pervasive metamorphic effects. These effects 
appear to be spatially related to the granite but due to 
primary lithological differences it was not possible to 
map metamorphic isograds at the scale of this investiga
tion. Metamorphic effects are difficult to separate from 
diagenetic effects in spite of the rather high grade of 
metamorphism observed. In outcrop and thin section the 
metamorphism is characteristically thermal with little 
attendant deformation. The more siliceous rocks, whether 
sedimentary or volcanic, display little megascopic evidence 
of metamorphism. Some of the argillaceous rocks display 
a porphyroblastic character in outcrop and the more 
andesitic volcanic rocks have the characteristic appearance 
of greenstone.

The Redmond Formation
The oldest rock unit recognized is an extensive 

formation composed mostly of acidic volcanic rocks. Out
crops of this unit extend from the southwesternmost to the 
northeasternmost exposures. At the southwest end of the 
area they are covered by the Tertiary sedimentary and 
volcanic rocks on the east side of Redmond Mountain. They 
apparently do not continue farther to the southwest as the 
rocks underlying the Tertiary west of Redmond Mountain are
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granite of the type that is known to intrude the overlying 
Older Precambrian quartzites. At the northeast end of the 
area this same older volcanic terrain is unconformably 
overlain by the younger Precambrian Dripping Spring Quartz
ite. These volcanic rocks are exposed on both sides of the 
Salt River but have been surveyed mostly on the southeast 
side. These rocks are here named the Redmond formation.
The name is taken from Redmond Flat on the Salt River in 
the southwestern part of the area near which these rocks 
are well exposed and easily accessible.

Throughout most of the area of exposure these rocks 
are volcanic porphyries. At some outcrops both feldspar 
and quartz phenocrysts are evident while in others only 
quartz phenocrysts can be seen. Varieties bearing biotite 
have also been observed. West of Haystack Butte, outcrops 
of andesite and apparent vitrophyre were noted. Andesitic 
rocks, probably of this same formation, were noted at the 
base of Medicine Butte one mile north of the Salt River.

From Blackjack Wash to the area west of Haystack 
Butte the most widespread sub-unit of this formation is a 
rhyodacitic ignimbrite. Characteristic eutaxitic flame
like features are prominently displayed and are identical 
to such features characteristic of much younger ignimbrites. 
The arrangement of these features is so prominent that it 
was possible to measure their structural attitude and hence
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the strike and dip of this formation. The apparent thick
ness of this formation exceeds 4,000 feet. Other rhyolitic 
portions of this unit display markedly contorted flow
banding. Xenoliths of more basic rock types are included 
in these rocks but their abundance varies from place to 
place with no apparent order. At outcrop the rock being 
very hard and tough, is difficult to break with a rock 
hammer. When it does break it gives fresh surfaces, that 
have a conchoidal fracture. This formation is not resistant 
to weathering and erosional processes but generally forms 
moderate slopes and rounded hills. The best exposures are 
along stream drainages and the hill tops and ridges are 
weathered to smooth outcrops with a minimum of soil cover. 
The slopes support only a modest amount of soil cover and 
outcrops are not difficult to find. Exceptions to this 
rule occur where the hilltops are composed of overlying 
Tertiary sedimentary and volcanic rocks. In this case, 
the debris from the overlying formations thoroughly covers 
the slopes. This is true also below the cliffs of over- 
lying quartzites which shed talus debris that thoroughly 
covers the slopes of the underlying volcanic rocks. The 
volcanic rocks, where exposed to weathering, are closely 
fractured and they break down rapidly to cobble and smaller 
fragments. Boulders and larger fragments are observed only 
on weathered slopes. The outcrops at the bottom of stream
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drainages are not as extensively fractured as those on 
slopes and ridge tops, This contrast of fracturing can be 
explained possibly as a result of increase of volume of the 
rock due to hydration during weathering (Reiche 1950).
These rocks definitely do not yield much material of large 
size as a product of weathering and erosion. This hydration 
hypothesis could also explain the contrast of fracture with 
that of the overlying quartzites.

A possible corollary of recent weathering was ob
served in the volcanic terrain immediately below the con
tact with the overlying quartzites. Outcrops more removed 
from the contact display blocky fracturing with no preferred 
direction of orientation. This is true also at some places 
near the rhyodacite-quartzite contact. However, at some 
localities immediately below the contact the character of 
the rocks becomes obscure and indefinite. They are no 
longer obviously of volcanic origin, however, they retain 
the same color and are not separated from volcanic rocks by 
a contact or other sharp break. The gradational transition 
from volcanic rock requires that they be included in the 
same mapping unit, but the volcanic genesis is questionable. 
At the contact along Butte Creek a layer of rock of this 
type was observed between two quartzite beds about three 
feet above the base of the lowest unquestionable quartzite. 
Though no bedding has been observed below the lowest
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unequivocal quartzite at this locality, it is felt that 
some unknown thickness of this rock originally was either 
an exceedingly fine-grained sedimentary rock, a tuff or a 
residual layer of weathered material which was overlain 
by the quartzites.

In the area near Redmond Flat the volcanic terrain 
immediately beneath the quartzites has the appearance of a 
vertically foliated schist. Again, no sharp contact was 
observed between this rock and rocks of unquestionable 
volcanic origin. The apparent schistosity is at a right 
angle to the bedding of the overlying quartzite and the 
quartzite shows no trace of schistosity. The schistose 
rock seems to be somewhat argillaceous in character and is 
thought to be a tuff or a product of Older Precambrian 
weathering. The cause, nature and age of the schistosity 
are undetermined.

In thin section the ground mass of these volcanic 
porphyries is seen to be entirely devitrified. The grain 
size is variable from place to place ranging up to . 0 1  mm. 
Primary features of the ground mass are in some cases well 
enough preserved to strongly support the ignimbritic char
acter of the rock. Primary flow banding, shards and flat
tened streamers are evident as a contrast in color due to 
the variable content of iron. These features are readily 
observed under plain polarized light but are obscure when
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viewed with crossed polarizers. They are accompanied by 
variation in grain size of the devitrified glass. The 
ground mass and many of the recrystallized phenocrysts are 
composed of fine-grained quartz, feldspar, muscovite and 
chlorite. The feldspar species of the ground mass cannot 
be determined due to their small size but is always of lower 
refractive index than the quartz, indicating that the com
position is albite and/or microcline. The fibrous highly 
birefringent mineral is undoubtedly mostly muscovite but 
may include some clay minerals.

Some of the thin sections have a featureless ground 
mass of even smaller grain size and the nature of these 
rocks is somewhat uncertain. Even the phenocrysts of these 
samples are largely recrystallized to the same fine-grained 
texture. The preservation of portions of the grains as 
feldspar indicates their nature. These ultra-fine-grained 
rocks are the same nondescript enigmatic rocks that occur 
closest to the overlying sedimentary rocks as discussed 
previously. The weathering and hydration hypothesis men
tioned above would seem to be permitted by the microscopic 
observations.

The volcanic porphyries are variable in their 
content of phenocrysts which range up to 2 0  per cent of 
the entire rock and up to 1.5 mm in size. Some contain 
only quartz; some quartz and plagioclase; some quartz,
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microcline and albite. Any of the above varieties may 
contain hornblende and biotite phenocrysts usually altered 
to chlorite. The quartz and feldspar phenocrysts commonly 
are rounded with pronounced embayments filled with ground 
mass material. Some are fragmental in character. Acces
sory minerals observed are chiefly opaques and apatite. 
Generally, these rocks are best considered to be rhyo- 
dacite but no attempt was made to determine a more precise 
composition. One variety of volcanic porphyry is more aptly 
termed andesite due to the more calcic (andesine-oligo- 
clase) nature of the plagioclase phenocrysts and greater 
abundance of mafic phenocrysts. The phenocrysts are now 
composed .of tremolite and magnetite which are probably 
alteration products of hornblende. This variety was ob
served near Medicine Butte (DEL-11-62) north of the Salt 
River and northwest of Haystack Butte (DEL-76-68 and 
DEL-77-68).

Also included within the terrain mapped as the 
Redmond Formation is a porphyritic aplite. The contacts 
of this rock with other rocks were nowhere observed but it 
occurs within about 1 0 0  yards of the quartzite unit dis
cussed in the next section. This rock occurs on the east 
side of Horseshoe Bend (DEL-2-62 and DEL-49-68) about 200 
yards from the river. The extent of the outcrop is un
known. The ground mass of this rock averages about .25 mm
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in grain size and includes phenocrysts of microcline and 
quartz about 3 mm in size. The rock is composed of approx
imately equal amounts of plagioclase (A^ q) r microcline and 
quartz with one or two per cent of muscovite and apatite.
The plagioclase grains contain muscovite as an alteration 
product while the microcline grains appear as if coated 
with a fine light brown dust probably of iron oxide. This 
rock in no way resembles any other within the terrain 
mapped as the Redmond formation. It is nearly identical 
in appearance to aplite dikes that are intrusive into 
younger rocks and therefore could be intrusive into and 
younger than the Redmond Formation. No conclusive field 
evidence was found to support this hypothesis.

Metamorphism within the Redmond formation is most 
obviously manifest in the andesitic rocks. Here the 
plagioclase feldspars display altered cores containing 
epidote and mafic phenocrysts altered to chlorite, actino- 
lite and magnetite. Chlorite in the gound mass causes a 
pervasive green coloration of the rock. The metamorphism 
in the more acidic volcanic rocks is less obvious. It is 
probably manifest by the ubiquitous devitrification of the 
ground mass, the development of muscovite in the feldspar 
phenocrysts and the occasional development of mosaic pheno
crysts of quartz.
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The yolcanlc terrain is disconformably overlain 

by an extensive sequence of argillaceous and quartzose 
sedimentary rocks. As mentioned above, some of the rocks 
below the mappable contact are possibly sedimentary in some 
places. In other places the contact is directly on un
questionable volcanic rocks and their upper surface seems 
to have been swept clean of any volcanic weathered debris.
In places grooves or crevices in the upper surface of the 
volcanic rock have been filled with argillaceous and quartz
ose material of the immediately overlying bed. No conglom
erate beds are known to immediately overlie the volcanic 
rocks. At Hess Canyon a single huge boulder of the volcanic 
rock rests on the volcanic surface. This boulder is 
ellipsoidal in form with a maximum diameter which may ex
ceed 12 feet. The boulder is entirely surrounded by 
quartzite except for a small area at its base. Crevices 
in the surface of the surrounding volcanic terrain are 
filled with quartzite also. As no tuffaceous top extends 
over the entire upper surface of the ignimbrite a finite 
but indeterminant period of erosion is implied.

The Hess Canyon Group
Overlying the Redmond formation, with apparent 

disconformity, is a sequence of interbedded quartzose and 
argillaceous sedimentary and metasedimentary rocks. This
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sequence of rocks has an apparent maximum thickness of oyer 
1 0 , 0 0 0  feet. As the uppermost beds are intruded by granite, 
the total thickness of this sequence cannot be determined. 
The true present thickness of these rocks is uncertain due 
to the presence of faults and folds which could cause the 
apparent thickness to be either too great or too small.
This sequence of rocks is here named the Hess Canyon group. 
The type section is designated as the sequence of rocks 
exposed along Hess Canyon from the base of the quartzite 
on the northwest side of the White Ledges through the White 
Ledges and the Blackjack Mountains to the intrusive contact 
with the granite on the southeast side of the Blackjack 
Mountains. This section does not include the maximum 
thickness of these rocks but is the location of the thick
est easily accessible section. A thicker section is present 
about two miles to the southwest and extends from the top 
of the Redmond formation, one mile northeast of Jump Off 
Canyon on the Salt River, across the White Ledges and the 
highest summit of the Blackjack Mountains to the small 
butte near the road one mile southwest of Black Mountain. 
Complete description of these rocks was not attempted due 
to the limited scope of the field work.

The Hess Canyon group is conveniently subdivided 
into three formations. These are, from older to younger,



the White Ledges formation, the Yankee Joe formation and 
the Blackjack formation.

The White Ledges Formation.— The name of this for
mation is taken from the topographic feature of the same 
name (see the 151 topographic map of the Haystack Butte 
quadrangle) which has been developed entirely on vitreous 
white quartzite beds in the upper portion of this formation. 
The formation extends the entire length of the mapped area 
but is partly covered by Tertiary sedimentary and volcanic 
rocks at the southwest end east of Redmond Mountain, north 
of Rockinstraw Mountain to the. west of Horseshoe Bend, east 
of Horseshoe Bend to the north of the Apache Mountains and 
west of Haystack Butte. At the northeast end of the area, 
near Butte Creek, this formation is overlain by beds of 
the Dripping Spring Formation. The White Ledges formation 
extends stratigraphically from the lowest unquestionable 
argillaceous or quartzose sedimentary bed resting upon the 
Redmond formation to the top of a reddish massive quartzite 
bed which is overlain by the Yankee Joe formation. The 
reddish massive quartzite is interbedded with some argil
laceous beds and lies above the two most prominent vitreous 
white quartzite beds in the formation. The White Ledges 
formation can be subdivided into two members of interbedded 
argillaceous strata and quartzite. The lower member con
tains a greater abundance of argillaceous beds than the
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lower end is less resistant to weathering and erosion.
This member has less cliff forming tendencies than the upper 
member and the beds tend to be thinner. The member seems 
to be thickest at the southwestern end of the area and 
apparently laps out in the vicinity of Hess Canyon.

Southwest of Horseshoe Bend this member displays 
definite evidence of some metamorphic recrystallization.
The schistosity of these beds parallels the bedding and 
there is little other evidence of shearing or folding. The 
metamorphism is probably due to the presence of the younger 
granite porphyry mapped along with the underlying volcanic 
rocks and the nearby porphyritic granite. A distinct 
erosional hiatus is indicated southwest of Horseshoe Bend.
The evidence of this hiatus is manifest by the presence of 
a thin conglomerate bed containing fragments similar to 
underlying sedimentary rocks. No great significance is 
placed on this occurrence and the duration of this hiatus 
is not felt to be very great. Also included within this 
member, near Redmond Flat, are siltstones and sandstone with 
the appearance of greywacke. Some of these strata are thinly 
laminated and show graded bedding. They are interbedded 
with vitreous quartzite up to eight inches thick.

The most spectacular rocks in the area are included 
within the upper member of the White Ledges formation.
These rocks include purple, yellow, red and vitreous white
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quartzites and siltstones up to 30 feet thick interbedded 
with white and purple argillaceous beds whose thickness is 
difficult to determine. The tendency in the field is to 
underestimate the amount of argillaceous beds and over
estimate the more spectacular and obvious quartzites. The 
upper member clearly contains the greatest abundance of 
clean quartzite beds in the whole section. Many of the 
quartzite beds are massive and crossbedded. The thickness 
of the individual beds is as great as two or three feet, 
but more commonly less. Two composite beds of quartzite 
measure about 30 feet in thickness. They are spectacularly 
white and form the most prominent cliffs in the area. Their 
dip is near 45 degrees to the southeast and they form the 
prominent White Ledges mentioned above. Interbedded red 
and yellow quartzites and argillites lend striking color 
contrasts to the cliffs and dip slopes of the ledges. A 
regular fracture system has controlled the erosion of the 
dip slopes leaving varicolored diamond-shaped patterns.
Where the intermittent stream in Hess Canyon has cut its 
way back and forth across these beds, the canyon has de
veloped vertical walls as much as 50 or 60 feet high.
These two prominent beds have been named the White Marker 

beds by the writer. Their utility for mapping is enormous 

for they can be traced on high altitude aerial photographs 

the entire length of the area. Their presence has made



it possible to map reliably an extensive area in a rel
atively. short period of time.

The thickness, of the White Ledges formation de
creases from 2,600 feet at the southwest end of the area to 
600 feet at the northeast. The change in thickness is most 
certainly due to lap out in a northeasterly direction.
Wilson (1939a, p. 1123) mentions that the Deadman Quartzite 
in the Mazatzal Mountains thickens to the southeast which 
is the direction towards the White Ledges.

Along with the crossbedding, marvelously preserved 
ripple marks are prominently displayed. These range from 
3 to 1 2  inches in wavelength and both current and oscil
lation ripple marks are present. They always occur at the 
boundary between quartzites and argillaceous beds. Either 
rock type may be present above and below the ripple marks 
but they are always preserved in the quartzites both on 
the tops and bottoms of beds. Mudcracks were found in one 
locality preserved in argillaceous quartzite only one or 
two inches above the lowest contact in the vicinity one 
mile northeast of Jump Off Canyon.

The great majority of quartzites contain consider
able argillaceous matter either as finely divided sericite 
(muscovite) or clay minerals. Whether or not these were 
original constituents or derived from feldspar has not been 
determined. Some of the beds, however, do contain grains
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of detrital potash feldspar. Probably at least some of the 
clay minerals were also original constituents of the finer 
grained quartzites. This would seem to indicate that the 
environment of deposition was near shore and marine, but 
that extensive and prolonges surf action was confined to 
the clean vitreous quartzites.

The ripple marks are probably not environmentally 
diagnostic but the mudcracks clearly indicate intermittent 
wet and dry periods. Mudcracks were found only at the 
bottom of the section. Perhaps this was an enormous delta 
deposit as Wilson (1939a) has suggested for the Mazatzal 
Quartzite of the Mazatzal Mountains.

In thin section these rocks display a great varia
tion in grain size, composition and degree of.metamorphism. 
In places the pure quartz arenites still preserve evidence 
of round detrital sand grains, but this character is lost 
within a distance of about one mile from the granite con
tact. The fabric of these rocks becomes a clear mosaic of 
sand-sized quartz crystals with no apparent porosity or 
intergranular constituents. Crenulation of crystal bound
aries appears to decrease in the same manner. A few grains 
of well-rounded zircon and tourmaline remain and a few 
flakes of muscovite up to .5 mm are seen. The argil
laceous arenites better preserve their clastic fabric than 
do the pure quartz arenites. They also display a greater
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degree of crenulated borders between quartz grains. They 
contain from a few to 2 0  per cent of feldspar and rock 
fragments indicating less maturity than the vitreous 
quartzites. Commonly, they contain iron and have a dark 
glassy appearance on fracture.

The nearly pure quartz beds are either white vit
reous or dark vitreous in appearance. This difference 
appears to be correlated with the degree of suturing of 
the borders of the quartz grains. The white vitreous 
quartzites are mosaic in character without extensive sutured 
borders and the dark vitreous quartzites have strongly 
sutured borders where the grains are interpenetrating.

The argillaceous arenites and mudstones show pro
nounced metamorphic effects in some cases. Near the gran
ite contact they have developed into hornfelses containing 
magnetite, andalusite, garnet, muscovite, biotite, plagio- 
clase, microcline and quartz. Very little evidence of de
formation was seen in either outcrop or thin section. All 
of the metamorphism appears to have been isochemical thermal 
metamorphism. Certainly a great deal of fracturing and in
trusion was involved, but very little shearing action 
occurred. Some of the quartzites are speckled with magne
tite and some of the argillites are spotted with porphyro- 
blasts of andalusite. Cordierite was searched for but not 
recognized.



At the base of the formation, two miles west of 
Haystack Butte, a quartzite 10 feet thick is overlain by 
20 feet of shale. At the base of the shale is a pebble 
conglomerate one foot thick containing pebbles and cobbles 
of volcanic rock up to six inches in diameter. This is 
the only volcanic bearing conglomerate observed in the 
section. The shale overlying this conglomerate is vari
colored white, brown, red and purple. In thin section this 
shale contains an abundance greater than one per cent each 
of magnetite and green tourmaline. The tourmaline is 
clearly metamorphic as the long dimensions of the crystals 
are not oriented in the bedding planes. The presence of 
the tourmaline indicates a rather high original boron 
content for the shale suggesting a marine environment.

The White Ledges quartzite is overlain by shales 
and slates. The contact between these rocks occurs within 
a few feet but is nearly everywhere covered by surface 
debris. There is meager evidence concerning the nature of 
this contact but it appears to be strictly conformable 
at exposures 3/4 of a mile northeast of Hess Canyon.

The correlation of this formation with rock of 
other localities can hardly be in doubt. Wilson (1939a, 
p. 1123) commented on the vitreous white quartzite at the 
top of his Deadman Quartzite in the Mazatzal Mountains and 
Gastil (1958, p. 1502) remarked the same about the lower
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member of his Houden Formation. In those two areas these 
quartzites lie on the Red Rock Rhyolite and the rhyolitic 
Flying W Formation respectively, just as the White Ledges 
formation lies upon the rhyolitic Redmond formation. Also 
the overlying rocks in each area are argillaceous mudstones 
and siltstone variously termed slates and shales.

The Yankee Joe Formation.--Overlying the White 
Ledges formation with apparent conformity is the Yankee Joe 
formation. The name for this unit was taken from Yankee 
Joe Canyon which runs around the southwest end of the 
Blackjack Mountains crossing the lower portion of the over- 
lying formation, the entire thickness of the Yankee Joe 
and White Ledges formations and over the upper portions of 
the Redmond formation to the Salt River. This canyon has 
only been explored downstream to the top of the Yankee Joe 
formation and many unknown outcrops remain to be visited 
and described.

This formation is predominantly composed of argil
laceous rocks such as shales, slates, greywackes, sub- 
arkoses and argillaceous quartzites. Its outcrops extend 
from the southwest side of Horseshoe Bend to just west of 
Butte Creek, It is overlain by Tertiary volcanic and sedi
mentary rocks and intruded by Older Precambrian granite.
The rocks of this formation are soft and nonresistant to 
weathering, erosion and tectonic deformation. The terrain
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underlain by these rocks forms a series of topographic 
basins and saddles between the Blackjack Mountains and the 
White Ledges. The slopes and ridges are mostly covered 
with a weathered mantle of rock debris and good outcrops 
are observed almost exclusively in deep drainages. The 
rocks weather to shades of gray, red, chocolate brown and 
white. The apparent thicknesses of this formation are the 
least reliable of any of the rocks described. This forma
tion, being weak and plastic, appears to have taken up 
much of the relative movement between the stronger forma
tions above and below. These rocks display a number of well 
exposed folds, a few faults, and well developed axial plane 
cleavage. The wavelength of folding ranges from a few feet 
to about 100 feet. Chevron folds are exposed as well as 
anticlines with reverse faults parallel to their axial 
planes. Axial plane cleavage generally dips about 80 de
grees to the southeast and marches regularly across bedding 
with complete disregard for the dip of the strata. The 
strike of the cleavage parallels that of the beds. The 
largest and sharpest folds occur near the contacts with the 
overlying and underlying quartzite formations. All relative 
motion is such that the upper beds appear to have moved 
over the lower beds in a northwest direction.

The dominant lithology of fresh outcrops is that of 
a slate but weathered outcrops along ridge tops have the
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appearance of a phyllite or schist. In the basin drained 
by Hess Canyon this unit can be subdivided into three 
members on the basis of color. These members are, from 
older to younger: brown and maroon mudstones and arkoses
with dark greywackes; tan and white mudstones and silty 
shales; and brown slates with arkoses near the bottom and 
quartzites near the top. Arkoses and greywackes occur 
in the bottom member both near Hess Canyon and east of 
Blackjack Wash. Some of these beds display graded bedding 
and contain dark cherty layers which, due to intense 
fracturing and rapid weathering, only appear along steep 
drainages. The contacts between the three differently 
colored members were traced southwest of Hess Canyon on 
aerial photographs on the basis of continuity of slope
forming and cliff-forming beds. The color contrast is not 
as clear on the aerial photographs as in the field so the 
location of the contacts is not precise but the continuity 
of the characteristics appears to be real.

The great number of rock types present in the 
Yankee Joe formation preclude a simple but complete des
cription. Only ten thin sections of this formation were 
examined and not all rock types were included. The thin 
section examinations have confirmed the gross field class
ification of the rocks. Cherty rocks look like cherts in 
thin section, arkoses show abundant quartz and feldspar
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sand-size grains and so forth. Argillaceous rocks such as 
claystones and clayey siltstones predominante. The clay 
size fraction is composed primarily of a highly bire- 
fringent and fibrous mineral which is probably muscovite.
The greenish color of this matrix material is largely due 
to chlorite. The silt and sand-size particles are predom- 
inatly quartz with variable amounts of plagioclase, micro- 
cline, and volcanic rock fragments. The coarser size sand 
grains show better rounding and sphericity than the fine 
sand and silt size grains which are markedly angular. The 
rocks containing a mud size matrix never contain grains 
more coarse than .5 mm, but the arkoses of this formation 
contain sand grains up to 4 mm across.

Laminated claystones occur interbedded with silt 
layers as thin as .5 mm. These and nonsilty claystones 
display optical orientation of the constituent mineral 
grains so that whole clay layers tend toward extinction 
in plain light when the minerals are aligned with direction 
of the polarizer. The character of metamorphism of this 
formation is dependent upon the original lithology, the 
degree of deformation and distance from the granite contact. 
Only non-deformed rocks from this formation were examined 
in thin section, Minerals developed by metamorphism in
clude muscovite, biotite, chlorite, tourmaline, andalusite 
and garnet.
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The upper contact of this formation is difficult to 
determine. The upper member gradually increases in sand 
and silt upward and merges nearly imperceptibly with the 
overlying quartzite. Dark brown silty argilites inter- 
bedded with gray argillaceous siltstones form the upper 
beds of the formation. Along ridges this unit weathers to 
a chocolate brown schist which contrasts with the overlying 
gray argillaceous quartzite beds. In the deeper drainages 
these upper beds commonly display marked folding and faulting 
due to a rather abrupt increase of rock strength due to the 
increase of silty quartzites. The transition to the beds of 
the overlying formation is one of continuous deposition with 
an increase in silt and sand.

This formation can possibly be correlated with the 
Alder Series or Maverick Shale of Wilson (1939a) and the 
Alder Formation or the middle member of the Houden Forma
tion of Gastil (1958). The fact that this unit is overlain 
and underlain by formations with abundant quartzite beds 
make correlation with the latter in each case more plausible.

The Blackjack Formation.— The uppermost unit of the 
Hess Canyon Group is the Blackjack formation. This name is 
taken from the Blackjack Mountains which are almost entirely 
composed of these strata. Exposures of the Blackjack 
formation are located between the Yankee Joe formation and 
the intrusive porphyritic granite. They extend northeast
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from Yankee Joe Canyon to beyond Hess Canyon. These rocks 
are intruded by granite and diabase and are overlain by 
the middle Tertiary volcanic and sedimentary rocks.

This formation is about 8,000 feet thick at its 
maximum and consists of a very monotonous sequence of silt 
and sand-sized quartzite beds up to three feet in thick
ness. The argillaceous content of the rocks is variable 
but tends to decrease up section in the lower portion of 
the formation. One persistent cliff-forming bed and an 
easily weathered sandstone were traced on the ground and on 
the aerial photographs. Their position is shown on the 
geologic map. The rocks of this formation are gray on both 
fresh and weathered surfaces. They contain ripple marks on 
argillaceous layers and cross-bedding in quartzite beds.
One thin conglomerate layer containing shale chips and 
quartzite pebbles up to one-half inch across was observed 
in Hess Canyon and another similar layer was observed on 
the southwest end of the Blackjack Mountains.

In thin section these rocks are seen to contain 
more than 75 per cent quartz with microcline and sericite 
up to 10 per cent each. The size of the individual grains 
does not exceed 1 mm. Most grains are .25 mm or less and 
very angular. Only the largest grains are rounded.

In places' along the granite contact this rock has 
been metamorphosed to a quartzite hornfels containing
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magnetite, garnet, andalusite, muscovite, plagioclase, 
microcline and zircon, The zircon is probably detrital as 
is possibly some of the magnetite which appears to be con
centrated along bedding planes. The rest of the mineral 
suite is clearly of metamorphic origin. More distant from 
the intrusive contact the metamorphic effects are limited 
to the increase in grain size of the argillaceous component. 
These rocks are definitely not characteristically sheared 
either in thin section or in outcrop.

The great thickness of this quartzite formation 
limits its correlation to the Mazatzal Quartzite of Wilson 
(1939a). This hypothesis is further substantiated by the 
correlation of the three older stratified formations.
Between Hess Canyon and Blackjack Canyon, a distance of 
only three miles, the formation increases from about 3,000 
feet to 7 , 0 0 0  feet in thickness.

The upper beds of this formation are intruded by a 
great mass of porphyritic granite. No record of subsequent 
sedimentary rocks older than the granite is known.

The Ruin Granite
The youngest rock unit of Older Precambrian age is 

the Ruin Granite. This great body of rock extends along the 
entire length of the southeast side of the area and is known 
to extend beneath the rocks of the Natanes Plateau and the
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Apache Mountains, This rock is the Ruin Granite of Ransome 
(1903 and, 1919) . It is known to intrude all three forma
tions of the Hess Canyon group and it is responsible for 
most of the metamorphic effects present in those rocks.
The granite is present along the Salt River at the north
east end of the area and extends beneath the Younger Pre- 
cambrian Apache Group along the west edge of the Natanes 
Plateau north of Butte Creek.

The Ruin Granite is characteristically a pink to 
gray coarse-grained, porphyritic biotite quartz monzonite 
with potash feldspar phenocrysts up to three inches in 
length. Both porphyritic phases occur as do aplitic masses 
and dikes. Small pegmatites and a few porphyritic dikes 
intrude the quartzite. No extensive dike system has been 
formed. The texture and fabric of the rock extends without 
variation to the contact with the quartzite. Only a few 
inclusions of quartzite occur in the granite and only very 
near to the contact. The granite also contains a few mafic 
schlieren of unknown origin.

The rocks along the intrusive contact seem to be 
more rapidly attacked and removed by weathering and erosion 
than the rocks on either side. Whether this is due to the 
nature of the rock or other causes has not been determined, 
but a rather extensive erosional basin has been formed on 
the southeast side of the Blackjack Mountains. Weathering
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of this rock is typical of coarse-grained plutonic rocks. 
Coarse-grained arkosic sands fill the stream beds and 
rounded boulders form on the hill slopes and ridges.

In the southeast part of the area basal con
glomerate and arkose of the Apache Group occur on buttes 
and bluffs at the tops of granite cliffs. The rather well 
indurated conglomerate and arkose beds are found at the 
tops of the cliffs but the lower parts of the cliffs are 
granite. The granite here is clearly more resistant to 
weathering than at other localities. It appears that the 
granite has been altered in some fashion so that it can 
behave as a resistant caprock overlying the normal granite. 
This alteration is possibly due to an introduction of silica 
before or during the time of Apache deposition.

The Ruin Granite is overlain by the Apache Group 
and Tertiary rocks and has been intruded by diabase.

Diabase
Diabase dikes and sills intrude the Ruin Granite and 

Blackjack formation. The sills only occur in the south
western end of the Blackjack Mountains. Dikes of diabase 
only occur in the granite and can form very large bodies. 
Contacts of the diabase bodies are rarely seen in the field 
and their precise relationship to their host rocks is 
seldom known with certainty.
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Examination of thin sections of these rocks leaves 

little room for doubting that both types of occurrence are 
the same rock. All thin sections examined are exceedingly 
fresh. These rocks are best classed as olivine diabase:

50% to 60% calcic andesine, up to 4 mm;
30% to 40% augite, up to 2 mm;
5% olivene, up to 1  mm and
1 % of biotite and chlorite.

The texture is diabasic intersertal. This rock is the same 
as that described by Shride (1967) as intruding and coex
isting with the Apache Group throughout much of south
eastern Arizona.

Structure
The selection of this area for study was partly 

based upon its apparent structural simplicity. This 
character has been largely borne out by subsequent in
vestigation but local complexities do occur. The general 
structure is a southeasterly dipping anticlinal homocline. 
The anticlinal nature of this feature is manifest by over
all upward convexity of the beds. Fifty-seven poles of 
attitude of beds are plotted in Figure 9 on the lower 
hemisphere of a one per cent equal area net. In general 
the strike is N 50° E and the dip is 38° SE. Histograms 
of dips and strikes plotted in Figures 10 and 11 show a 
strong tendency to group at these same values. The plot 
on the equal area net, Figure 9, suggests that this overall
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Figure 9. 1% Equal Area Net of 55 Poles of Bedding Attitudes.

Plotted on the Lower Hemisphere. Contour interval 

1%, 5% , 10%, 15%, 20% , 25% , 30% , 35% . 3 values 

in the SE half of the diagram are overturned.
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pattern may possibly be the result of two superimposed 
patterns striking N 35° E and N 80° E, Figure 12 is a 
plot of the dip of the beds versus distance of the measure
ment from the nearest granite contact. At distances 
greater than . 8 mile from the contact the dips range from 
30° to 60° SE and all are upright. Between . 8 and .1 
miles from the contact the dips range from 0 to 80° SE. 
Within .1 mile of the contact the dips range from 45° to 
overturned. Figure 12 shows an increase in the range of 
values for the dips as the contact is approached and a 
strong tendency toward increased dip toward the granite 
near the granite contact. The beds always face toward 
the granite. Overturned beds were observed only at the 
granite contact. This suggests that the beds may have 
foundered into the granite mass but internal folding in 
the sedimentary rocks does not support this hypothesis.

Drag folding was observed to occur in the lower 
and upper portions of the Yankee Joe formation. These 
folds indicate relative northwestward motion for the over- 
lying beds. The drag folds indicate an anticlinal axis 
to the northwest and a synclinal axis to the southeast as 
flexural slip folding appears to have been the major 
mechanism of deformation. Axial plane cleavage dipping 
steeply southeast also indicates an anticlinal axis to the 
northwest. Wilson (1939a, p. 1143) has described a similar
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situation at Four Peaks in the southern Mazatzal Mountains 
30 miles to the west.

The structural evidence seems to suggest a somewhat 
complicated tectonic process or history for these rocks. 
Possibly the beds were first deformed into broad northeast 
trending folds forming the axial plane cleavage and the 
small internal drag folds. If so, these beds were intruded 
by the granite along the synclinal axes and they possibly 
foundered into the granite. Alternatively the intrusion of 
the granite could have caused all of the observed deforma
tion if the orientation of the stress field changed during 
the period of intrusion. The lack of subsequent deforma
tion is indicated by the horizontal attitude of the over- 
lying Apache Group.

Relations to Younger Rocks
The quartzites of the White Ledges and Blackjack 

formations are erosionally resistant rocks and this char
acter has influenced the distribution of younger formations. 
The resistant character of the quartzites is contrasted by 
the more easily eroded volcanic, argillaceous and granitic 
rocks.

The Apache Group.— The rocks of the Apache Group 
have been seen to overlie older granite, quartzite and 
volcanic rocks. Each of these underlying rock types has
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affected the nature and distribution of the overlying 
beds. In the southeastern portion of the area four small 
patches of conglomerate and arkose overlie the granite 
and another patch lies on both granite and quartzite.
These patches of sedimentary rocks most likely are the 
basal beds of the Apache Group. They are in no way similar 
to the beds of middle Tertiary age. The coarse fragmental 
portions of these beds are coarse sand and pebble con
glomerate arkoses derived from the underlying granite. 
Interbedded with these arkoses are pebble and cobble con
glomerates with clasts up to six inches across. By far 
the most abundant type of clasts are quartzites very similar 
to the quartzite beds of the White Ledges formation. A 
single volcanic pebble was observed along with several 
jasper and chert-like clasts. The surface on which these 
beds rest is broadly uniform and flat but cut with channels 
as much as four feet across and two feet deep. Broader 
scale relief is indicated by a channel conglomerate 2 0  

feet thick resting on the granite. At one point nearly 
horizontal arkosic beds rest upon a granite surface dipping 
about eight degrees to the southeast. The elevation of 
these outcrops ranges from about 4,250 feet to 4,400 feet 
and is lower than the summit (4,850 feet) of the Blackjack 
Mountains less than 1-1/2 miles to the northwest. Most
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probably the Blackjack Mountains were low hills at the 
beginning of Apache Group deposition.

Along Butte Creek and to the east the Apache Group 
unconformably overlies both the White Ledges and Redmond 
formations. These two formations were not covered by sedi
ment until after the deposition of the Barnes Conglomerate 
at the base of the Dripping Spring Quartzite. Along Butte 
Creek at an elevation of about 3,800 feet the base of the 
Apache Group is a talus breccia at least 15 feet thick 
composed entirely of quartzite cobbles up to 1 2  inches 
across and recemented in a quartzite matrix. Overlying 
this breccia is the normal sequence of the Apache Group: 
the Pioneer Shale, Barnes Conglomerate, and Dripping Spring 
Quartzite. Northward toward the contact with the older 
quartzite the talus breccia rises in the section and thins. 
Both the Pioneer Shale and Barnes Conglomerate thin in 
the same direction. The Pioneer Shale and Barnes Con
glomerate both entirely pinch out near the older quartzite 
ridge of the White Ledge formation. This ridge remained 
exposed through Pioneer time until covered by the Dripping 
Spring Quartzite, North of the Quartzite ridge the Dripping 
Spring Quartzite overlies the volcanic rocks of the Redmond 
formation. The lower beds are composed of poorly sorted 
sands with conglomerate lenses and channels. Boulders of



165
both volcanic rocks and quartzite rocks are irregularly 
distributed through the sands and conglomerates.

Rocks of the Apache Group rest on granite south of 
Rockinstraw Mountain between Mud Springs Wash and Sycamore 
Wash and also on either side of Storm Canyon in the north
ern-most reaches of the Apache Mountains.

Middle Tertiary Rocks.— Sedimentary and volcanic 
rocks of middle Tertiary age occur in the northeastern and 
southwestern portions of the area. Both Redmond and Rock
instraw Mountains are in part composed of the dacitic 
ignimbrite of the Superior region (Peterson, 1968). These 
rocks form a sequence of conglomerates, dacitic ignimbrite, 
tuffs and conglomerates and basaltic flows. The dacite and 
lower conglomerate are restricted to the southwestern part 
of the area west of Horseshoe Bend. They rest on Ruin 
Granite, Yankee Joe formation, White Ledges formation and 
Redmond formation. These units are also present in the 
region north of the Salt River. The upper conglomerate and 
basaltic flows are present in both parts of the area and 
overlie the Ruin Granite, the Blackjack formation, the 
Yankee Joe formation and the White Ledges formation.

Regional Correlation
This lithologic sequence of four formations (rhyo

lite, quartzite, shale and quartzite) has been noted by
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Wilson (1939a) in the Mazatzal Mountains and Gastil (1958) 
in the Diamond Butte Quadrangle, That this sequence could 
occur more than once in the Older Precambrian of central 
Arizona seems highly unlikely. In the absence of evidence 
to the contrary, the one-to-one correlation of these units 
must be accepted.

Lateral Thickness Variation
Attitudes and contacts of the stratified rock were 

plotted on the recently available 7.5 minute Haystack Butte 
Quadrangle. Correction of these data for topography and 
attitude made it possible to estimate the thickness and 
lateral variation of the thickness of these formations.
The results of these corrections are shown in Figure 13 
and Table 18. Though far from precise, these data indicate 
a strong increase of thickness of each sedimentary formation 
toward the southwest. Such a strong trend was not antici
pated but seems to be real and is in agreement with Wilson's 
(1939a) observations in the northern Mazatzal Mountains.
The basin of deposition for these rocks appears to have 
deepened to the southwest.

Isotope Geochronology
Samples of the Redmond formation and the Ruin 

Granite have been analysed for radioactive and radiogenic 
isotopes in order to determine their ages. These ages also



Fig. 13. Variation of Thickness of the Hess Canyon Group.
I. Redmond formation
II. White Ledges formation

Hess Canyon groupIII. Yankee Joe formation
IV. Blackjack formation

A. Butte Creek
B . Little Butte
C. East of Hess Canyon
D. West of Hess Canyon
E. Yankee Joe Canyon
F. Horseshoe Bend 
G • Redmond Wash
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Table 18. Apparent Thicknesses of Formations

Formation Butte
Creek LittleCreek

East of
Hess
Canyon

Locality
West of
Hess
Canyon

Yankee
Joe
Canyon

Horse
shoe
Bend

Redmond
Wash

Blackjack — ■— (1 ,0 0 0 +) (3,000+) (4,4004) (7,700+) —  — —  —

Upper Mem. — — — . 500+ 1 ,0 0 0 + — —
Middle Mem. — 2 0 0 + 1,500 2,500 3,500 — —

Lower Mem. — 800 1,500 1,400 3,200 — —
Yankee Joe (1 ,0 0 0 +) (1,400) (2,700) (1,900) (2 ,1 0 0 ) (3004) —
Upper Mem. 300 1,500 700 700 — —

Middle Mem. 1 , 0 0 0 500 900 1 , 0 0 0 900 — —
Lower Mem. 600 300 2 0 0 500 300+ —

White Ledges (600) (900) (900) (1,300) (1,500) (2,600) (1,500+)
Upper Mem. 600 300 300 700 500 800 —
Lower Mem. 600 600 600 1 , 0 0 0 1,800 1,500+

Redmond 1,400+ 1,300+ 4,500+ 3,000+ 4,000+ 1,400+ 1 ,2 0 0 +

Distances
between
localities
(feet)

14, 000 7, 0 0 0  6 ,0 0 0  7, 000 14, 000 13, 0 0 0

168
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serve as the limits of age of the three intervening forma
tions. Both the K-Ar and Rb-Sr method have been employed.

Dating of the Redmond Formation
The samples used for dating the Redmond formation 

are noted in Table 19 along with the data used for the 
double error regression. The Rb and Sr analyses are given 
in Table 15 of Chapter 2. All analyses were done by the 
isotope dilution method on whole rock samples. Some of 
the analyses were done at the U, S. Geological Survey and 
some at The University of Arizona. Those done at the Geo
logical Survey are so indicated in the tables. Some of the 
samples which were analysed at both laboratories have been 
used as standards for x-ray fluorescence analyses and are 
noted in Tables 8 and 9. All 8 ^Sr/®^Sr values were de
termined from unspiked analyses unless noted otherwise.
The measurements of unspiked analyses are corrected for 
scale factors and mass fractionation as noted in Chapter 2. 
The Rb analysis for DEL-14-62 done at The University of 
Arizona is considered to be in error and has not been in
cluded in the regression analysis, otherwise the analyses 
from each laboratory are included separately. Also noted 
in Table 19 are some of the results of the regression 
analysis. These include the residuals of the points from 
the regression line and the chi statistics. The variance



Table 19. Isochron Data for the Redmond Formation

Sample no. 87^/86 Sr 87Sr/86Srb Residual on (87Sr/86Sr)o Chi
statistic

DEL-RR-62a 2.660 ± . 080 .7613 ± . 0 0 1 0 + . 0 0 0 2

00o

DEL- 2-62a 77.92 ± 2.30 2.404 ± . 0 0 1 +.0375 .75
DEL- 5-62a 2.031 ± .061 .7501 ± . 0 0 1 0 +.0029 1.06
DEL- 5-62 2.065 ± .062 .7484 + .0003 . 0 0 0 0 . 0 1

DEL-10a-62a 2.303 + .069 .7514 ± . 0 0 1 0 - . 0 0 2 1 -.83
DEL-10a-62 2.372 ± .071 .7550 ± .0003 + . 0 0 0 1 .04
DEL-10b-62a 2.923 ± .088 .7671 ± . 0 0 1 0 +.0004 .14
DEL-10b-62 3.035 ± .091 .7678 ± .0006 -.0013 -.50
DEL-14-62a 23.92 ± .72 1 . 2 0 2 ± . 0 0 1 0 -.0126 -.77
DEL-14-62C 27.79 ± .83 1.232 ± . 0 0 1 0

aU.S.G.S. analysis.
^Relative to E & A SrCOg, 87/86 = .7080, 8 8 / 8 6  = 8.375. 
cNot included for isochron calculation.
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of the suite of analyses can all be attributed to the ana
lytical uncertainties.

The isochron analysis (Table 19 and Figure 14) 
indicates an age of 1,510 + 40 m,y. for the Redmond forma
tion with an initial ®^Sr/®^Sr value of .7043 ± .001. The 
initial ratio is not of such a value that it is obviously 
indicative of the source of this rock. If this rock has 
suffered only isochemical metamorphism it could possibly 
be as old as 1,600 m.y. with the initial strontium isotope 
ratio as low as .7010. If it has suffered chemical meta
somatism its age is indeterminant, but there is no evidence 
to indicate such an event. The age of 1,510 m.y. could well 
represent the time of deepest burial by the overlying 
sedimentary rocks.

Alternatively, the initial ratio, which appears to 
be slightly radiogenic by about .003 (Figure 20), could 
possibly indicate a derivation, 1,510 m.y. ago, from 
average crustal material which itself formed 1,800 m.y. ago.

A further discussion of the initial ratios of rocks 
is given in Chapter 4.

Dating of the Ruin Granite
Potassium-argon ages for minerals from the Ruin 

Granite are given in Table 20 and the potassium and argon 
analyses are given in Table 7 in Chapter 2. The mean of



Fig. 14. Isochron of the Redmond Formation 
See Table 19 for data.
(8 7 Sr/8 6 Sr) 0  

(87Sr rad/8 7 Rb) 

Apparent age 

Decay constant

.7043 ± .0013 

.021331 .00047 

1,510 1 40 m.y. 

1.39 x 10-^  yr.
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Table 20. Potassium-Argon Ages of the Ruin Granite.

Sample no. Mineral 4 0 Ar/40K 
atomic ratio

Apparent age 
million years

PED-32-61 biotite .1323 1,477
DEL- 3-62 biotite .1233 1,410

biotitea .1287 1,450
DEL— 3—62 orthoclase .0692 (912)
DEL- 3-62 plagioclase .1260 1,430

mean (excluding 
value in paren- 1,440 ± 25
theses)

^Analyzed at the U.S.G.S.



174
four of the apparent ages is 1,440 + 25 m.y. The result 
for the orthoclase is typical of analyses of this mineral 
in that it gives an age that is 62 per cent of that for 
oogenetic micas (Goldich et aJL. 1961).

Rubidium-strontium mineral analyses and ages are 
given in Tables 10, 15 and 21. The mean age of the four 
biotite analyses is 1,418 ± 10 m.y. and that of the three 
orthoclase analyses is 1,356 ± 22 m.y. The mutual agree
ment and disagreement of the two methods on the two min
erals tends to support the validity of the biotite ages and 
emphasize the nonreliability of the orthoclase ages. The 
apparent loss of radiogenic strontium from potash feldspars 
of granitic rock has been noted by Arriens et al. (1966) 
and Brooks (1966). They attribute this loss to the con
version of monoclinic orthoclase to triclinic microcline 
during minor post-intrusive tectonism. Albite is purged 
from the potash feldspar in the process along with some 
radiogenic strontium and increases the apparent radiogenic 
strontium content of the plagioclase.

Whole-rock isochron data for the Ruin Granite are 
given on Table 22 and the rubidium and strontium analyses 
are given in Tables 10 and 15. All of the variance in this 
suite of analyses can be attributed to analytical un
certainty. The large uncertainty of the initial strontium 
ratio is due to the high Rb/Sr values. The nature of the



Table 21. Rubidium and Strontium Analyses and Ages for Minerals from the
Ruin Granite.

Sample no. 87Sr rad/87Rb 87Rb/86Sr 8 7 Sr/86Sr Apparent age
Mineral atomic ratio atomic ratio atomic ratio million years
PED-32-61

biotitea .01974 —  — —  — 1,410
biotite . 0 2 0 0 0 — — 1,425

PED-32-61
orthoclase .01913 7.773 ± .23 .8567 ± .0 0 1 0 1,360

DEL- 3-62
biotitea .0197 — —  — 1,410
biotite .02005 — — 1,428

DEL- 3-62
orthoclase3 .0193 12.14 ± .36 .9383^ ± .0 0 1 0 1,380
orthoclase .0189 11.26 ± .34 .9246* + .0 1 0 1,345

— 11.13 ± .33 .9358 ± .0004 —

DEL- 3-62
plagioclase Aa — 1.059 ± .032 .7295 + .0 0 1 0 —

plagioclase B — .7847 ± .024 .7337 ± .0030 —  —

DEL- 7-62
orthoclase3 —  — 7.30 ± . 2 2 .8448 + .0 0 1 0 1,330

mean of biotites 1,418 ± 10
mean of orthoclases 1,356 ± 22

aAnalyzed at the U.S.G.S.
^Calculated from isotope dilution analysis.
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Table 22. Whole-rock Isochron Data for the Ruin Granite

Sample no. 87^/86 Sr 8 7 Sr/8 6 Srb Residual on 
(8 7 Sr/°°Sr) 0

Chi
statistic

PED-32-61 6.906 ± . 2 1 0 .8417 ± . 0 0 1 -.0023 -.44
DEL-3-62a 5.203 ± .160 .8090 ± . 0 0 1 + . 0 0 0 1 + . 0 2

DEL-3-62 5.228 ± .160 .8158 ± .0023 +.0064 +1.14
DEL-7-62 4.360 + .130 .7899 ± . 0 0 1 —.0016 -.44
DEL-8-62 7.110 + . 2 1 0 .8480 + . 0 0 1 - . 0 0 0 2 -.05

aU.S.G. S. analysis.
^Relative to E & A Sr COg , 87/86 = .7080, 88/86 = 8.375
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source of this rock is indeterminate from these data. The 
age of 1,470 ± 110 m,y, supports the age as determined from 
the biotite analyses. The whole-rock isochron and feldspar 
analyses are plotted in Figure 15. Apparently the radio
genic strontium released from the potash feldspar has been 
picked up by the plagioclase feldspar. The whole-rock and 
feldspar isochron for DEL-3-62 indicates that the time of 
strontium redistribution was at 1,380 ± 50 m.y. ago if 
isotopic equilibrium of the feldspars was attained. The 
strontium isotope ratio of the feldspars would have been 
.710 at that time.

Using a mean biotite age of 1,425 ± 15 m.y. as the 
true age for the Ruin Granite indicates an initial ratio of 
. 7050 ± .0012. This result indicates that the granite could 
have been derived by anatexis from average crustal rock with 
an age of about 1,800 m.y.

It is concluded from the dating results that the 
Hess Canyon group was deposited within a time span of at 
least 85 m.y. and probably 175 m.y. The younger limit of 
these rocks is 1,425 m.y. but the older limit of 1,510 m.y. 
though analytically precise, may be biased too young by 
geological effects not discernable by the Rb-Sr method. At 
present, the stratigraphic correlation with the Red Rock 
Rhyolite and Flying W Formation is strong evidence that





See Tables 21 and 22 for data. Isochron de
termined from whole rock data only.

Fig. 15. Isochron of the Ruin Granite.

8 7 Sr/8 6 Sr) 0 .7015 ± .0080

87Sr rad/8 7 Rb) = .0206 + .0016
Apparent age = 1,470 + 110 m.y.

0  = orthoclase 
P = plagioclase 
R = whole rock
Decay constant = 1.39 x 10”^  yr.
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Figure 15. Isochron of the Ruin Granite.



such a bias may exist. This formation certainly is no 
older than 1,600 m.y. if metasomatism of the rocks has 
not occurred.



CHAPTER 4

GEOLOGICAL INVESTIGATIONS IN OTHER AREAS

Three other localities were investigated by means 
of isotopic dating techniques. Two of these areas, the 
Pinal Mountains and the Tortilla Mountains, were studied 
by Ransome during the first quarter of this century (Ran- 
some 1903, 1919). They include the type area for the Pinal 
Schist though Ransome did not make a detailed stratigraphic 
study nor did he present a type section. Peterson (1962) 
also discussed the Pinal Schist and related rocks near 
Globe and Miami but did not make a detailed study of them. 
The third locality is the southern part of the Mazatzal 
Mountains. This area was included by Wilson (1939a) in his 
well known study of older Precambrian rocks in central 
Arizona

The Pinal Mountains
The Pinal Mountains, located a few miles south of 

the towns of Globe and Miami, rise to an elevation of 7,850 
feet forming the highest peaks for many miles in all di
rections. This range is so prominent in the region that 
it is used as the location of radio communication repeater 
stations for both Gila and Pinal counties. The rocks of
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the range are predominantly schists and plutonic intrusive 
bodies of older Precambrian age.

Geology of the Pinal Mountains
Along the southern foothills of the range, on the 

northeast side of Dripping Spring Valley, are well exposed 
outcrops of the Apache Group rocks lying unconformably upon 
the Madera Diorite and Pinal Schist. The surface of uncon
formity is described by Ransome (1903) as being remarkably 
smooth with both diorite and schist having been profoundly 
eroded prior to the deposition of the Apache Group. The 
younger Precambrian rocks are disconformably overlain by 
sedimentary rocks of lower Paleozoic age. On the north 
side of the range the older Precambrian rocks are intruded 
by the Schultz Granite of Laramide age and overlain by 
volcanic and sedimentary rocks of middle Tertiary age.

Ransome (1903) described the Pinal Schist as being 
predominantly a quartz-chlorite-sericite schist, thus it 
probably belongs in the green schist metamorphic facies.
He states that the rock originally was mostly composed of 
quartzose sediments and he was able to recognize metamor
phosed grits and coarse sandstones. Microcline is the pre
dominant feldspar mineral and he felt that this indicated 
that the original sediments were derived from a granitic 
terrain. The schists have the chemical composition of
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average shale, Ransome also noted a few bands of amphi
bolite that he thought were metamorphosed dikes or vol
canic rocks. The predominant strike of foliation is 
northeast with dips from vertical to 45 degrees northwest. 
These schists he correlated with the Vishnu schist of the 
Grand Canyon.

Ransome named the Madera Diorite after Mount Madera, 
a peak in the Pinal Mountains. The major minerals are 
plagioclase, quartz and biotite with small amounts of 
orthoclase or microcline. He called it a quartz-mica 
diorite. The exposures of this rock parallel the strike 
of the schist and in some the micas are aligned along 
planes of foliation parallel to the long axis of the 
exposures. These diorite bodies are nonporphyritic and 
contain hornblende only near contacts with the schist. 
Chemically, the rock is a granodiorite.

A monzonitic facies is also present but Ransome 
did not separate it from the diorite on his maps. In this 
facies microperthitic microcline is equal in abundance to 
plagioclase and phenocrysts of potash feldspar, two to 
four cm in length, are distinctive. Chemically, both 
facies are very similar; the monzonitic facies is richer 
in potash and poorer in silica.

The Ruin granite of Ransome occurs mostly in the 
mountains north of Miami and is probably not represented
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in the Pinal Mountains. Consequently f the field relations 
with the Madera Diorite are unknown. This rock intrudes 
Pinal Schist but shows no foliations or cataclastic fea
tures which would indicate subsequent deformation. The 
composition of this rock is quartz monzonite to granite and 
it contains phenocrysts of potash feldspar up to 7 cm in 
length. These phenocrysts poikilitically enclose plagio- 
clase, biotite and quartz. This characteristic rock occurs 
in many parts of central Arizona. The Ruin granite was 
not investigated within the area of Ransome's original 
study but Silver (1968) has reported its age to be 1,430 
to 1,460 m.y. by the U isotopic-Pb method on zircons col
lected in Ruin Basin.

Dating in the Pinal Mountains
Analytical data for samples from the Pinal Moun

tains are given in Tables 7, 10 and 15. Sample numbers, 
ages, and isochron data are given in Tables 23, 24 and 25.

PED-la-59 is a fine-grained muscovite taken from 
the Pinal Schist near the old Pioneer Stage Station on the 
south side of the Pinal Mountains. PED-3-59 is a coarse
grained muscovite from a pegmatite which cuts the schist 
at the same locality. These two dates (1,385 and 1,605 
m.y. respectively) are typical of the inverted K-Ar ages 
of pegmatites and their metamorphic host rocks (see Damon



Table 23. Mica Ages from the Pinal Mountains.

Sample No. 
and Rock Type

8 7 Srrad/87Rb 
(atomic ratio)

40Arrad/40K 
(atomic ratio)

Apparent Age 
(million years)

PED-la-59 
Muscovite from 
Pinal Schist

— .1207 1,385

PED-2-59 — • — .1570 1,660
Biotite from 
Madera Diorite

.02114a 1,500

PED-3-59 
Muscovite from 
pegmatite intruding 
Pinal Schist

.1495 1,605

aAnalyzed at the U.S.G.S.
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Table 24. Whole-rock Isochron Data for Madera Diorite

from the Pinal Mountains. (Rb and Sr by X-ray)

Sample No. 87Rb/86Sr 8 7 Sr/86Sr
(atomic ratio) (atomic ratio)

DEL- 9-65 .779 ± .023 .7201 ± .0008
DEL—10—65 .950 ± .028 .7239 ± .0003
DEL-11-65 .667 ± . 0 2 0 .7169 ± . 0 0 0 2

DEL-12-65 .926 ± .028 .7240 ± . 0 0 0 2

DEL-13-65 1.50 ± .05 .7373 ± . 0 0 0 1

DEL-16—65 .418 ± .013 .7141 + . 0 0 0 1



Table 25. Rubidium-Strontium, Mineral Data for Madera 
Diorite in the Pinal Mountains.

186

Sample N o . , Mineral ,Rb/86Sr 87gr/86S3

DEL-12-65
plagioclase III XR .1231 ± .0037 .7068 + .0003
plagioclase IV XR .0704 ± . 0 0 2 1 .7060 ± . 0 0 0 1
sphene XR

ID .2719.1466
+ .0082 
± .0041 .7086 ± . 0 0 0 1

DEL-16-65
plagioclase I XR .0514 ± .0015 .7059 + . 0 0 0 2
plagioclase II XR .0523 ± .0016 .7057 ± .0004
plagioclase III XR .0399 ± . 0 0 1 2 .7058 + .0003
hornblende ID

XR
.513
.615

± .015 
+ .018

.7148 ± , 0 0 0 2

epidote XR .00603 ± .00018 .7152 + . 0 0 0 1

XR X-ray analysis.

ID Isotope dilution analysis.
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1968z p. 41). They indicate an event of resetting of the 
K-Ar ages at about the time of the younger age, PED-2-59 
is a biotite taken from the Madera Diorite at the same 
locality. The disagreement of the Rb-Sr and K-Ar ages 
also indicates an event of resetting. All of these mica 
ages can be explained by an event approximately 1,400 m.y. 
ago at the time of intrusion of the Ruin Granite (see 
Chapter 3).

The whole-rock Rb-Sr data are given in Table 24. 
These data, except for DEL-16-65, have been used to con
struct a total rock isochron as shown in Figure 16. The 
results indicate an age of 1,730 ± 30 m.y. with an initial 
strontium isotope ratio of .7009 ± .007. The chi squared 
statistic for this line is 0.579 and indicates that the 
total variance is within the variance expected from the 
analytical uncertainties. The size of the marks indicates 
the estimated analytical uncertainty. The low initial 
ratio indicates a derivation of these rocks from mantle
like material (Hedge and Walthall 1963) and their age can 
hardly exceed the indicated age. The samples used for 
the isochron include both foliated and non-foliated rocks.

DEL-16-65 was collected near Mount Madera and 
clearly does not fit the isochron. If this sample has 
suffered only isochemical metamorphism (it shows a strong 
foliation of biotite grains) it could be as old as 2 , 2 0 0



Fig. 16. Isochron for Madera Diorite in the Pinal Mountains.
See Table 24 for data.
(8 7 Sr/8 6 Sr)Q = .7009 ± .0008

(87Sr rad/8 7 Rb) = .0243 ± .0005
Apparent age = 1,730 ± 30 m.y.
Decay constant = 1.39 x 10- 1 1  yr
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86Sr

Figure 16. Isochron for Madera D iorite in the

Pinal Mountains.
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m.y. if the initial ratio was .701. This great age seems 
unlikely. The deviation of this point from the isochron 
could also be the result of non-isochemical metamorphism.

Two rocks were separated for mineral analyses.

These data are shown in Figure 17 and Table 25. Line A 
in Figure 17 is the whole-rock isochron from Figure 16 
and lines C and B are the feldspar to whole-rock isochrons. 
The different plagioclase samples represent samples of 
differing density. A very recent metamorphism of DEL-16-65 
is indicated by the results of the epidote and hornblende 
analyses. The three feldspar samples from this rock do not 
seem to have been affected by this metamorphism. The fact 
that the feldspars from both rocks do not lie along the 
whole-rock isochron line A indicates that these rocks were 
either metamorphosed at the time indicated by the feldspar 
to whole-rock isochrons or that they were intruded into the 
older rocks at this time. An unequivocal judgment between 
these two options cannot be made with these limited data. 
Isochron B indicates an age of 1,580 ± 60 m.y. and an in
itial strontium isotope ratio of .7048 ± .0002. Isochron 
C has an age of 1,495 + 60 m.y. and an initial ratio of 
.7045 ± .0001. The points for the two isochrons are con
sistently displaced from one another, yet the variance on • 
both the slopes and intercepts overlap. When combined, 
these two sets of data yield an age of 1,540 ± 50 m.y. and





Fig. 17. Mineral Isochrons for Madera Diorite in the 
Pinal Mountains.
See text for explanation and Tables 24 and 25 
for data.
Isochron B

(8 7 Sr/8 6 Sr) 0 .7048 ± . 0 0 0 2

(87Sr rad/8 7 Rb) = .0223 ± .0006
Apparent age 1,580 ± 60 m.y

Isochron C
(8 7 Sr/8 6 Sr) 0 .7045 ± . 0 0 0 1

(87Sr rad/8 7 Rb) = . 0 2 1 0 ± . 0007
Apparent age = 1,495 ± 60 m.y

R - whole rock 
P - plagioclase 
S - sphene 
E - epidote 
H - hornblende
Decay Constant = 1.39 x 10^^ yr.
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Rb
8 6 Sr

Figure 17. Mineral Isochrons for Madera Diorite  

in the Pinal Mountains.
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an initial ratio of .7046 + .0001. The chi squared sta
tistic is 6.98, indicating that the measured variance 
significantly exceeds the analytical variance, in spite of 
the large variance an event of this age and range can ex
plain all of the intermediate ages within the Pinal Moun
tains and is in reasonable agreement with the apparent age 
of the Redmond Formation at the White Ledges 15 to.20 miles 
to the north.

In summary, rocks of the Madera Diorite first 
intruded rocks of the Pinal Schist 1,730 ± 30 m.y. ago.
A second event of intrusion and/or metamorphism disturbed 
the older rocks 1,540 ± 50 m.y. ago, probably including 
the emplacement of the nonfoliated phases of the Madera 
Diorite. A milder event caused the resetting of the fine
grained micas in the Pinal Schist 1,385 m.y. ago.

The Tortilla Mountains
The Tortilla Mountains occur west of the towns 

of Ray and Hayden along the west side of Mineral Creek and 
the Gila River. These mountains are rather low ranges and 
contain rocks of Precambrian, Paleozoic and Cenozoic age.

Geology of the Tortilla Mountains
Ransome, in his more extensive report (Ransome 

1919) described a rhyolitic facies in the Pinal Schist just 
to the west of the town of Ray. This rock, though clearly



192
metamorphosedr still retains flow banding and embayed 
quartz phenocrysts characteristic of dacitic to rhyolitic 
volcanic flows. Its chemical composition is that of a 
quartz latite. It is interbedded with metamorphosed shales 
and sandstones. In this locality Ransome also mentions 
the occurrence of Madera Diorite and a granitic rock 
identical to the Ruin Granite both of which intrude the 
Pinal Schist. The Madera Diorite and Ruin Granite occur 
in different places and hence their mutual ages cannot be 
determined.

Schmidt (1967) described a locality west of the 
Tortilla Mountains where older Precambrian rocks are ex
posed over a wide area. He recognized four units in the 
Pinal Schist and both the Madera Diorite and the Ruin 
Granite. Original features are not retained by the schists 
so the stratigraphic sequence could not be determined. His 
petrographic analyses, however, amply display that three of 
these units are metamorphosed sedimentary rocks which 
originally were interbedded argillaceous quartz arenites 
and argillaceous siltstones. One of these units consisted 
of discontinuous layers of amphibolites up to 1 0 0  feet in 
thickness and sometimes greater than one mile in length. 
These rocks, he felt, were originally interbedded basic 
tuffs. Both the Madera Diorite and Ruin Granite intrude



these schists but again their mutual ages cannot be de
termined ,

Isotope Geochronology
Six samples of the metarhyolite noted by Ransome 

(1919) were collected and analyzed for whole-rock isochron 
dating. The Rb and Sr analyses are given in Tables 10 and 
15 and the isochron data are given in Table 26 and Figure 
18. Sample number DEL-7-65 is clearly anomalous and was 
not included in the regression analysis. The data by x-ray 
fluorescence analysis and isotope dilution analysis are 
each treated as individual points. The results of the re
gression indicate an age of 1,500 ± 100 m.y. and an in
itial Sr isotope ratio of .7112 ± .0058. These data though 
not highly precise reveal significant information about the 
origin of this rock. The initial ratio is almost certainly 
enriched in radiogenic strontium. This means that this rock 
or its source has a significant residence time in the 
Earth's crust prior to 1,500 m.y. ago. The rhyolite could 
be an isochemically metamorphosed rhyolite with a primary 
age as great as 1,750 m.y. Alternatively, it could be a 
rhyolite generated from average crustal material with an 
age of 2,600 m.y. The latter alternative seems unlikely 
and the metamorphic model fits the isotopic, field and 
lithological data. That these rocks could have isotopically
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Table 26. Whole-rock Isochron Data for Metarhyolite in 

the Tortilla Mountains.

Sample No. 8 7 Rb/86Sr 8 7 Sr/86Sr

DEL-3-65 I.D. 5.79 + .17 .8232 ± . 0 0 1 0I.D. 5.30 + .15
X.R. 5.22 ± .15

DEL-4-65 I.D. 6.05 ± .18 .8405 ± . 0 0 1 0
I.D. 5.85 ± .17
X.R. 6.14 ± .18

DEL-5-65 I.D. 4.43 ± .13 .8045 ± . 0 0 2 0
I.D. 4.24 ± . 1 2
X.R. 4.25 ± .13

DEL-6-65 I.D. 4.96 ± .14 .8112 ± . 0 0 2 0I.D. 4.65 + .13
X.R. 4.70 + .14

DEL-7-65c I.D. 3.43 ± . 1 0 .7949 ± . 0 0 1 0X.R. 3.53 ± . 1 1

DEL-8-65 I.D. 3.56 + . 1 1 .7871 ± .0015X.R. 3.63 ± . 1 1

C Not included in isochron calculation. 
X.R. X-ray analysis.
I.D. Isotope dilution analysis.





Fig. 18. Isochron for Metarhyolite in the Tortilla 
Mountains.
See Table 26 for data. Sample number 7 not 
included in isochron calculations.
(8 7 Sr/8 6 Sr) 0 = .7117 ± .0058

(87Sr rad/8 7 Rb) = . 0 2 1 1 ± . 0 0 1 2

Apparent age = 1,500 ± 1 0 0  m.y.
Decay constant = 1.39 x 1 0 ”^  yr.*"̂
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Figure 18. Isochron for M etarhyolite in the

Tortilla  Mountains.
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isotopically re-equilibrated is possible since all samples 
were collected within 100 yards of each other. Clearly 
sample number DEL-7-65 did not achieve equilibrium with the 
other samples. A maximum age of 1,900 m.y. is obtained 
for this sample if an initial Sr ratio of .7010 is assumed.

The most reasonable interpretation of these data 
is that a rhyolite with a primary age of 1,650 ± 100 m.y. 
ago was metamorphosed 1,500 ± 100 m.y. ago.

The Southern Mazatzal Mountains
The southern Mazatzal Mountains are located im- 

mediately north of the Salt River between Tonto and Syca
more Creeks. The summit of this part of the range is Four 
Peaks, 7,645 feet, a very prominent landmark in central 
Arizona. Access into this area is poor and a four-wheel 
drive vehicle is recommended though a pick-up truck will 
usually suffice.

Geology of the Southern Mazatzal 
Mountains

This locality has been described only by Wilson 
(1939a). He describes it as a granitic terrain which in
cludes a roof pendant of Maverick Shale and Mazatzal Quartz 
ite. These beds strike northeasterly and dip steeply south 
eastward. Drag folding indicates a relative motion of the 
upper beds to the northwest. The plutonic rocks of this
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area are quite varied in texture and fabric and the geo
logical situation is certainly more complex than indicated 
by Wilson. Along the lower reaches of the eastern side of 
this range the Apache Group lies unconformably upon plutonic 
igneous rocks. Thus it would seem to be possible to date 
the time of Wilson's Mazatzal Revolution if all of these 
plutonic rocks arc of the same age.

Isotope Geochronology

Six samples of rocks near the southern portion of 
the Mazatzal Mountains have been collected and analyzed for 
total rock isochron dating. Three samples were collected 
along the Apache Trail below Roosevelt Dam on the south 
side of the Salt River. These samples clearly represent 
the plutonic body that is overlain by the Apache Group 
near the dam-site. Another three samples were collected 
from the Mazatzal Mountains north and east of Four Peaks.
The purpose of these two suites was to determine if these 

two areas are underlain by rocks of the same age.

The three samples from along the Apache Trail 
show definite microscopic evidence of deformation while the 
samples nearer to Four Peaks show no evidence of deforma
tion and arc very similar to the Ruin Granite in appearance.

The Rb-Sr isochron data arc shown in Table 27 and 
Figure 19. The six analyses clearly do not fit a single



Table 27. Whole-rock Isochron Data for the Granitic 
Rocks in the Southern Mazatzal Mountains.
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Sample No. 8 7 Rb/86Sr 8 7 Sr/86Sr
and location

Near Salt River:
DEL—1—67 .878
DEL-2-67 .761
DEL-3-67 1.90

East of Four Peaks:
DEL-5-67 2.60
DEL—6-67 2.30

El Oso:
DEL-7-67 9.82

+ .026 .7221 ± . 0 0 0 1
± .023 .7197 ± . 0 0 0 2
± .06 .7458 ± . 0 0 0 2

± .08 .7546 + . 0 0 0 2
+ .07 .7500 ± .0003

± .30 .8943 + . 0 0 1 0

All Rb and Sr analyses by x-ray





Fig. 19. Isochrons for Granitic Rocks in the Southern 
Mazatzal Mountains.
See Table 27 for data.

Isochron A, Salt River Area
<87sr/86sr)0 = .7021 ± . 0 0 1 2

(87Sr rad/8 7 Eb) = .0230 ± . 0 0 1 2

Apparent age 1,630 ± 90 m.
Isochron B , Four Peaks Area

(8 7 Sr/8 6 Sr) 0 .7052 ± .0023

(87Sr rad/8 7 Rb) .0192 ± . 0008
Apparent age — 1,370 + 60 m.

Decay Constant = 1.39 x 10“^  yr.
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Figure 19. Isochrons for the Granitic Rocks in

the Southern M azatzal Mountains.
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isochron and an isochron has been determined for the three 
samples from each region. The rocks along the Salt River 
give an age of 1,630 ± 90 m.y. with an initial ratio of 
.7021 ± .0012, The rocks north and east of Four Peaks 
give an age of 1,370 + 60 m.y. with an initial ratio of 
.7052 + .0023.

The older suite of samples has an initial ratio 
which is not significantly enriched with respect to the 
lowest value that can be expected for rocks of this age 
and can hardly have been derived from older crustal 
materials. The younger suite has an initial ratio which 
is probably enriched in radiogenic strontium and could 
have been derived from average crustal material with an 
age of about 1,800 m.y.

Very clearly, the complexity of this region is 
confirmed by the Rb-Sr data. The older age is comparable 
to those reported by Silver (1964 and 1968) and the younger 
age is comparable to that of the Ruin Granite. From these 
data it cannot be determined if the older rock has intruded 
the Mazatzal Quartzite at Four Peaks, but it is almost a 
certainty that the younger rock has and that this rock 
does at least satisfy the Maximum stratigraphic limit of 
the Mazatzal Orogeny.



Initial Strontium Isotope Ratios 
and Maximum Ages

In the preceding sections mention has been made of 
maximum possible ages for the rock units of interest. In 
this section the reasoning behind these statements will be 
developed along with other results indicated by the experi
mental data.

Figure 20 shows the initial strontium isotope ratios 
and the ages of the rocks studied by the Rb-Sr method in 
this investigation. The estimated one-sigma limits of error 
are shown for each point. Also shown in the box labelled 
C is the typical range of values of age and initial ratio 
for Tertiary volcanic and intrusive rocks in Arizona 
(Mauger 1966 and Bikerman 1965). Line A joins the values 
of Pliocene and Recent basalts, 0.7030 (Bickerman 1965 and 
Hedge and Walthall 1963) and basaltic achondrite (t = 4.55 
b.y. , ^Sr/^Sr = .6983) see Hedge and Walthall 1963.

This line, having a slope (Rb/Sr) of about 0.021, 
represents the development of the source of most oceanic 
basalts and some continental basalts. Presumably the 
source is the Earth's mantle. Values along this line are 
about the lowest values that can be expected for igneous 
rocks. Extrapolation of the average Rb-Sr ratio of each 
isochron back to line A gives the maximum age assuming 
isochemical metamorphism.
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Fig. 20. Initial Strontium Isotope Ratios and Ages of 
Rocks in Central Arizona.
1. Redmond formation
2. Ruin Granite
3. Madera Diorite (North side of the Pinal 

Mountains)
4. Madera Diorite (Mt. Madera and Signal Peak)
5. Mazatzal Mountains (Salt River region)
6 . Mazatzal Mountains (Four Peaks region)
7. Tortilla Mountains (Metarhyolite)
8. Diabase (Sierra Ancha)
A. Evolution line for mantle-like material, 

Rb/Sr = .021
B. Evolution line for average crustal material, 

Rb/Sr = 0.25
C. Typical values for Tertiary igneous rocks
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Figure 20. Initial Strontium Isotope Ratios and Ages 

of Rocks in Central Arizona.
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Line B shows the development line of average 

shallow crustal material 1,800 m,y. of age with an initial 
ratio of .701 on Line A. This material, with a Rb-Sr 
ratio of about 0.25, should measure about .720 today. 
Igneous materials derived from average crust that is 1,800 
m.y. old should have values along line B . Those derived 
from the Earth's mantle should lie along line A. Material 
derived by mixing mantle and crustal material should fall 
in between lines A and B .

Line B was selected because crustal rocks as old 
as 1,800 m.y. are suggested for Arizona by the Lead isotope 
data for galenas from the United Verde Mine (Livingston 
and Damon 1968) but no evidence exists at present for any 
older rocks in Arizona. Older igneous rocks should have 
values which lie above lines A and B , Metamorphosed rocks 
can also have values greater than line B even if they are 
younger than 1,800 m.y. if their average Rb/Sr ratio is 
high. Such is the case for the metarhyolite from the 
Tortilla Mountains, point 7 in Figure 20. Its extrapolated 
value is near point 5 in Figure 20.

The close fit for the age and initial ratio for the 
other rock units, points 1 to 6 in Figure 20, to line B is 
well within the analytical uncertainty of the points and 
strongly suggests that all of these rocks were developed 
from average crustal material with an age of about 1,800

i
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m.y. This crustal material itself could haye developed 
from mantle-like material. All of these Older Precambrian 
igneous rocks possibly are genetically related through 
their source material. This hypothesis complements the 
evolutionary concept of Gastil (1958). He found that the 
intrusive and extrusive igneous rocks of the Diamond Butte 
Quadrangle increased in K-Na ratio with time.

It appears that a significant amount of crustal 
material was developed during the Arizonan Orogeny about
l, 750 m.y. ago and continued to differentiate into silicic 
intrusive masses until the Mazatzal Orogeny about 1,400
m. y. ago. Subsequent to that time no igneous rocks have 
been formed from purely crustal material as is evidenced 
by the initial strontium isotope ratio of the Younger Pre
cambrian Diabase (point 8 , Figure 20, Hedge and Walthall 
1963) and the Laramide and Tertiary volcanic and intrusive 
rocks, C, Figure 20.



CHAPTER 5

SUMMARY OF RESULTS AND CONCLUSIONS

The review of previous field investigations has 
made it amply clear that a very extensive sequence of 
stratified rocks of Older Precambrian age exists within 
the region of central Arizona. The most complete and best 
preserved sequence that has yet been described is that of 
the Diamond Butte Quadrangle. Some of these strata can be 
correlated to the strata of the Mazatzal Mountains provided 
one accepts Gastil's (1958) revision of Wilson's (1939a, 
1939b and 1962) suggested sequence. The validity of 
Gastil's revision is supported by the U-isotopic Pb dates 
by Silver (1967).

The presence of four rock units in characteristic 
succession calls for the direct correlation of these rocks 
to the strata of the White Ledges region. This correlation 
is shown in Figure 21 (in pocket). The correlation cannot 
be extended on stratigraphic grounds to the region of the 
Pinal Mountains or the Tortilla Mountains.

Isotopic dating of granitic plutons which intrude 
the Mazatzal Quartzite at the southern end of the Mazatzal 
Mountains and the Blackjack formation near the White Ledges

205
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indicates that the Mazatzal Orogeny (Mazatzal Revolution 
of Wilson, 1939a, 1939b and 1962 and the Mazatzal Orogeny 
of Hinds, 1939b) occurred in the time interval of 1,370 to 
1,430 m.y. ago. The Ruin Granite at the White Ledges 
locality is one of two regions known to the writer to be 
restricted unequivocally by both the Apache Group and 
quartzite that is correlatable to the Mazatzal Quartzite.
The Ruin Granite at the White Ledges is the only locality 
dated at the present time which contains the required rock 
strata that define the time of the Mazatzal Revolution.

Isotopic dating of the Redmond formation indicates 
that it is 200 m.y. younger (1,510 m.y.) than the Red Rock 
Rhyolite and Flying W Formation (1,715 ± 15 m.y.) even 
though they would appear to be correlatable on strata- 
graphic grounds.

Dating in the Pinal Mountains indicates that the 
Madera Diorite of Ransome (1903) is 1,730 ± 30 m.y. old.
At least some of the Pinal Schist is of greater age.
Younger plutonic bodies in the Pinal Mountains indicate 
ages of 1,540 m.y. Metamorphism at the time of the intru
sion of the Ruin Granite, 1,420 m.y. ago has affected these 
rocks as has a Tertiary period of metamorphism.

The rhyolite in the Pinal Schist of the Tortilla 
Mountains (Ransome 1919) indicates a maximum age of about 
1,650 ± 100 m.y. but was metamorphosed about 1,500 ± 100
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m.y, ago. Thus it would appear that the Pinal Schist 
contains strata that are both older and younger than the 
Madera Diorite,

It seems reasonable to assign the Madera Diorite 
to the Arizonan Orogeny (Arizonan Revolution of Hinds, 
1939b) but this event has been given no precise strati
graphic definition and this problem remains unsolved.

The evolutionary concept of Gastil (1958) seems 
to be supported by the trend of initial strontium isotopic 
ratios for rocks of the Older Precambrian. It does not, 
however, appear to be meaningful to restrict this trend to 
a single orogeny for this orogeny would have had to last 
at least 350 m.y. which is about the same span of time 
included in the Paleozoic Era.



APPENDIX 1

STATEMENTS DEFINING THE MAZATZAL OROGENY

The following statements are taken from Wilson 
(1939b, pp. 329 and 330).

CORRELATION
The present state of our knowledge does not warrant 

a correlation of the Older Pre-Cambrian formations through
out the Basin and Range province of Arizona. Likewise, 
comparisons of them with formations elsewhere in western 
North America or with the Archean and Algonkian of the Lake 
Superior region may be regarded as interesting but only 
speculative.

In central Arizona, however, there is a recogniz
able stratigraphy, divisible as follows:
Younger Pre-Cambrian

Apache group (unconformably overlaps Mazatzal quartzite 
in the Eastern Tonto Basin).

Post-Mazatzal erosion interval during which batho-
lithic masses of granite were uncovered and deeply 
dissected.

Mazatzal Revolution and igneous invasion, particularly of 
granite.

Older Pre-Cambrian
City Creek series (missing in most places; strati

graphic position uncertain; not found in contact 
with Mazatzal quartzite).

Mazatzal quartzite.
Maverick shale (in Mazatzal Mountains only).
Deadman quartzite (in Mazatzal Mountains only; rests 

only on Red Rock rhyolite).
Post-Yavapai erosion interval during which areas of 

Red Rock rhyolite were laid bare and deeply oxi
dized.

Regional uplift.
208
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Yavapai group (formerly termed Yavapai schist).

Alder series (not found in normal contact with 
Deadman or Mazatzal quartzites; believed to 
have been removed from some areas of Red Rock 
rhyolite during the post-Yavapai erosion 
interval).

Red Rock rhyolite (unconformably overlain by Dead- 
man quartzite in Mazatzal Mountains and by 
Mazatzal quartzite in the Pine Creek or 
Natural Bridge area).

Yaeger greenstone. Base not seen.

Earliest structures.— The vulcanism that formed 
the Yaeger greenstone and Red Rock rhyolite was doubtless 
marked by crustal unrest, but the resultant deformation is 
obscure. After deposition of the Alder beds the region 
underwent uplift, accompanied probably by faulting, but 
this deformation is inferred rather than recognized. No 
major intrusions of pre-Mazatzal granite have been iden
tified.

Mazatzal Revolution.— After deposition of the 
Mazatzal quartzite and long before Apache sedimentation, 
the region underwent a profound crustal disturbance, termed 
the Mazatzal revolution. As a result, the Mazatzal quartz
ite and older formations, including rocks heretofore mapped 
as Yavapai and Pinal schist, are affected by subparallel 
folds, thrust faults, and imbricate, steeply dipping re
verse faults, generally of northeast to northward trend, 
parallel to and later than these structures are stocks and 
dikes of diorite to pyroxenitic composition and the largest 
masses of granite exposed in the region. This granite has 
rather distinctive field and petrographic features. In 
the Mazatzal Mountains it is definitely of post-Mazatzal, 
pre-Apache age.

The regional compression induced lamination and 
slaty cleavage in the incompetent rocks, but no marked 
recrystallization. Strong schistosity is apparent only in 
the vicinity of the larger intrusive bodies.

A crustal disturbance of such magnitude doubtless 
involved a region much larger than central Arizona. Ransome 
and Stoyanow have shown that the Pre-Cambrian rocks of the 
Mazatzal Range and Eastern Tonto Basin comprised a north
eastward-trending land mass throughout a large part of Pal
eozoic time. Stoyanow terms it "Mazatzal land," a possible 
extension of Schuchert's Ensenada land.
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It is suggested that the Mazatzal Revolution pro

duced the northeast to northward-trending structures that 
characterize the pre-Apache and pre-Unkar formations 
throughout Arizona. Its close folding would tend to give 
a rigid and positive character to the areas affected.

The following statements are taken from Hinds 
(1939b, pp. 295 and 309).

Mazatzal orogeny.— Following deposition of the 
Needle Mountains group and the Mazatzal quartzite, intense 
folding and thrust faulting built mountain ranges extending 
from southwestern Colorado into central Arizona; these I 
have called the "Mazatzal Mountains" from a range in 
central Arizona where this deformed sequence is widely 
exposed. Unknown to me, Wilson, of the Arizona Bureau of 
Mines, who has made a detailed study of the Mazatzal quartz
ite, had already used the term "Mazatzal Revolution" for 
this same event in central Arizona, in a thesis manu
script submitted to Harvard University but unpublished in 
any form at that time.

In Arizona, the Mazatzal orogeny has been proved 
to be pre-Algonkian, since Algonkian Apache sediments over- 
lie the deformed Mazatzal quartzite. Such evidence is 
lacking in Colorado.

Summary.— In the following table is expressed my 
present view regarding the classification of Pre-Cambrian 
formations in western North America which I have examined 
either briefly or in much detail. Other sequences exist, 
but their place in this time scale cannot be determined 
until their lithology and stratigraphy have been more 
satisfactorily described. That this classification will 
undergo modification I have no doubt, but it will serve as 
a starting place for future investigations and for dis
cussion. As previously indicated, the plan is sufficiently 
elastic to permit additions and changes, as all Pre-Cambrian 
classifications should be for many years to come.
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PALEOZOIC

Cambrian— Lowerf Middle, and Upper
General disconformity and local unconformity with 
Belt series and Apache group. Unconformity with 
Grand Canyon series and unnamed series in south
eastern California. Unconformity with Uncompahgran 
Mazatzal quartzite in central Arizona. General 
unconformity with Archean complex.

Ep-Algonkian peneplanation
General epeirogenic elevation and local orogeny in 

northern Arizona and southeastern California 
(Grand Canyon orogeny). No known intrusion of 
granite.

Algonkian (Beltian)
Belt series of Montana, Idaho, Washington, British 
Columbia, and Alberta; Grand Canyon series of nor
thern Arizona; Apache group of southern Arizona; 
unnamed group in southeastern California. Intru
sion of diabase and other differentiates of basalt- 
tic magma and extrusion of basalt occurred in all 
these basins during deposition of Beltian sediments.

Post-Mazatzal erosion
Mazatzal orogeny and intrusion of granite in south

western Colorado and central Arizona.
Uncompahgran

Probably a pre-Paleozoic period of post-Archean 
date. Needle Mountains group of southwestern Colo
rado; Mazatzal quartzite of central Arizona; Cotton
wood quartzite of northern Utah. Other equivalent 
groups doubtless are present in western North 
America.

Pre-Uncompahgran
One or more periods represented by systems of rocks 
probably must be differentiated. Yavapai group of 
central Arizona (its relations are not yet described, 
but it is certainly pre-Uncompahgran and probably 
post-Archean).

e p -archeozoic peneplanation
Apparently the longest erosion interval recorded in
North America.

ARIZONAN REVOLUTION
The final deformation of the Archean complex in western
North America; may not have been contemporaneous over
the entire region.
Intrusion of Arizonan granite.
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ARCHEOZOIC

Metasediments and smaller volume of metavolcanics, 
most undifferentiated. Probably belong to several 
periods of time and possibly to more than one era.
All deformed and metamorphosed during Arizonan revolu
tion and probably by earlier orogenies. Intruded by 
Arizonan and probably by earlier granites.



APPENDIX 2

LOCATIONS AND DESCRIPTIONS OF DATED SAMPLES 

Redmond Formation
DEL-RR-62*

Hess Canyon
33° 42' 29" N, 110° 42' 29" W
Rhyodacitic ignimbrite with quartz and feldspar 

phenocrysts
DEL— 2—62*

Horseshoe Bend
33° 39' 30" N, 110° 47' 36" W
Porphyritic aplite with phenocrysts of quartz, 

microcline and plagioclase
DEL- 5-62*

Near Butte Creek
33° 45' 26" N, 110° 40' 00" W
Quartz-plagioclase porphyry with biotite, horn

blende, chlorite and microcline
DEL-10a-62*

Hess Canyon
33° 42' 48" N, 110° 42' 47" W 
Rhyodacitic ignimbrite

DEL-10b-62*
Hess Canyon
33° 42' 48" N, 110° 42' 47" W 
Tuffaceous quartz porphyry

DEL-14-62*
Hess Canyon
33° 42' 48" N, 110° 42' 47" W
Lithic tuff with fragments of welded tuff
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Ruin Granite

PED-32-61 |
Sierra Ancha
33° 43' 30" N, 110° 50' 00" W j
Porphyritic biotite quartz monzonite ?

DEL- 3-62*
Mud Spring Wash 
33° 37' 25" N, 110° 47' 55" W 
Porphyritic biotite quartz monzonite

DEL— 7—62*
Near Haystack Butte Road 
33° 39' 12" N, 110° 39' 36" W 
Porphyritic biotite quartz monzonite

DEL- 8-62*
Near Haystack Butte Road 
33° 40' 15" N, 110° 39' 36" W 
Porphyritic biotite quartz monzonite

Pinal Mountains
PED-la-59

North of the old Pioneer Stage Station 
33° 14' N, 110° 50' W 
Sericite chlorite schist

PED- 2-59
North of the old Pioneer Stage Station 
33° 14' N, 110° 50' W 
Biotite quartz diorite

PED— 3—59
North of the old Pioneer Stage Station 
33° 14' N, 110° 50' W 
Pegmatite cutting Pinal Schist

DEL- 9-65
North side of Pinal Mountains 
33° 18' 40" N, 110° 51’ 15" W
Biotite quartz diorite intruding metasedimentary 

rocks
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DEL-10-65

North side of Pinal Mountains 
33° 18' 40" N, 110° 51' 15" W
Biotite quartz diorite intruding metasedimentary 

rocks
DEL-11-65

North side of Pinal Mountains 
33° 18' 40" N, 110° 51' 15" W 
Aplite intruding quartz diorite

DEL-12-65
Pinal Peak at gate of F.A.A. facility 
33° 17' 06" N, 110° 49' 40" W 
Biotite granodiorite

DEL-13-65
Below Signal Peak
33° 17' 40" N, 110° 50' 00" W
Biotite quartz diorite

DEL-16-65
Near Madera Peak
33° 19' 30" N, 110° 52' 15" W
Foliated biotite quartz diorite

Tortilla Mountains
DEL- 3-65 
DEL- 4-65 
DEL- 5-65 
DEL- 6-65 
DEL- 7-65 
DEL- 8-65

All samples collected within 100 yards of each 
other at:

33° 10' 15" N, 111° 01' 00" W
Schistose siliceous porphyry with quartz pheno- 

crysts up to 3 mm in length. Embayed pheno- 
crysts of quartz, microcline and plagioclase 
set in a fine textured groundmass of quartz, 
sericite, biotite and magnetite. Remnant 
eutaxitic flow banding (Ransome 1919)
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Southern Mazatzal Mountains

Salt River Area 

DEL- 1-67
33° 37' 30" N, 111° 11' 20" W
Strongly foliated chlorite bearing quartz monzonite 

DEL- 2-6733° 38' 20" N, 111° 11' 10" W 
Foliated biotite quartz diorite

DEL- 3-6733° 39' 00" N, 111° 10' 50" W 
Leucogranite

Four Peaks Area

DEL- 5-673 bar area
33° 43' 39" N, 111° 17' 39" W 
Porphyritic biotite quartz monzonite

DEL— 6—671 mile southwest of Four Peaks Pass 
33° 42' 00" N, 111° 21' 22" W 
Porphyritic biotite quartz monzonite

DEL- 7-67El Oso area
33° 44' 03" N, 111° 21' 22" W 
Biotite quartz monzonite

♦Sample location shown on geologic map.
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